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Porous carbons are widely used as electrode materials for supercapacitors owing to
their high specific surface areas, abundant surface functionalities, well-controlled
pore systems, and excellent conductivity and stability. New carbon materials with
well-defined nanostructures and functionalization patterns have been developed
to meet challenges of a growing global demand for energy-saving materials and
sustainable materials to reduce negative environmental consequences. This book
describes progress toward the conversion and efficient utilization of porous carbon
and its derived precursor as electrode materials for clean energy.

e Explores the chemical structure, composition, properties, classification,
and application of various porous carbon nanoparticles and nanostructured
materials for clean energy uses.

* Proposes strategies for porous carbon production through featured examples.

e Covers a variety of materials, including those derived from biomass, gra-
phene, aerogels, and carbon nanofibers.

e Discusses applications including electrocatalysts, batteries, hydrogen pro-
duction, supercapacitors, and energy storage.

e Examines challenges and future opportunities.

This book will be of interest to materials and chemical engineers, scientists, research-
ers, and others active in advancing the development of renewable and clean energy
technologies.

Jing Huang received his M.S. and Ph.D. degrees in organic chemistry in 2009 and
2012 from Southwest University, China, and served as a postdoctoral research fel-
low under the supervision of Prof. Chang Ming Li. He teaches at the College of
Sericulture, Textile, and Biomass Sciences, Southwest University, China, and his
research interests focus on nanomaterials derived from biomass for electrochemical
applications such as energy storage and conversion.



Advances in Materials Science and Engineering
Series Editor
Sam Zhang

Semiconductor Nanocrystals and Metal Nanoparticles: Physical Properties and
Device Applications
Tupei Chen and Yang Liu

Advances in Magnetic Materials: Processing, Properties, and Performance
Sam Zhang and Dongliang Zhao

Micro- and Macromechanical Properties of Materials
Yichun Zhou, Li Yang, and Yongli Huang

Nanobiomaterials: Development and Applications
Dong Kee Yi and Georgia C. Papaefthymiou

Biological and Biomedical Coatings Handbook: Applications
Sam Zhang

Hierarchical Micro/Nanostructured Materials: Fabrication, Properties, and
Applications
Weiping Cai, Guotao Duan, and Yue Li

Biological and Biomedical Coatings Handbook, Two-Volume Set
Sam Zhang

Nanostructured and Advanced Materials for Fuel Cells
San Ping Jiang and Pei Kang Shen

Hydroxyapatite Coatings for Biomedical Applications
Sam Zhang

Carbon Nanomaterials: Modeling, Design, and Applications
Kun Zhou

Materials for Energy
Sam Zhang

Protective Thin Coatings and Functional Thin Films Technology, Two-Volume Set
Sam Zhang, Jyh-Ming Ting, Wan-Yu Wu

Fundamentals of Crystallography, Powder X-ray Diffraction, and Transmission
Electron Microscopy for Materials Scientists
Dong ZhiLi

Materials for Devices

Sam Zhang

Materials in Advanced Manufacturing
Yinquan Yu and Sam Zhang

For more information about this series, please visit:
https://www.routledge.com/Advances-in-Materials-Science-and-Engineering/
book-series/ CRCADVMATSCIENG


https://www.routledge.com/Advances-in-Materials-Science-and-Engineering/book-series/CRCADVMATSCIENG
https://www.routledge.com/Advances-in-Materials-Science-and-Engineering/book-series/CRCADVMATSCIENG

Porous Carbon Materials
for Clean Energy

Edited by Jing Huang

CRC Press
Taylor &Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



Designed cover image: © Jing Huang

First edition published 2025
by CRC Press
2385 N'W Executive Center Drive, Suite 320, Boca Raton FL 33431

and by CRC Press
4 Park Square, Milton Park, Abingdon, Oxon, OX14 4RN

CRC Press is an imprint of Taylor & Francis Group, LLC
© 2025 selection and editorial matter, Jing Huang; individual chapters, the contributors

Reasonable efforts have been made to publish reliable data and information, but the author and pub-
lisher cannot assume responsibility for the validity of all materials or the consequences of their use.
The authors and publishers have attempted to trace the copyright holders of all material reproduced
in this publication and apologize to copyright holders if permission to publish in this form has not
been obtained. If any copyright material has not been acknowledged please write and let us know so
we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced,
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known
or hereafter invented, including photocopying, microfilming, and recording, or in any information
storage or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, access www.copyright.
com or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA
01923, 978-750-8400. For works that are not available on CCC please contact mpkbookspermissions
@tandf.co.uk

The Open Access version of this book, available at www.taylorfrancis.com, has been made avail-
able under a Creative Commons Attribution-Non Commercial-No Derivatives (CC-BY-NC-ND) 4.0
International license.

Trademark notice: Product or corporate names may be trademarks or registered trademarks and are
used only for identification and explanation without intent to infringe.

ISBN: 978-1-032-48173-9 (hbk)
ISBN: 978-1-032-48189-0 (pbk)
ISBN: 978-1-003-38783-1 (ebk)

DOI: 10.1201/9781003387831

Typeset in Times LT Std
by codeMantra

The electronic version of this book was funded to publish Open Access through Taylor & Francis’
Pledge to Open, a collaborative funding open access books initiative. The full list of pledging institu-
tions can be found on the Taylor & Francis Pledge to Open webpage.


http://www.copyright.com
http://www.copyright.com
mailto:mpkbookspermissions@tandf.co.uk
mailto:mpkbookspermissions@tandf.co.uk
https://doi.org/10.1201/9781003387831

Contents

Contributors

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9

............................................................................................................. vii
Porous Carbon Aerogel for Supercapacitors ...........cccceeevveeveerveeneennne. 1
Xinwen Peng, Yongfa Huang and Linxin Zhong

Porous Carbon-Based Materials for Supercapacitors...........c..c.cc...... 19
Hui Peng and Wenxing Miao

Biomass-Derived Materials Toward Low-Carbon Hydrogen
ProduCtion .......c.cccoueiiiiiieiiniieieete e 46

Jiale Xie, Pingping Yang and Cheng Huang

Biomass-Derived Carbon Materials for Microbial Fuel Cell Anodes ... 62

Long Zou

Biomass-Derived Graphene-Like Carbon Materials for
Supercapacitor APPlICALIONS. .......ccveeueerierieieeiierieeieeie et eeeas 82

Gaojie Li, Biao Gao, Paul K. Chu and Kaifu Huo

Biomass-Derived Porous Carbon Materials for Supercapacitors..... 105

Bei Liu, Yong Ye and Ting Li

Carbon-Based Fibers for Supercapacitors...........coocveeveeerieenieennennne. 127
Tieqi Huang
Supercapacitors for Energy Storage: Fundamentals, Electrode

Materials, and Application ...........ccceeeeeienieiiinienieiee e 147
Ruchun Li and Dingsheng Yuan

Preparation, Structure Control, and Electrochemical
Performance of Electrospun Carbon Nanofiber (CNF) ................... 192

Yan Song, Xiaodong Tian and Tao Yang



vi Contents

Chapter 10 Porous Carbon from Biomass for Supercapacitor.............cecceceeenen. 228

Jing Huang and Gang Wang

Chapter 11 Porous Carbonaceous Materials for Supercapacitors....................... 252

Yueming Li



Contributors

Paul K. Chu

Department of Physics

Department of Materials Science
and Engineering, and
Department of Biomedical
Engineering

City University of Hong Kong

Kowloon, Hong Kong, P.R. China

Biao Gao

The State Key Laboratory
of Refractories and
Metallurgy

Institute of Advanced Materials and
Nanotechnology

Wuhan University of Science and
Technology

Wuhan, Hubei, P.R. China

Cheng Huang

School of New Energy and
Materials

Southwest Petroleum University

Chengdu, P.R. China

Jing Huang

State Key Laboratory of Resource
Insects

Key Laboratory of Sericultural Biology
and Genetic Breeding

Ministry of Agriculture and Rural
Affairs

College of Sericulture, Textile and
Biomass Sciences

Southwest University

Chongging, PR. China

Tieqi Huang

College of Chemistry and Chemical
Engineering

Central South University

Changsha, Hunan, P.R. China

Yongfa Huang

School of Light Industry and
Engineering

State Key Laboratory of Pulp and Paper
Engineering

South China University of Technology

Guangzhou, Guangdong, P.R. China

Kaifu Huo

Wuhan National Laboratory for
Optoelectronics

Huazhong University of Science and
Technology

Wuhan, Hubei, P.R. China

Gaojie Li

The State Key Laboratory of
Refractories and Metallurgy

Institute of Advanced Materials and
Nanotechnology

Wuhan University of Science and
Technology

Wuhan, Hubei, P.R. China

Ruchun Li

Faculty of Chemistry and Chemical
Engineering

Yunnan Normal University

Kunming, Yunnan, P.R. China

Ting Li

College of Chemistry

Xiangtan University

Xiangtan, Hunan Province, P.R. China

Yueming Li

State Key Laboratory of Metastable
Materials Science and Technology

College of Materials Science and
Engineering

Yanshan University

Qinhuangdao, P.R. China

vii



viii

Bei Liu

College of Chemistry

Xiangtan University

Xiangtan, Hunan Province, P.R. China

Wenxing Miao

Key Laboratory of Eco-functional
Polymer Materials of the Ministry of
Education

Key Laboratory of Polymer Materials of
Gansu Province

College of Chemistry and Chemical
Engineering

Northwest Normal University

Lanzhou, Gansu, PR. China

Hui Peng

Key Laboratory of Eco-functional
Polymer Materials of the Ministry of
Education

Key Laboratory of Polymer Materials of
Gansu Province

College of Chemistry and Chemical
Engineering

Northwest Normal University

Lanzhou, Gansu, PR. China

Xinwen Peng

School of Light Industry and
Engineering

State Key Laboratory of Pulp and Paper
Engineering

South China University of Technology

Guangzhou, Guangdong, P.R. China

Yan Song

Key Laboratory of Carbon Materials
Institute of Coal Chemistry

Chinese Academy of Sciences
Taiyuan, Shanxi, P.R. China

Xiaodong Tian

Key Laboratory of Carbon Materials
Institute of Coal Chemistry

Chinese Academy of Sciences
Taiyuan, Shanxi, P.R. China

Contributors

Gang Wang

College of Materials and Engineering
Sichuan University

Chengdu, Sichuan Province, P.R. China

Jiale Xie

School of New Energy and Materials
Southwest Petroleum University
Chengdu, P.R. China

Pingping Yang

School of New Energy and Materials
Southwest Petroleum University
Chengdu, P.R. China

Tao Yang

Key Laboratory of Carbon Materials
Institute of Coal Chemistry

Chinese Academy of Sciences
Taiyuan, Shanxi, PR. China

Yong Ye

College of Chemistry

Xiangtan University

Xiangtan, Hunan Province,
P.R. China

Dingsheng Yuan

Department of Chemistry and Institute
of Nanochemistry

Jinan University

Guangzhou, P.R. China

Linxin Zhong

School of Light Industry and
Engineering

State Key Laboratory of Pulp and Paper
Engineering

South China University of
Technology

Guangzhou, Guangdong, P.R. China

Long Zou

College of Life Sciences
Jiangxi Normal University
Nanchang, Jiangxi, P.R. China



’I Porous Carbon Aerogel
for Supercapacitors

Xinwen Peng, Yongfa Huang and Linxin Zhong

1 INTRODUCTION

So far, supercapacitors can be divided into double-layer capacitors, quasi-capacitors,
and hybrid capacitors according to the energy storage mechanism of active sub-
stances with positive and negative electrodes. The positive and negative electrodes
of the double-layer capacitor store energy by forming an electric double layer (EDL)
between the electrode surface and the electrolyte. The electrode material is mainly
porous carbon. The positive and negative electrodes of the quasi-capacitor store
energy through the rapid redox reaction on the electrode surface. The electrode mate-
rials are mainly metal oxides and conductive polymers. In the hybrid capacitor, one
electrode is made of double-layer energy storage material, and the other is made of
quasi-capacitor energy storage material.

The electrode material is the core component of the supercapacitor and determines
the charge storage capacity of the supercapacitor. The capacitance is proportional
to the specific surface area of the material according to the classical double-layer
capacitor equation. With further study of supercapacitors, the above proportional
relationship is not genuine under certain conditions, especially for porous carbon
materials. Among many porous carbon electrode materials, porous carbon aerogel
has been favored by researchers due to its high electron conductivity, large specific
surface area, abundant micro-mesoporous pores, and a wide range of raw materials.
This chapter will focus on the following aspects: (1) the way to understand the charge
storage mechanism of porous carbon materials: (2) understanding the relationship
between porous carbon materials and capacitance; (3) the way to prepare porous
carbon aerogel; and (4) the application of porous carbon aerogel electrode materials
in supercapacitors.

2 POROUS CARBON DOUBLE-LAYER MODEL

2.1 DEVELOPMENT OF CLASSICAL DOUBLE-LAYER MODEL

As shown in Figure 1.1, the concept of EDL was first proposed by von Helmholtz in
the 19th century while studying the distribution of opposite charges at the interface
of colloidal particles.! The Helmholtz bilayer model states that two layers of opposite
charges form at the electrode/electrolyte interface and are separated by atomic dis-
tances. Because the Helmholtz double-layer model does not consider these factors,
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FIGURE 1.1 Models of the electrical double layer at a positively charged surface: the
Helmbholtz, Gouy—Chapman, and Stern models.

including diffusion and dipole motion of solvent molecules, this model was further
modified by Gouy and Chapman, which is known as the diffusion layer.>* However,
in the Gouy—Chapman model, there exists an ion diffusion layer with decreasing
potential between the electrode surface and the electrolyte body, which makes it
unable to be used well in high-concentration electrolytes. Later, Stern combined the
Helmbholtz model and the Gouy—Chapman model, to identify the ion distribution in
two regions — the inner region called the compact or Stern and diffuse layers (see
Figure 1.1).* The electrode strongly adsorbed ions (usually hydrated) in the com-
pact layer. In addition, the compact layer consists of specifically adsorbed ions (in
most cases, they are anions, regardless of the charged nature of the electrode) and
non-specific adsorbed counter ions. The inner Helmholtz plane (IHP) and the outer
Helmbholtz plane (OHP) were used to distinguish the two types of adsorbed ions. The
Gouy—Chapman model defines the diffusion layer region.

In the Stern model, the electric double-layer capacitance (Cp,) is regarded as the
sum of Stern layer capacitance (Cy) and diffusion capacitance (Cp). Therefore, Cpy;.
can be expressed by the following formula (Eqn 1.1):

LI S R N (LD
CDL CH CD CDL CH CD

The electric field on the electrode, the type of electrolyte ions, the solvent used to dis-
solve the electrolyte ions, and the chemical affinity between the adsorbed ions and the
electrode surface are the factors that determine the behavior of planar EDL. In practice,
due to the high concentration of electrolyte, the double diffusion layer can be consid-
ered very thin, and the diffusion capacitance Cp, can be ignored, resulting in Cp; = Cy,.
EDL supercapacitors are similar to paddle capacitors. Its capacitance can be cal-
culated using the classical Helmholtz double-layer model as follows (Eqn 1.2):

co &8

AC= 850 A (1.2)
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where C, ¢, €,, d, and A respectively represent the dielectric constant of vacuum
(F g™, the relative dielectric constant of electrolyte solution (no unit), the per-
mittivity of a vacuum (no unit), the distance between electrolyte ions and elec-
trode surface (m), and the accessible surface area of electrode materials (m?g™).
In Eqn 1.2, the specific capacitance (C) and specific surface area (A) should
show a proportional relationship. However, some experimental results show
this simple linear relationship does not always hold. It is traditionally believed
that the submicron pores of the electrode are not involved in the formation of
EDL because the surface of the submicron pores is inaccessible to large solvated
ions. However, Simon and Gogotsi reported® an abnormal increase in capaci-
tance at carbon electrodes with pore sizes smaller than 1 nm. The most signifi-
cant EDL capacitance was observed when the electrode aperture was close to
the ion size.

2.2 EDCC ano EWCC MoDEL

Huang and coworkers® reported a heuristic method based on the classical
double-layer model. In this method, based on the assumption that the shape of the
porous carbon pores is cylindrical and considering the influence of the curvature
of the pore diameter, he proposes two electric double-layer models, namely electric
two-cylinder capacitors (EDCC) and electric cylindrical internal wire capacitors
(EWCC), as shown in Figure 1.2. The EDCC and EWCC model have their applica-
tion scope, among which the EDCC describes the double layer of the mesoporous
structure. The curvature of the large pore structure is minimal, so the parallel
plate capacitor model can describe it. When the electrolyte interacts with the meso-
pore, the counter ions enter the pore and arrange along the inner wall to form the
EDCC double-layer model. When interacting with micropores, solvated or desol-
vated counter ions are arranged along the central axis of the circular hole to form
the EWCC double-layer model. For the EDCC and EWCC models, the capaci-
tance estimates of the two models proposed are given in equations (Eqn 1.3) and
(Eqgn 1.4), respectively.

- && 4 (1.3)
bin[b/ (b-d)]
- && 4 (1.4)
bin[b/ ay]

where b is the pore size, d is the distance close to the ion to the surface of the carbon
electrode, and q, is the effective size of the counter ion (i.e. the degree of electron
density around the ion).

The mathematical results obtained based on Eqns 1.3 and 1.4 fit well with the
experimental data without considering the type of carbon material and electrolyte
used. The proposed EWCC and EDCC models can be used to explain the abnor-
mal increase of capacitance when the aperture is less than 1 nm and the tendency to
increase slightly when the aperture is more than 2 nm.
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FIGURE 1.2 (a) EDCC double layers model (b) EWCC double layers model.

3 INFLUENCE OF POROUS CARBON PORE
STRUCTURE ON CAPACITIVE PERFORMANCE

Based on the Stern model, the electric double-layer capacitance Cy,; can be approxi-
mately equal to the tight layer Cy. According to Eqn 1.2, the specific capacitance
should be directly proportional to the specific surface area of the electrode material.
However, it is found that the specific capacitance of porous carbon does not follow
the above relation when the specific surface area is more significant than 1,200 m2g".
For this phenomenon, Barbieri and coworkers believed that the possible reason was
that the pore wall with a large specific surface area could not completely shield the
charge effect of two adjacent holes compared with the pore wall with a small spe-
cific surface area.” The results of Barbieri and coworkers are similar to the situation
in which the specific capacitance of a single layer of graphene is higher when the
electrolyte is in contact with one side of the electrolyte than when the two sides are
contacted. The above experimental results show that the double-layer capacitance
cannot be improved by increasing the specific surface area of the pore carbon alone.
In addition, due to the excessive porosity of the porous carbon material, its vibration
density is significantly reduced, resulting in a decrease in the actual device filling, so
the energy density and power density of the capacitor drop sharply.

In recent years, researchers have found that the main factor affecting the capaci-
tance of porous carbon materials is their pore structure.® Moreover, the pore struc-
ture controls the specific surface area of porous carbon. Therefore, understanding the
mechanism of the influence of pore structure on the porous carbon ratio capacitor is
the key to the design of high-performance carbon electrode materials with pores, which
can provide direction for improving the performance of double-layer capacitors.

3.1 |ON SCREENING EFFECT

Avraham and coworkers proposed that when the average pore size of activated car-
bon is compatible with the size of ions in an electrolyte, electrolyte ions are likely
to be adsorbed by porous carbon and defined this selective adsorption based on size
effect as ion decoration effect.’

Avraham and coworkers took activated carbon with different average pore sizes
as research objects to carry out experiments through cyclic voltammetry tests and
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obtained the following results. When the average pore diameter (0.58 nm) is larger
than the size of Mg?* and SO,* in the electrolyte, the cyclic voltammetry (CV) curves
are a standard rectangle, indicating that ions in the electrolyte can enter the pores of
activated carbon. When the pore diameter is 0.51 nm, the CV curves are almost a
straight line, indicating that the diameter of the bath ions in the electrolyte exceeds
the pore size, and Mg?* and SO,>~ are restricted from entering the pore structure of
the activated carbon, resulting in almost no double-layer energy storage effect of the
activated carbon. In order to further verify the above conclusions, Li,SO, and MgCl,
were selected as the electrolyte, and activated carbon with an average pore size of
0.51 nm was selected as the research object for the above experiments. The deforma-
tion of the right branch of activated carbon in the Li,SO, electrolyte (related to the
anion adsorption process) and the deformation of the left branch of activated carbon
in the MgCl, electrolyte (related to the cation adsorption process) further confirmed
that activated carbon could not absorb Mg?* and SO, larger than its average pore
size, and could only accept the smaller size of Li* and CI. In addition, Cachet-Vivier
and coworkers have also demonstrated the existence of ion screening effects.!”

In addition to the size-based ion selection, Noked and coworkers studied the ion
adsorption properties of porous carbon with an average pore size smaller than 0.7 nm,
which confirmed that the spatial geometry effect of ions is also one of the reasons for
the ion screening effect.!! For example, the slit pore structure can accommodate the
planar ion SO, but exclude the spherical ion CI-.

3.2 ION DESOLVATION EFFECT

Due to the ion screening effect, porous carbon cannot absorb more solvated ions than
its average pore size. To obtain high specific capacitance, the pore size of porous
carbon in an aqueous solution system needs to be about 2nm, and that of porous
carbon in an organic electrolyte system needs to be about 5 nm. However, after study-
ing the capacitive properties of template carbon and carbide-derived carbon (CDCs),
Vix-Guterl and Gogotsi found that the ions in the electrolyte could be desolvated and
then stored in micropores or ultra-micro pores.'>!3

When studying porous carbon synthesized by different template methods,
Vix-Guterl and coworkers found that the mass-specific capacitance of porous carbon
was directly proportional to that of porous carbon micropores or ultrafine pores. The
specific surface area of porous carbon has no greater effect on the relative capaci-
tance than the proportion of micropores in the material. The above experimental
phenomenon is contrary to the conventional perspective. In order to explain the
above view, researchers combined experiments and calculations to find the effect of
ion desolvation. Vix-Guterl and coworkers observed a positive correlation between
the pore capacity of the micropores and the carbon mass ratio capacitance of the
porous pores. Based on the experimental results, they hypothesized that the ions are
removed from the solvated shells and then enter the micropores under the effect of
electric field polarization.

To further confirm the existence of the ion desolvation effect, Gogotsi and cowork-
ers studied the standard specific capacitance of different types of CDCs and com-
pared it with a series of template carbons with different pore sizes in the literature



6 Porous Carbon Materials for Clean Energy

and found that when the pore size was 1nm larger in the electrolyte of 1.5 mol/L
TEA-BF, acetonitrile solvent, the standard specific capacitance of porous carbon was
positively correlated with the pore size. However, when the aperture is lower than
1 nm, the standard specific capacitance of CDCs prepared by any precursor system
will increase significantly and reach the maximum when the aperture is 0.7 nm. The
optimal pore size is equivalent to the theoretical diameter of the non-solvated cationic
TEA?* in the electrolyte (the calculated value is 0.74nm). According to the experi-
mental results, Gogotsi and coworkers concluded that ions could enter the micropore
after desolvation, and the double-layer capacitance in the micropore is the central
part of the entire porous carbon double-layer capacitance, which is consistent with
the experimental results of Vix-gutter and coworkers. The above results were also
found in the study of the capacitive properties of ordered mesoporous carbon. These
experimental results have fully confirmed the existence of the ion desolvation effect.

In order to better display the relationship between mass-specific capacitance
and micropore diameter and surface area, Ghosh and coworkers summarized many
relevant research results in stream electrolytes. Experimental results show that
the high point of the mass-specific capacitance is concentrated in the area where
the small pores are well developed, and the specific surface area is high. When the
pore size is larger than 1nm, the specific capacitance of activated carbon begins to
decrease. Especially when the pore size is larger than 2nm, the downward trend is
more significant. Even if the specific surface area has reached 2,000-2,500m?g"!,
the material-specific capacitance is only 100-150 F g, which is lower than the
average 200 F g! of activated carbon in water-electrolyte. It is proved that the pore
volume of small micropores significantly influences mass-specific capacitance more
than the specific surface area.

3.3 INFLUENCE OF MESOPOROUS STRUCTURE

Although the experiment has confirmed that the structure of small micropores is
conducive to the energy storage of porous carbon, when the pore capacity of small
micropores is too high, the conduction resistance of ions from the electrode surface
to the depth of the porous carbon body will be increased, resulting in the reduction
of specific capacitance during charging and discharging with high current density.
In recent years, it has been found that mesoporous pores, which were previously
thought to have no significant role in increasing the specific capacitance of porous
carbon, play an essential role in the diffusion of ions from the electrode surface to
the depth of the body. Therefore, a certain proportion of mesoporous structure is
the basic condition for porous carbon to obtain high specific capacitance under high
current density.

In addition to the influence on the mass-specific capacitance, Wu and coworkers
found that a certain proportion of mesoporous structure was beneficial to improve
the charge-discharge capacity of the material under a high current density."* The AC
impedance test data showed that the slope of the ordered mesoporous carbon was
significantly higher than that of the disordered activated carbon in the linear region
of the ion transport process, which indicated that the ion transport impedance cor-
responding to the ordered mesoporous carbon was lower than that of the disordered
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activated carbon, proving that the mesoporous structure mainly affected the ion
transport process in the electrode body, which in turn affected the performance of
the whole electrode.

As for the mechanism of mesopores to improve the energy storage and high
current density charging and discharging performance of activated carbon micro-
pores, it is generally believed that an appropriate mesopore ratio ensures the rapid
ion transport within the material, which indicates that mesopores are a vital bridge
to form interconnected three-dimensional ion transport channels within the acti-
vated carbon. When activated carbon is only composed of micropores, the ion
transport process will be limited by the narrow pore size channel, which is chal-
lenging to conduct to the inside of activated carbon, resulting in the energy storage
performance of some micropores cannot be well played. When there is a certain
proportion of mesoporous pores, multiple micropores can be connected through
mesoporous pores, effectively improving the efficiency of ion transport, conducive
to the diffusion of electrolyte ions from the electrode surface to the material body,
and promote the micropores to maximize the role of charge storage. When the
three-dimensional ion transport channel is formed through the mesoporous struc-
ture, the ion transport resistance of activated carbon will be significantly reduced,
and the charging and discharging ability of high current density will be substan-
tially improved.

3.4 EFFECT OF SATURATION

When studying the effect of pore size distribution on mass-specific capacitance, it
is found that activated carbon has a saturation effect. When the charging voltage
exceeds a particular value, activated carbon cannot continue to store charge. In the
CV curves, the saturation effect is usually manifested as a current-voltage curve
that is not strictly rectangular, but there is significant current decay in the high-
potential region. Furthermore, in the charge-discharge curve, the saturation effect
usually manifests as a significant deviation from linearity in the discharge part of the
voltage-time curve.

Mysyk and coworkers synthesized two kinds of activated carbon with different
pore size distributions by other preparation methods. They studied their CV curves
and charge-discharge performance in 1.5mol L-' TEA-BF, acetonitrile solvent
electrolytes.!> The pore size distribution of PC-activated carbon is narrow, mainly
lower than 0.68nm. In contrast, the pore size distribution of VC-activated carbon
is vast, with many pores around Inm. When the charging voltage exceeds 1.5V,
PC appears to have apparent current attenuation, while VC maintains a strict short
shape in the voltage region of 0—3 V. The discharge part of the charge and discharge
curve of PC-activated carbon also deviates from linearity. The above phenomenon
is the typical characteristic of the saturation effect. The above experimental results
show that the saturation effect is closely related to the micropore size distribution.
In this regard, they proposed the pore saturation effect. This effect means that when
the voltage reaches a specific value, the pore structure of the activated carbon is in
a saturated state and cannot continue to store ions, resulting in a sharp decrease in
capacitive current when the voltage continues to increase.
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To exclude the influence of solvation on the study of the saturation effect, Mysyk
and coworkers designed ionic liquids composed of four alkyl chains of differ-
ent lengths: [(C,Hs) N,J[TEN] -, [(C;H,),NI*[TEN] -, [(C;H),NI*[TE,N] -, [(CsHyy)
NJ*[Tf,N] -, and tested the CV curves of VC in these four ionic liquids, because
there is no solvation effect in ionic liquids. Therefore, the actual size of ions should
only be considered when discussing their interaction with the pore structure of acti-
vated carbon. The results demonstrate that with an increase in alkyl chain length,
there is a tendency for VC to manifest as a capacitor current attenuation phenom-
enon. Furthermore, the attenuation degree appears to be proportional to the alkyl
chain length. This current attenuation phenomenon is because as the size of cations
gradually increases, the proportion of microholes matching the diameter of cations in
VC becomes smaller and smaller, resulting in the negative electrode storing cations
being saturated before the positive electrode at low voltage, thus limiting the capaci-
tance of capacitors.

The above analysis confirms that the root cause of the porous carbon saturation
effect is that the charge storage capacity of positive and negative electrodes is not
equal in the working voltage range. Furthermore, it should be emphasized that the
reason for the unequal charge storage capacity of positive and negative electrodes is
not the difference in pore size distribution but the difference in the effective specific
surface area of the positive and negative electrodes to absorb ions. The porous carbon
saturation effect also indicates that the positive and negative electrodes in the real
“symmetric” double-layer capacitor are not only fabricated from the same material,
but also have comparable charge storage capacity. Therefore, to design a real “sym-
metrical” double-layer capacitor and avoid the saturation effect, the effective charge
adsorption area of the positive and negative electrodes must be equal.

3.5 IonN DEFORMATION, ION EMBEDDING/EJECTION

Hahn and coworkers studied the electrode volume change phenomenon of porous
carbon and graphite in the acetonitrile electrolyte of TEA-BF, during the charge-
discharge process. They concluded that electrolyte ions might also have the embed-
ding/removal effect for porous carbon in electrochemical capacitors.'® When the
polarization potential is less than 1.5V (vs. reference electrode), the thickness of
porous carbon sources is significantly lower than that with a polarization potential
of 2V (vs. reference electrode). Moreover, at positive polarization (corresponding to
adsorption of negative ions) and with a maximum polarization potential of 2V (vs.
reference electrode), the degree of thickness of porous carbon electrodes increases
with the number of cycles. The changes in the thickness of the porous carbon elec-
trode confirm that there may be an ion embedding/ejection process during the
charge-discharge process. Moreover, the volume change caused by ion embedding/
ejection is the main factor affecting the cycle life of the activated carbon electrode.

4 FABRICATION TECHNIQUES OF CARBON AEROGELS

Carbon aerogels with high specific surface area and controlled micro-nano pore fea-
tures have captured great attention in energy storage and conversation. The formation
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of carbon aerogels needs several intermediate processes, including hydrogel forma-
tion, drying, and carbonization. Therefore, this chapter aims to present the different
methods of the above processes and to reveal how the combination of these methods
affects the properties of the final carbon aerogel materials.

4.1 HYDROGELS FORMATION

Currently, there are mainly several methods of hydrogel formation: sol-gel process-
ing, hydrothermal synthesis, molecular and colloidal approaches, templated synthe-
sis, and chemical vapor deposition.

4.1.1 Sol-gel processing

Sol-gel method is simple and convenient, and the pore size is adjustable, which is
an effective method for preparing porous materials. The specific operation method
is that the precursor compounds containing high chemical active components are
mixed, hydrolyzed, and condensed under the condition of a liquid phase to form
a sol-gel system. When cellulose is used as raw material, acid hydrolysis, enzyme
hydrolysis, mechanical treatment, and other methods are usually used to obtain cel-
lulose micron or nanometer unit dispersion. The molecules in the sol are crosslinked
through chemical bonds, hydrogen bonds, Van der Waals force, and other interac-
tions to obtain a solid gel with a network structure. In addition, by ultrafast sol-gel
synthesis, Pauzauskie and coworkers prepared graphene aerogels with high electrical
conductivity, chemical stability, and low cost.

4.1.2 Hydrothermal synthesis

Hydrothermal synthesis refers to chemical reactions in a sealed environment under
specific temperature and pressure conditions. For instance, Lee and coworkers syn-
thesized three-dimensional reduced graphene oxide/TiO, aerogel by a facile one-step
hydrothermal treatment. The obtained aerogel exhibited high adsorption and photo-
degradation ability.

4.1.3 Molecular and colloidal approaches

The method mainly includes molecular approach-chemical crosslinking, molecular
approach-physical interactions, molecular approach-radiation crosslinking, and col-
loidal process. Among them, the molecular way refers to forming a network through
the bottom-up route via driving the aggregation of molecular precursors by chemi-
cal, physical, and radiation crosslinking. At the same time, the colloidal method
uses colloidal objects in dispersion to form aggregates by changing solvent condi-
tions. For example, Zhang and coworkers synthesized poly rotaxanes aerogels with
high specific surface area (232m?g"), high strength (74.7MPa), and temperature-
responsiveness by introducing poly(N-isopropyl acrylamide) to the molecular neck-
laces followed by chemical crosslinking with a rigid crosslinker.

4.1.4 Templated synthesis

The template method can be divided into the hard template method and the soft tem-
plate method. The hard template method adds the carbon precursor to the prepared
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template for polymerization and carbonization and erodes the template. Unlike the
hard template method, the soft template method is a method of self-assembly to
synthesize porous materials by reacting the precursor with the surfactant through
polymerization and carbonization. In the case of aerogels, a network can be created
on the existing structure, or the formed aerogels can be used for further function-
alization. For instance, Yu and coworkers prepared a new kind of RF-GO-metal
aerogel with tunable densities and mechanical properties through a low-temperature
process using GO sheets as template skeletons and metal ions (Co**, Ni?>* or Ca?")
as catalysts and linkers. Further, they synthesized metal-organic framework (MOF)
aerogels by self-assembling uniform and monodisperse MOF nanofibers. The pre-
pared aerogels were used as carbon precursors further to obtain well-dispersed hol-
low porous carbon nanofibers by calcination.

4.1.5 Chemical vapor deposition

Chemical vapor deposition refers to chemical gas or steam reacting on the sub-
strate surface to synthesize coatings or nanomaterials. This method introduces two
or more gaseous raw materials into a reaction chamber. Then they react with each
other to form a new material, which is deposited on the surface of a wafer. Aerogels
are ideal substrates for chemical vapor deposition processing because of their high
porosity and specific surface area. For example, Abdullah and coworkers synthe-
sized CNT aerogel from waste engine oil by applying the floating catalyst chemical
vapor deposition method, and the obtained aerogel possessed a mesopore distribution
of 142.9m?g" as its specific surface area, 39.079nm as average pore diameter, and
1.3964 cm3g! as total pore volume.

4.2 DRYING METHODS

The drying process is one of the most significant steps in the construction of aerogel.
In order to obtain aerogels with good structural properties, it is crucial to dry hydro-
gels by various methods so they will not shrink or collapse. Several drying methods
are often used to construct aerogel, including ambient pressure drying, freeze-drying,
and supercritical drying.

4.2.1 Ambient pressure drying

Ambient pressure drying is a viable technique for producing large-scale aerogels.
The drying process usually consists of washing the wet gel with a low surface ten-
sion solvent, silylation with organosilanes, and evaporation under ambient pressure.
However, aerogel usually has difficulty maintaining its complete structure and shows
a large shrinkage during ambient pressure drying. Therefore, preparing flexible aero-
gels with transparency and superinsulating by ambient pressure drying is still a major
challenge. Malfait and coworkers reported large monolithic aerogel plates with high
thermal conductivity and larger surface area using ambient pressure drying methods.

4.2.2 Freeze-drying

Freeze-drying is the most common and safe way to dry aerogels, which has the
advantages of simple operation and complete skeleton structure. In this process,
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the aqueous material is frozen below the freezing point, converting water to ice
and steam under a higher vacuum, resulting in a loose, porous aerogel with good
structural properties. Especially the porous structure of aerogels can be improved
by adjusting the ice crystal growth process of the gel solution. The freezing rate
and precursor concentration are important factors affecting the porous structure
of aerogel. Among them, a low freezing rate will produce large gel pores, while a
high precursor concentration will hinder the growth of ice crystals and thus affect
the porous structure of the gel. For example, Tuo and coworkers prepared all para-
aramid aerogel from PANF hydrogel by a modified freeze-drying method, and the
obtained low-density PANF aerogels have high specific compressive strengths and
low thermal conductivities.

4.2.3 Supercritical drying

Compared with other drying methods, supercritical drying can maintain the tex-
tural structure of the aerogels to the maximum extent, and the resulting products
have higher porosity and larger specific surface area. The technology is to increase
the pressure and temperature to make the solvent exceed the CO, critical point and
become a supercritical fluid, thus weakening the surface tension of the gas-liquid
interface and maintaining the crosslinked structure of the gel. Supercritical drying
includes two kinds: one is high-temperature supercritical drying with methanol and
other organic solvents as supercritical liquid, and the other is low-temperature super-
critical drying with CO, as a supercritical liquid. The aerogel obtained by the former
will not cause structural cracking due to water absorption in the air and has stronger
stability, while the aerogel obtained by the latter has hydrophilic OH groups on its
surface and higher microporosity in its structure. For example, Bras and coworkers
prepared aerogels of cellulose nanofibrils and TEMPO-oxidized CNFs by an opti-
mized supercritical drying.

4.3 CARBONIZATION

For carbonization of aerogels, the aerogels, after drying, are calcined at high tem-
peratures under an inert atmosphere or vacuum conditions to remove the oxygen and
hydrogen-containing functional groups and convert them into corresponding carbon
aerogels. In the carbonization process, the carbonization temperature, heating rate,
carbonization time, and other conditions should be strictly controlled. At present,
carbonization mainly includes pyrolysis and hydrothermal carbonization.

4.3.1 Pyrolysis

Pyrolysis is one of the most common methods of obtaining carbon materials, which
is a typical heating process (400—1,300°C) in an inert atmosphere. It can be divided
into four stages: free water removal (25-200°C), pyrolysis stage (200-500°C), amor-
phous carbon formation (500-900°C), and construction of the new structure (higher
than 1,000°C). By controlling the temperature and heating rate, the properties of
carbon aerogel can be adjusted. For example, the specific surface area of the obtained
aerogels decreases with the increase of heating rate, while the conductivity increases
with the temperature rise.
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4.3.2 Hydrothermal carbonization

As a relatively low-energy consumption strategy, the hydrothermal method is to mix
aerogels and water in a particular proportion and put them into the reactor at a low
temperature, reaction time, and pressure to obtain solid product carbon aerogels.
Under this condition, the required temperature and pressure are low, and the con-
ditions are relatively mild. The products obtained by hydrothermal carbonization
treatment have many inherent advantages, such as uniform size, regular morphol-
ogy, good physical and chemical stability, and wealthy oxygen-containing functional
groups on the surface.

5 CARBON AEROGEL USED IN SUPERCAPACITORS

It is well known that the electrochemical performance of a supercapacitor depends
largely on the conductivity of electrode material, specific surface area, electrolyte
diffusion, and the wettability of the electrode itself. Among all kinds of electrode
materials for supercapacitors, carbon-based materials have the advantages of vast
sources, low cost, outstanding conductivity, large specific surface area, excel-
lent chemical/electrochemical stability, and adjustable pore structure. Therefore,
carbon-based materials fit the requirements of electrode materials for supercapaci-
tors well. For these reasons, most supercapacitors reported are constructed with
carbon-based electrodes. In fact, many kinds of carbon materials, such as activated
carbon, graphite, graphene, carbon nanotubes, carbon fiber, carbon foam, and carbon
aerogel, are commonly used as electrode materials in the reported supercapacitors.
And among all kinds of carbon materials, carbon aerogel has unique advantages such
as super high specific surface area, reasonable absorption rate, high porosity, pore
structure classification, high-temperature resistance, and low density, so much so that
supercapacitors based on carbon aerogel electrodes have received wide attention and
research. In addition, it is worth noting that some previous reports have shown that
the specific surface area and pore size of carbon materials are the two most impor-
tant parameters affecting the energy storage capacity and power transfer for super-
capacitors using carbon-based electrodes, while the ultrahigh specific surface area
and highly developed and easily regulated pore structure happen to be the advan-
tages of carbon aerogel. This is why many reports have been about carbon aerogel
electrode-based supercapacitors in recent years. Hence, this chapter introduces the
application of different kinds of carbon aerogel materials in supercapacitors and the
corresponding mechanism research.

5.1 FUNDAMENTALS OF SUPERCAPACITORS

The configuration of supercapacitors is similar to that of batteries. In the typical
form, two electrodes (positive and negative electrodes) are separated by a dia-
phragm (separator) to prevent short circuits. Conventional electrochemical capaci-
tors store electrical energy in EDL between the electrolyte and the electron conductor
(electrodes). The charge storage depends mainly on redox reactions for pseudocapac-
itors or hybrid supercapacitors. Specifically, the positive electrode (cathode) is related
to reductive chemical reactions that gain electrons from the external circuit, while
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the negative electrode (anode) is associated with oxidative chemical reactions which
release electrons into the external circuit. Moreover, the separator acts as a physi-
cal barrier between the positive and negative electrodes to prevent electrical short
circuits and as a carrier of electrolytes. The primary forms of separators are porous
membranes, porous inert materials filled with electrolytes, and flexible hydrogel.
Notably, the separator must endure the ion and inert supercapacitor environment. In
addition, two current collectors (such as copper and nickel foil) are usually attached
to the electrode surface to direct the current from the electrode. The electrodes, sepa-
rator, and current collectors are immersed in an electrolyte, enabling ionic current
flow between electrodes while preventing electronic current from discharging the
capacitor, as illustrated in Figure 1.3."

The energy storage principle of supercapacitors is the same as that of conven-
tional capacitors, which is achieved through the charging and discharging process
at the electrode-electrolyte interface. As a result, supercapacitors can release and
store energy quickly. Compared to conventional capacitors, supercapacitors’ elec-
trodes have a much larger effective surface area, which allows their capacitance to
be significantly increased by about 10,000 times compared to traditional capacitors.
At the same time, supercapacitors maintain low equivalent series resistance and
high working ratio power. There are two main mechanisms of energy storage in
supercapacitors: (1) EDLC is related to the adsorption of coulombic charges near the
electrode-electrolyte boundary (EDLC mechanism for supercapacitors is the same
as that for conventional dielectric capacitors, while the energy storage mechanism
for dielectric capacitors can be referred to the classical double electric layer model
above); (2) pseudocapacitors are generated by surface redox reactions related to their
respective potentials.

Pseudocapacitors using conductive polymers and transition metal oxides/hydrox-
ides/sulfides/nitride generally offer higher specific capacitance and energy den-
sity than EDLCs, due to the energy boost in the pseudo-electrode encapsulated
by the fast reversible redox reactions of Faraday properties. Pseudocapacitors are
non-electrostatic and result from electrochemical charge transfer accompanying a
finite active substance. In electrochemistry, the term pseudocapacitance refers to a

PTFE
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FeOCI@CDCA
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FIGURE 1.3 A schematic diagram of an asymmetric supercapacitor (positive electrode:
MnO,; negative electrode: FeOCI@CDCA; separator: cellulose paper; current collector: Ni
foam; packaging material: PTFE plate).

I wo-electrode system
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capacitive material with electrochemical properties whose stored charge is linear
depending on the width of the potential window. In a pseudocapacitor, the capaci-
tance is related to the amount of charge received and the potential change. Reactions
such as electroadsorption or redox reactions of electroactive materials play a crucial
role in generating Faraday current in pseudocapacitive electrodes. Electroadsorption
occurs due to the chemical adsorption of electron-giving anions such as Cl- and B~.
In the case of redox reactions, the static separation of charges is replaced by the
exchange of charges. For supercapacitors, two charge storage mechanisms (EDLC
and pseudocapacitors) usually coexist. The pseudocapacitive storage mechanism sig-
nificantly contributes to the specific capacitance, while the other contributes little.
Pseudocapacitive dominant electrode materials include metal oxides (such as ruthe-
nium oxides, manganese oxides, nickel oxides, cobalt oxides, copper oxides, and
vanadium nitride), conductive polymers (such as poly-pyro [PPy] and polyaniline
[PANT]), carbon-based heteroatoms (such as N, P, or S-doped carbon), and porous
carbon nanoparticles that electroadsorb hydrogen. Pseudocapacitive materials have
high specific capacitance and energy density, but they have low conductivity, poor
rate capacity, and poor structural stability due to repeated ion insertion.

5.2  PURE CARBON AND ACTIVATED CARBON AEROGELS FOR SUPERCAPACITORS

First, it should be noted that due to the different physical structures of different
carbon aerogels, there are significant differences in specific surface area, pore size
distribution, flexibility, mechanical strength, etc., which play an important role in
determining their application form. For instance, fragile carbon aerogels are usually
used in powder form and mixed with conductive agents (such as acetylene black) and
adhesive agents (such as PVDF). The mixture is coated on a nickel foam surface
and pressed into a nickel foam-supported electrode. In contrast, the flexible carbon
aerogel can be directly used as the substrate of the independent electrode, which
can avoid the introduction of adhesive, thus improving the load of electrode material
and avoiding the parasitic reaction caused by the binder.

Yang and coworkers used NaOH/urea aqueous solution to dissolve bamboo cel-
lulose fibers and prepared porous carbon aerogel.!® After pyrolysis and further activa-
tion of KOH (to increase the specific surface area), the activated carbon aerogel was
mixed with carbon black and PVDF at a weight ratio of 90:5:5 and fixed between two
nickel foams at a pressure of 10 MPa. This carbon aerogel electrode exhibited a high
specific capacitance of 381 F g”! in a 6 M KOH electrolyte, an increase of 150% com-
pared to the unactivated sample. Reasonable design of micropores and mesopores
can help it achieve a 90% retention rate even at the high scanning rate of 200 mV s
Low equivalent series resistance and small charge transfer resistance in carbon aero-
gel also indicate excitation capacitance behavior. Zu and coworkers dissolved micro-
crystalline cellulose in NaOH solution and proceeded with gelation, regeneration,
and supercritical CO, drying to prepare a carbon aerogel with a high specific surface
area.!” The resulting carbon aerogel was further treated by a CO, activation process.
Therefore, the final carbon aerogel product not only has an extremely high specific
surface area (1,873 m?g™") and interconnected three-dimensional pore structure but
also has a large number of nanopores, which undoubtedly provides a large number of
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fast channels for electrolyte ions and electron migration. The specific capacitance of
the obtained activated carbon aerogel is 302 and 205 F g-! when the current density
is 0.5 and 20 A g!, respectively, indicating that it has outstanding rate performance.
It is found that the activation treatment above helps to improve the specific surface
area and thus the energy storage capacity. For pure carbon materials, only the EDLC
mechanism can store energy. However, incomplete pyrolytic carbon aerogels retain a
small number of oxygen-containing groups, so Faraday reactions that occur on their
surfaces, such as the reaction between the carbonyl group (C=0) and the hydroxyl
group (C-OF) (i.e., C=0+H"+e~ <> C-OH), may produce the pseudocapacitance.

The successful application of these pure carbon and activated carbon aerogels
confirms the feasibility and great potential of carbon aerogel materials in superca-
pacitors. At the same time, it has been proved that it is entirely feasible to optimize
the electrochemical performance of supercapacitors by regulating the pore structure
and composition of carbon aerogel materials, and its structure-activity relationship
and action mechanism are worthy of further study.

5.3 HETEROATOMS-DOPED CARBON AEROGELS FOR SUPERCAPACITORS

To further improve the energy storage capacity of carbon aerogel in supercapaci-
tors, some effective methods, such as heteroatom doping and integration with pseu-
docapacitive materials, have been well developed. Due to the porous structure and
strong adsorption capacity of carbon aerogels, dye adsorption methods to achieve
heteroatom doping have become a focus of attention. For example, some researchers
used an alkaline peroxide mechanical pulp (APMP) fiber aerogel as the sorbent and
adopted the aerogel saturated with Rhodamine B (RhB) dye to obtain N-doped car-
bon aerogels for supercapacitors.?’ The RhB molecule adsorbed on the APMP aerogel
was used as the nitrogen source. The composite was carbonized to obtain N-doped
carbon aerogel. When the current density is 1 A g!, the capacitance of the N-doped
APMP aerogel was 19.4% higher than that of the original APMP aerogel. In addi-
tion, Liao and coworkers obtained a porous N-doped carbon aerogel by synthesizing
Schiff-base porous organic polymer aerogel and then pyrolyzing it.?! Supercapacitors
based on this N-doped carbon aerogels displayed high specific capacitance (300 F
g at 0.5 A g), fast rate (charge to 221 F g*! within only 17s), and high stability
(retained >98% capacity after 5,000 cycles). Asymmetric supercapacitors assembled
with these N-doped carbon aerogels showed high energy and power density, with
maximum values of 30.5 Wh kg! and 7,088 W kg!, respectively.

In addition to a single type of heteroatom doping, various heteroatom co-doping
strategies can significantly improve the electrochemical performance of supercapaci-
tors using carbon aerogel electrodes. For example, some researchers have dissolved
a-lipoic acid with disulfide bonds and carboxyl groups in a NaOH/urea solution and
used this solvent to dissolve cellulose.?” Then gelation and carbonization were per-
formed to obtain N, S co-doped hierarchical porous carbon aerogel. Due to the fab-
ricated carbon material has a proper structure and uniform heteroatom doping, its
capacitance can reach 329 F g! at 0.5 A g, 1,647.5 mF cm at 2.5mA cm2, and
the acceptance rate property is 215 F gt at 10 A g! and 1,075 mF cm™? at 50mA
cm2, respectively. An asymmetric supercapacitor (SSC) assembled from the carbon
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aerogel produces a high energy density of 10.3 Wh kg™! at a power density of 130 W
kg !. Together, these reports demonstrate the role of heteroatomic doping in improv-
ing the energy storage capacity of carbon electrode materials.

5.4  METAL-CONTAINING CARBON AEROGEL COMPOSITES FOR SUPERCAPACITORS

In contrast to heteroatom doping, integrating carbon aerogel with pseudocapacitive
materials (e.g., metallic compounds) is usually more powerful. For example, a highly
conductive and porous cellulose-derived carbon aerogel substrate was introduced
in combination with an orthogonal FeOCI with a self-stacking layered structure.?
Due to the presence of carbon aerogel, the mechanical stability and charge storage
dynamics of FeOCl are significantly enhanced. When applied to supercapacitors,
this composite material provides an ultrahigh area ratio capacitance of 1,618 mF cm~
(647 F g!) at 2mA cm? and excellent cycle stability, with a capacitance loss of less
than 10% after 10,000 cycles. Asymmetric supercapacitors prepared using this com-
posite material (as an anode) and MnO, cathode showed a competitive energy/power
density (288 mWh cm2 at 1.8 mW cm~2) and excellent rate capacity and cyclic stabil-
ity. For example, Liu and coworkers used a novel doping method to prepare three-
dimensional interconnected Mn,Os/carbon aerogel supercapacitor electrodes using
MnO, coordinated by N,N-dimethylformamide (DMF).2* The coordinated MnO,
(DMF/MnO,), plays a key role in the sol-gel process of resorcinol and formaldehyde.
Carbon aerogel composite material has a high specific surface area of 859 m?g! and
a good pore size distribution of 10—15nm. When 5% DMF/MnO, was added to the
precursor solution, the resulting carbon aerogel composite had a specific capacitance
of up to 100 F g! at a current density of 10.0 A g! and retained 97% of the initial
capacitance for 1,000 cycles at a current density of 5.0 A g!. The doped carbon aero-
gel shows high coulomb efficiency (up to 99.8%) and excellent rate capacity.

6 CONCLUSION AND PROSPECTS

The energy storage mechanism of porous carbon materials does not fully con-
form to the classical double-layer theory. To deeply understand the energy stor-
age mechanism of porous carbon double layers, researchers have proposed various
mechanism models. The EDCC and EWCC models based on surface curvature
factors can better match the experimental data. However, the assumption of cylin-
drical shape and the neglect of electrolyte factor in these two models make them
have some limitations.

To improve the energy density of porous carbon double-layer capacitors, a lot of
research has been carried out on the energy storage mechanism of porous carbon
in the last ten years to obtain a method to improve the porous carbon double-layer
capacitor. When the pore size is equivalent to the ion diameter after desolvation (or
deformation), the porous carbon specific capacitance is significantly increased, indi-
cating that the pore diameter of porous carbon should be about 0.7nm to obtain
a high specific capacitance. However, it is necessary to have a proper proportion
of mesoporous pores in porous carbon to improve the ion transport capacity in the
material body and the charge storage capacity of micropores.
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Porous carbon aerogel with a high specific surface area and controllable micro-
mesoporous is an ideal supercapacitor material. The specific capacitance of porous
carbon aerogel can be improved by adjusting the hydrogel formation, drying, and car-
bonization during the preparation of porous carbon aerogel. The charge storage capac-
ity can also be enhanced by heteroatom doping to form abundant active sites.

In the future, further in situ characterization of supercapacitors with different
electrolytes and carbon materials (including electrochemical quartz crystal micro-
balance, nuclear magnetic resonance spectroscopy, infrared spectroscopy, small
angle X-ray scattering (SAXS), and small angle neutron scattering (SANS)) will help
to elucidate the factors controlling the charging mechanism of supercapacitors fully.
Beyond experiments, advanced theoretical methods that can adequately consider the
electronic structure of ion and carbon electrodes can provide new insights. Suppose
one can sufficiently understand the factors that affect the charge storage mechanism.
In that case, it should be possible to develop high-performance supercapacitors by
choosing the right electrolytic-electrode combination. In addition, the control or
design of porous structures is a great challenge worthy of extensive exploration. 3D
printing of aerogel is an exciting area because models can determine the structure
of aerogel. Therefore, in the future, the combination of 3D printed carbon aerogel
preparation and further study of its evolutionary transformation mechanism will help
to obtain porous carbon aerogel with an ideal pore structure.
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1 INTRODUCTION

Due to the over-exploitation of fossil fuels and the gradual deterioration of the envi-
ronment, finding environmentally friendly clean energy sources that can replace
fossil fuels (coal, oil, and natural gas) has become an urgent task for researchers.'
Currently, clean energy sources such as wind, tidal, and solar have been utilized
on a large scale, but how to store clean energy is a key issue. Scientists are again
focusing their attention on the research of energy storage devices.? Electrochemical
energy storage has a broad application prospect in the current clean energy storage
field. Among them, supercapacitors (SCs) and batteries are two classic energy storage
devices with complementary advantages. Although the energy density of SCs is much
lower than that of batteries (only one-tenth to one-fifth of batteries), the power density
of SCs is hundreds or even thousands of times than that of batteries.? Differently, the
energy storage of SCs originates from the reversible physical adsorption at the inter-
face between electrodes and electrolytes (electric double-layer capacitors, EDLC), or
the highly reversible chemical adsorption/desorption or redox reactions by underpo-
tential deposition on the electrode surface (pseudocapacitor).* Since the energy stor-
age of SCs happens only through the rapid and reversible adsorption of ions on the
surface of electrode materials, it does not involve similar energy storage processes
as redox inside the electrode material of a battery; it also has excellent power density
and ultra-long cycle life with fast charging and discharging behaviors.’

Porous carbon-based materials, such as carbon nanotubes (CNTs), graphene, acti-
vated carbon (AC), etc., are considered to be promising electrode materials for SCs
due to their elevated specific surface area, high electrical conductivity, adjustable
pore structure, extra pseudocapacitance, abundant resources, and environmental
friendliness.®-® Unfortunately, the improvement of the overall electrochemical energy
storage properties, especially the energy density of SCs from carbon-based materials
is still very limited. Scientists have tried various methods to increase the energy den-
sity of SCs, mainly including the following strategies: (1) By increasing the degree
of graphitization, the conductivity of electrode material is increased to accelerate
the charge transfer ability of carbon materials. (2) Use heteroatom doping to provide
additional pseudocapacitance, and (3) increase the defect structure and pore density
of carbon materials to improve energy storage active sites (Figure 2.1).%-12
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FIGURE 2.1 Illustration of strategies to improve the performance of carbon-based SCs.

In addition to the direct improvement of electrode materials, the electrolyte also
plays an important role in the SCs. The energy density of electrochemical energy
storage devices is directly proportional to the voltage and the capacity, and the energy
density of SCs can be indirectly enhanced by improving the composition and type of
the electrolyte to increase the working voltage of SCs.!3 Therefore, the development
of an electrolyte with a wide operating voltage window, high electrochemical stabil-
ity, and high ionic concentration is also the goal pursued by researchers. Currently,
the main electrolytes commonly used in SCs are aqueous electrolytes, organic elec-
trolytes, ionic liquid-type electrolytes and quasi-solid electrolytes.'*!> Generally
speaking, the relatively high operating voltage can be obtained in non-aqueous elec-
trolytes (including organic and ionic liquid electrolytes), which results in a higher
energy density than that in aqueous electrolytes. In contrast, higher power density
can be achieved when the SCs are operated in an aqueous electrolyte compared to
operating in a non-aqueous electrolyte,"” which is due to the fact that the ionic con-
ductivity of aqueous electrolytes is much higher than that of organic electrolytes.
Thus, developing carbon materials with high specific capacitance and matching
aqueous electrolytes with high ion diffusivity has become an ideal combination for
SCs systems.'®

This chapter first introduces the theoretical background and working mecha-
nism of carbon-based SCs, and then discusses in detail the various components of
carbon-based SCs, including electrolytes, porous carbon-based electrode materials,
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and several key factors that affect the performance of carbon materials. We summa-
rize the research work on the application of porous carbon-based materials to SCs
in recent years and discuss the effects of morphology, pore structure, heteroatom
doping, and electrical conductivity on the performance of SCs. Finally, we elabo-
rate on the current bottlenecks faced by carbon-based SCs and discuss their future
perspectives.

2 THEORETICAL BACKGROUND FOR SUPERCAPACITORS

As illustrated in Figure 2.2a, the device structure of SCs is similar in design and manu-
facture to that of a battery, consisting of two working electrodes composed of active
materials deposited on the current collector, an electrolyte, and a separator that electri-
cally isolates the two electrodes.” In SCs, ions move rapidly through the liquid electro-
lyte to the electrode surface, while electrons are rapidly transported through the highly
conductive carbon electrode to the external circuit.’®: '° Therefore, SCs can provide
excellent power density and ultra-long cycle life compared to fuel cells and batteries.

2.1 THE ENERGY STORAGE MECHANISM

Theoretically, there are two energy storage mechanisms in SCs systems, namely
EDLCs and pseudocapacitors (Figure 2.2b). EDLCs are based on the reversible phys-
ical adsorption of electrolyte ions at the interface between the electrode material and
the electrolyte to accumulate charge, while pseudocapacitors are based on the rapid
reversible quasi-redox reactions between the electrode material and the electrolyte to
absorb or discharge charge to achieve charge storage.?’

2.1.1 The energy storage mechanism of EDLCs

The EDLCs use the reversible physical adsorption of electrolyte ions at the interface
between the positive and negative electrodes and the electrolyte to accumulate charge
for energy storage. The concept of the electric double layer (EDL) was first described
and modeled by von Helmholtz in the 19th century when he investigated the distribu-
tion of opposite charges at the interface of colloidal particles.?! The Helmholtz model
describes the separation of charges at the electrode/electrolyte interface when the
electrode with surface area S (m?) is polarized. In this way, ions of opposite signs dif-
fuse through the electrolyte, forming a condensed layer a few nanometers thick on a
plane parallel to the electrode surface to ensure a neutral charge. This form of charge
accumulation is called an EDL. Then, as the distance d (m) between the ions and the
electrode increases, the potential near the electrode decreases.?!-?

This simplified Helmholtz double-layer (DL) can be regarded as an electrical
capacitor of capacitance Cydefined by Eqn 2.1:

Cy=¢ & % Q.1

where &, is the vacuum permittivity (&, =8.854 x 10712 F m™), ¢, is the relative
permittivity of the dielectric electrolyte, and d is the effective thickness of the DL,
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often approximated as the Debye length.?> 23 Taking into account the very large spe-
cific surface area of porous carbon electrodes (up to 3,000m?g") and the Debye
length in the range of <1 nm, the resulting capacitance of DL will be much higher
than that of plate capacitors. However, the Helmholtz model does not consider factors
such as the diffusion of ions in solution, the dipole moment of the solvent, and the
interaction between electrodes.

In 1913, Gouy-Chapman came up with a better model (Figure 2.2c). This theoreti-
cal model assumes that the opposite counter ion is not strictly attached to the surface,
but tends to diffuse into the liquid phase. The thickness of the resulting double layer
is influenced by the kinetic energy of the counter ions. The model is named the dif-
fusive DL model.?*2* However, the Gouy-Chapman model does not apply in the case
of high charge density bilayers. In 1924, Stern suggested a model combining the
Helmholtz and Gouy-Chapman models by accounting for the hydrodynamic motion
of the ionic species in the diffuse layer and the accumulation of ions close to the
electrode surface (Figure 2.2d). These two layers are equivalent to two capacitors in
series, Cy (Helmholtz layer) and Cy, (diffuse layer), and the total capacitance of the
electrode (Cpy,) is given by Eqn 2.2:

1 1 1

=+ 2.2)
Coo Cu Cp

The capacitance estimation for an EDL-type supercapacitor is generally assumed to
follow that of a parallel-plate capacitor as Eqn 2.3:

C=(goe, /d) XA 2.3)

where ¢, is the electrolyte dielectric constant, &, is the permittivity of a vacuum,
A is the specific surface area of the electrode accessible to the electrolyte ions, and
d is the effective thickness of the EDL (the Debye length). As can be seen from the
above equation, the specific capacitance of SCs is very much influenced by the con-
tact area between the electrode material and the electrolyte. Therefore, the prepara-
tion of electrode materials with large specific surface area and well-developed pores
is a reliable way to improve the capacitance of a double layer.

2.1.2 The energy storage mechanism of pseudocapacitor

Pseudocapacitors, also called Faraday capacitors, differ from EDLCs in that they
are capacitance generated by a highly reversible chemical absorption/desorption or
redox reaction on the two-dimensional or quasi-two-dimensional space of the elec-
trode surface, where the electroactive material is deposited under potential.?’ 25 26
This type of energy storage does not produce a continuous current as in the conven-
tional Faraday reaction process, but is an indirect form of energy storage and similar
to that of a battery, so it is called pseudocapacitor. The most common active materi-
als in pseudocapacitors are metal compounds (such as ruthenium oxide, manganese
oxide, vanadium nitride, and so on) and conductive polymers (such as polyaniline
and polypyrrole). Although the specific capacitance of pseudocapacitance can be
higher than EDLCs, it suffers from the disadvantages of low power density (due to
poor conductivity) and lack of stability during cycling.
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2.2 THE PERFORMANCE OF SUPERCAPACITORS

The performance of SCs is mainly evaluated on the basis of the following criteria:
(1) high specific capacitance, (2) high power density, (3) high energy density, (4) fast
charge/discharge processes within seconds, (5) excellent cyclability, (6) safe opera-
tion, and (7) low cost.?"-2 The total capacitance of the supercapacitor device (Cy) is
therefore calculated according to Eqn 2.4:

1/ CT = 1/ Cpositive + 1/ Cnegative (24)
Energy density and power density are two important parameters for assessing the

electrochemical performance of SCs. The maximum energy density (E, Wh kg)
and power density (P, W kg!) of a supercapacitor can be calculated by Eqns 2.5-2.6:

E= % Crv? 2.5)
2
P ;’7 2.6)

where C; is the total capacitance of the supercapacitor device (F g'), V is the device
voltage (V), and R, is the equivalent series resistance (ESR, ©).2"27-30 ESR mainly
consists of the intrinsic resistance of the active material, the contact resistance
between the electroactive material and the current collector, the diffusion resistance
of the ions in the electrode material and separator, and the resistance of the electro-
lyte ions. In order to obtain SCs with excellent electrochemical performance, simul-
taneously achieving high specific capacitance, wide operating voltage, and the lowest
possible equivalent series resistance are key factors.

(b) Electrolyte, Separator

Current collector :

Active material

Separator

@ Solvated anion
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FIGURE 2.2 (a) The schematic illustration of the structure of a typical supercapaci-
tor.'7 (b) Schematic representation of EDLCs and pseudocapacitor.® (c) Helmholtz and
Gouy-Chapman, and (d) Stern model of the electrical DL formed at a positively charged
electrode in an aqueous electrolyte.?
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3 ELECTROLYTES

Electrolytes used in SCs can be divided into aqueous electrolytes, organic electro-
lytes, ionic liquid electrolytes, etc. This chapter will discuss in detail the specific
classification and selection principles of electrolytes used in SCs. The different types
of electrolytes used in carbon-based SCs are shown in Figure 2.3.3?

3.1 AQUEOUS ELECTROLYTES

Aqueous electrolytes usually refer to the electrolyte solution composed of water,
inorganic salts (such as KOH, NaOH, H,SO,, K,SO,, Li,SO,, Na,SO,, and NaCl) and
additives, which have the advantages of smaller ionic radius, higher ionic concentra-
tion and lower internal resistance. For example, the conductivity of 1M H,SO, at
25°Cis 0.8 S cm™!, which is much higher than other aqueous electrolytes and organic
electrolytes, so it can effectively reduce the resistance of the device and achieve
higher power output. More importantly, during the device assembly process, aque-
ous electrolytes do not have high requirements in the assembly environment and can
be assembled in the air completely. The only drawback is that aqueous electrolytes
are severely limited by the water splitting (1.23 V), which limits their operating volt-
age window and energy density, making them difficult to be used on a large scale.
The voltage window of aqueous electrolytes shifts with pH, it is mainly limited by
the precipitation of oxygen and hydrogen.

Theoretically, the differences in the electrochemical energy storage behaviors for
the SCs in various electrolytes are probably attributed to: (1) the ionic radius of the
electrolytes, (2) the radius of the ionic hydration sphere of the electrolytes, (3) the con-
ductivity of the ions, and (4) the mobility of the ions. Research results show that only
changing the types of cation species (H*, Li*, Na*, and K*) in various electrolytes has
significant differences in the specific capacitance of SCs.? Furthermore, long-term
cycling stability is also strongly dependent on the cationic species.*® For example,
the specific capacitance of polypyrrole/graphene electrode in various aqueous elec-
trolytes including HCl, KCI, NaCl, and LiCl with the same concentration decreases
sequentially. The significant difference in specific capacitance is due to cation mobil-
ity, hydrated cation radius, conductivity, and their effect on charge/ion exchange and
diffusion. Moreover, the specific capacitance of electrodes in HCI, LiCl, NaCl, and
KCl electrolytes were 92.0%, 73.9%, 58.7%, and 37.9% after 10,000 cycles, respec-
tively, which was due to the significant composition damage caused by the insertion/
de-insertion of large size cation (H* < Li* < Na* < K*) during the charging-discharging
cycles. The hydrated cationic radius was in the order: H*-H,0% <K*-H,0%-
<Na+-H,0% <Li*-H,0°%. The Li* ion had the largest hydration sphere radius because
of the Li*-H,0°% strong interactions caused by the large surface charge density. The
large ionic mobility and small hydrated sphere of H* were due to the jumping trans-
ference mode between water molecules by hydrogen bonds. The H* ion also had the
highest molar ionic conductivity as compared to K*, Na*, and Li*. The higher con-
ductivity and ionic mobility help in fast charge transfer, and the smaller hydration
sphere radius also offers more ion adsorption on the interface of electrolyte/electrode
to further facilitate the Faraday reaction. Therefore, due to the smallest hydrated
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FIGURE 2.3 (a) Classification of electrolytes for SCs. Diagram of the reaction mechanism
of (b) aqueous electrolyte, (c) organic electrolyte, (d) IL electrolyte, and (e) gel electrolyte
between carbon materials of EDLCs.*

ions and highest conductivity and ionic mobility, the supercapacitor with HCI as an
electrolyte shows the largest specific capacitance.

The influence of anion species (OH-, SO,*-, Cl-, and NO;") on the electrochemi-
cal performance of SCs has been also studied.* Since the mobility of hydrated
ions in the inner pores increases in the order of NO;~< Cl-<SO,>- < OH-, the dif-
ferent electrolytes (KOH, KCI, KNO;, and K,SO,) with different conductivities
and ion mobilities have significant differences in specific capacitance. The high
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conductivity and ionic mobility of OH- can cause much good capacitive behavior.
The radius of the hydration sphere of OH- was slightly smaller than the radii of the
hydration sphere of CI- and NO,~ ions and the most probable apertures are equal
to about 2.1 times the size of the radii of the hydration spheres. The radius of the
hydration sphere of SO,>~ ion was the bigger, and led to a decrease in the quantity
of ions entering into pores, thus lower EDL is formed. Furthermore, the conduc-
tivity and ionic mobility of SO,2- ion were also low as compared to other anions.
Compared with the capacitance of the electrode materials using the electrolytes
containing KOH, NaOH, LiOH, LiNO,, and Na,SO, with the same concentration,
the maximum specific capacitance is obtained when using the KOH electrolyte, fol-
lowed by NaOH, LiOH and LiNO, and Na,SO, is the smallest.

3.2  WATER-IN-SALT (WIS) ELECTROLYTES

Recently, a series of highly concentration aqueous electrolytes, called “water-in-salt
(WIS)” electrolytes, have been reported and can expand the working voltage of SCs
to &3.0V due to the formation of an electrode-electrolyte interphase. The most obvi-
ous change is that the electrochemical stability operating voltage window of the WIS
electrolytes is widened and the potentials for both HER and OER were pushed beyond
their thermodynamic potentials. In a WIS electrolyte, the electrochemical activity of
water is remarkably reduced due to the formation of a strong coordination between
the high-concentration metal-ion solvated sheath and water molecules. Owing to the
impressive physicochemical properties of moisture resistance, nonflammability, and
large electrochemical stability window, WIS electrolytes also show great opportuni-
ties for aqueous SCs applications.

The lithium bis(trifluoro methane sulfonyl)yimide (LiTFSI) was first used in WIS
electrolytes due to its high solubility and chemical thermal stability.”> Currently, there
is a handle of other WIS electrolytes that have been developed with similar proper-
ties. Specifically, the electrochemical stability windows of 30M ZnCl,, 17M NaClO,,
22M LiNO;, and 12M NaNO; could reach 2.30, 2.80, 2.55, and 2.56 V, respectively.3*
Among them, the NaClO, and NaNO; are inexpensive and have a bright future for com-
mercialization. Theoretically, the lower the free water content, the wider the electro-
chemical stability window of the WIS electrolytes. The amount of free water in WIS
electrolytes is mainly controlled by the ratio of water-to-cation for the common double salt
WIS system. According to the cation solvation rule, the free water will decrease in WIS
electrolytes with the reduction of the water-to-cation ratio. To lower the water-to-cation
ratio and further reduce the free water, a double salt system has been explored by adding
another salt into the binary system. With this idea in mind, a new super-concentrated
WIS electrolyte composed of 21 M LiTFSI and 7M lithium trifluoro methane sulfonate
(LiOTf) was proposed, which delivered a wider electrochemical stability window of
3.1V, higher than that of 21 M LiTFSI (3 V).*® Meanwhile, the ionic conductivity of the
water-in-bisalt (WIBS) electrolyte has not changed significantly compared with 21 M
LiTFSI. A research has reported that the addition of inert tetraethylammonium (TEA¥)
cation to the WIS electrolytes, named inert-cation-assisted WIS, has made the concen-
tration of the electrolyte reach 31 M (9M NaOTF+22M TEAOTF), resulting in a wide
electrochemical window of 3.3 V.
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Subsequently, Wang et al. found that the concentration of LiTFSI in water would
reach 42M when an asymmetric ammonium salt (Me;EtN-TFSI) was added to the
LiTFSI electrolyte, and a 63 M WIBS electrolyte (42M LiTFSI+21 M Me,EtNTFSI)
was prepared with the water-to-cation ratio of 1.13.4° Molecular dynamics simula-
tions indicated that the amount of free water in 63M WIBS was quarter or even
half of that in 21 M WIS electrolytes and 42M WIBS, respectively, bringing about
an electrochemical stability window of 3.25 V. For the salts with low solubility used
as active charge carriers, they could not directly formulate WIS electrolytes. At the
same time, WIBS electrolytes could be achieved with a low water-to-cation ratio
through mixing with other salts with high solubility.

3.3 ORGANIC ELECTROLYTES

Organic electrolytes for SCs usually consist of organic solvents and conducting salts
dissolved in them. Because of their high voltage window (2.6-2.9V), SC devices
based on organic electrolytes are currently dominating the commercial market.
However, the use of organic electrolytes will have some inherent shortcomings that
are difficult to avoid, such as high cost, low electrical conductivity compared to aque-
ous electrolytes resulting in reduced power density, low dielectric constant result-
ing in smaller capacitance, complex purification process, and safety issues due to
the flammability and toxicity of organic solvents. At present, quaternary ammonium
salts (R,N*), such as tetramethylammonium (Me,N*), tetraethylammonium (Et,N¥),
tetrabutylammonium (Bu,N*), trimethyl-ethyl ammonium (Me;EtN*), etc. are the
main cations of organic electrolytes used in EDLCs. In addition, lithium-ion salts
and quaternary phosphorus salts have also been studied. The main anions are CI1O,",
BE,~, PF,~, AsP,-, etc. The most commonly used organic solvents are propylene car-
bonate (PC), y- butyrolactone (GBL), N,N-dimethylformamide (DMF), vinyl carbon-
ate (EC), sulfoxide, 3-methylsulfoxide (3-MeSL), acetonitrile (AN) and other nitrile
derivatives and other aprotic solvents.

Organic electrolytes have also been used for pseudocapacitors with pseudoca-
pacitive materials, such as metal oxides and conductive polymers.*-4* Most of the
organic electrolytes used for pseudocapacitors contain Li ions due to their small bare
ion size and easy ion intercalation/de-intercalation. The most used salts for organic
electrolytes were LiPF, and LiClO, as reported in the literature.* 46 Organic electro-
lytes in asymmetric supercapacitors have also drowned significant attention due to
further enhancement in the energy density. A number of organic electrolytes used in
asymmetric supercapacitors such as carbon//TiO, (1M LiPF,/EC-DMC), graphite//
AC (1.5M TEMABE,/PC), carbon//V,05 (1M LiTFSI/ACN), have been reported.*’
These asymmetric supercapacitors with organic electrolytes can deliver higher
energy density due to a much wider voltage window (3—4 V) than aqueous-based
asymmetric supercapacitors.

3.4 loNic LIQuIDs

The molten salts composed of ions (organic cation and organic/inorganic anion) with
melting points below 100°C are called ionic liquids (ILs). ILs are liquid salts that
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can be used alone as electrolytes for SCs or as supporting electrolytes for solvent-
based electrolytes. As support electrolytes, ILs have the same functions as other
types of electrolytes, with cations and anions mainly used for charge transfer. When
ILs are used as electrolytes, two important factors need to be considered, one is the
electrochemical stability window, and the other is the conductivity. The common
ILs as the electrolyte of SCs and battery mainly includes the following categories:
alkyl-substituted imidazole cations, alkyl-substituted quaternary ammonium salts
cations, alkyl-substituted pyrrolidine cations, and other types.*® Among them, imid-
azoles are the most studied cationic in ILs. The main anions are bis (trifluoromethyl
sulfonyl) imine anions (TFSI-), BF,~, and PF,-, which are stable in water. In particu-
lar, the ILs composed of TFSI- or BF, anion have the advantages of low viscosity, low
melting point, and high conductivity, so they are widely used in SCs. For instance,
the supercapacitor fabricated based on wine lees-based porous carbon framework
electrodes and [Emim]BF, electrolyte delivers an ultra-high output-voltage of up to
4V, a high energy density of 54 Wh kg at a high power density of 401 W kg™!, and
a superior capacitance retention of 90% after 100,000 cycles.*’

The fatal weakness of ILs used as electrolytes is that the viscosity is too high, but
mixing with an appropriate amount of organic solvents can reduce the viscosity and
improve the ionic conductivity without damaging its high boiling point, low vapor
pressure, wide electrochemical window, etc. Thus, the mixed solvent system is suit-
able for high-power types of SCs. On the other hand, the solidification of ILs by gela-
tion, mixing, and in situ polymerization of unsaturated functional groups is another
important solution to solve the problem of high viscosity of ILs. At the same time,
the relatively high conductivity of ionic liquid polymers also helps to overcome the
disadvantages of the low conductivity of traditional all-solid electrolytes.

3.5 (QUASI-)SOLID-STATE ELECTROLYTES

Solid-state electrolytes are divided into three types: solid polymer electrolytes, gel
polymer electrolytes, and polyelectrolytes. The gel polymer electrolytes are also
called quasi-solid-state electrolytes, because the electrolyte form is neither liquid
nor completely solid, but a soft gel-like form like jelly. The gel polymer electro-
lytes also play the role of electrode separator by simplifying the manufacturing pro-
cess of supercapacitor ion-conducting media, free of liquid leakage, and packaging.
Generally, gel polymer electrolytes have the highest ionic conductivity among the
above three types of solid-state electrolytes due to the presence of a liquid phase. Due
to its high ionic conductivity, gel polymer electrolytes are currently dominating solid
electrolyte-based SCs devices, the focus here will be on gel electrolytes.

The gel polymer electrolytes are composed of a polymer matrix host (e.g., PEO,
PEG, and PVA) and an aqueous electrolyte (e.g., KOH, H,SO,, and Na,SO,) or a
conducting salt dissolved in a solvent. Copolymers with various constituent units
have also been developed as polymer gel electrolyte hosts for SCs. According to the
composition of gel electrolytes, it can be mainly divided into three categories: hydro-
gel, organogel, and ionic liquid gel. Regarding hydrogels, it is a three-dimensional
polymer network formed by chemical or physical cross-linking of hydrophilic poly-
mer chains (such as starch, cellulose, chitosan, poly-L-lysine, polyacrylic acid,
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polymethacrylic acid, polyacrylamide, etc.) using water as the dispersion medium.
Some organic solvents such as EC, DMF, PC, and their mixtures (PC-EC and
PC-EC-DMC) have also been used as plasticizers in organogel polymer electro-
lytes.’>3 Organic reagents generally have high permittivity but tend to have high
viscosity, thus hindering the electron mobility of ions in the medium. A strategy
to address high viscosities is to blend these solvents with other solvents of lower
viscosity. Besides, the specific capacitance of SCs assembled with organogel elec-
trolytes is usually lower than that with hydrogel electrolytes, mainly because their
solvated ions are larger, limiting their access to the internal pores of the electrode.
Ionic liquid gel electrolyte is mainly composed of IL and polymer body. Since ILs
usually have excellent fluidity and freeze resistance, some SCs assembled with
ionic gel electrolytes have high specific capacitance, energy density, and cycle life,
and can even operate at low temperatures. Flexible supercapacitor based on the
dual-network PVA/Agar-EMIMBF,-Li,SO, gel electrolyte with a small amount of
IL can deliver high capacities under a wide operating temperature range of —30°C
to 80°C.>* Presently, the variety of host polymers studied for organogel and ionic
liquid gel electrolytes include PEO, PMMA, PVA, poly(ethylene glycol) diacrylate,
and PVDF-HFP.>4-8

4 POROUS CARBON-BASED ELECTRODE MATERIALS

4.1 CARBON NANOTUBES

Since the discovery of carbon nanotubes (CNTs) in 1991, they have become excel-
lent electrode materials for SCs due to their light weight, inherent elasticity, high
specific surface area, and high electrical conductivity.”® CNTs are mainly obtained
through the catalytic decomposition of hydrocarbons, and they can be divided into
multi-walled carbon nanotubes (MWCNT) and single-walled carbon nanotubes
(SWCNT) according to their carbon wall structure. Both types of carbon nanotubes
have high electrical conductivity and a large external specific surface. In recent years,
much research has been focused on the development of high density, nano-ordered,
and oriented carbon nanotube arrays to increase their specific capacity by precisely
modulating the distance between the tubes.°

Due to the inherently small specific surface area of CNTs (<400m?2g), their
capacitance values tend to be low, typically 20-80 F g-!. This is mainly due to the
less developed microporous volume of CNTs, which mainly utilizes the capaci-
tance of the boundary bilayer on the outer surface for energy storage. In order to
increase the specific capacity of CNTs, they can be activated or chemically modified
to improve their structure and function.®' In addition, CNTs can also be combined
with other materials to form composite materials, which can rely on the structural
characteristics of CNTs to provide higher contact surface area and conductivity to
improve overall performance. For example, Hu et al. used a simple and mild (room
temperature) method to composite CNTs on nickel foam (Figure 2.4a).°> The CNT
provides a strong chemical bond to increase the bridge between NiCoO, and nickel
foam to achieve improved energy storage and stability. The introduction of CNTs
frameworks as self-supporting or for electrodeposition has also attracted much
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attention in recent years. Jiang et al. achieved continuous and uniform growth of
polyaniline (PANI) on carbon nanotube (CNT) frame by electrodepositing method
(Figure 2.4b).%3 The resultant free-standing can thus exhibit a high specific capaci-
tance of 578.57 F g!. This CNT-based nanostructured electrode is very promising for
microelectronic device applications.

4.2 GRAPHENE

Graphene is a two-dimensional planar single molecular layer crystalline material
consisting of a tightly arranged hexagonal lattice of sp? hybridized carbon. Although
it contains only carbon, arranging the atoms in different ways modulates its proper-
ties over a wide range.** For example, graphene has a long cycle life and excellent
electrochemical properties and has great potential in energy storage devices such
as SCs and batteries.® The high theoretical specific surface area (2,630m?g™") and
effective specific surface area of graphene are much higher than that of carbon black
(<900 m?g™") and carbon nanotubes (<1,300m?g").

The advent of graphene has undoubtedly changed the status of SCs technology
through its extraordinary electrochemical properties and other unique properties,
and the development of graphene composites has become the mainstay of current
research on supercapacitor electrode materials. Graphene is a discrete monolayer
of graphite with a huge accessible outer surface, which is particularly advantageous
in the effective formation of double electric layers. In recent years, a great deal of
work has focused on the development of methods for the preparation of monolayer or
few-layer graphene, especially for the macro preparation of structurally stable gra-
phene, in order to systematically investigate in depth, the physicochemical properties
and applications of this novel material. Yang et al.® reported that graphene flakes
mixed with a certain content of KOH were first stirred and sonicated at room tem-
perature, followed by drying the solvent in an oven at 120°C (Figure 2.4c). Finally,
activated graphene flakes with a high specific surface area (2,662m?g') and graded
pore structure were prepared by heat treatment of the complexes at 850°C in a nitro-
gen atmosphere. The activated graphene has a high specific capacity of 238 F g-! at
a current density of 1 A g! and retains 99% of its initial capacity after 20,000 cycles
at 5 A g''. Mohamed et al.’ directly deposited functionalized graphene frameworks
using electrostatic interactions between graphene oxide (GO) and a cationic surfac-
tant. The surfactant improved the adsorption of GO sheets on the electrode surface,
allowing the integration of individual graphene sheets into 3D structures with large
electrochemically active surface areas. The functionalized graphene framework has
a high specific capacitance (320 F g!) and area capacitance (%400 mF cm™ for a
two-electrode cell with a single-sided coating) without the use of adhesives or con-
ductive additives.

4.3 AC

AC is the earliest and most widely used electrode material in commercial applica-
tions of SCs due to its large specific surface area, good electrical properties, and
moderate cost. AC is mainly obtained by heat treatment of carbon-rich organic
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FIGURE 2.4 (a) Synthesis of NiCoO,@CNTs@NF hybrids.®> (b) Scheme presentation and
electrochemical properties of Sb/CNT/PANI electrode.®® (c) Scheme presentation and electro-
chemical properties of activated graphene flakes.®

precursors in an inert atmosphere and by physical or chemical activation to increase
their surface area. Physical activation is mainly a process of locally controlled pore
formation by CO, or water vapors on the precursor. Chemical activation routes using
cheap organic/inorganic salts (KOH, ZnCl,, phytic acid, etc.) as activating agents are
also widely used.®® % With the development of research, the surface area of AC has
now been increased to 3,000 m?g-'.7%7! There is no direct linear relationship between
the specific surface area and the specific capacity of AC.”? For example, the theo-
retical capacitance of an EDLC is 15-25 mF cm for AC with a very high specific
surface area (3,000 m?g"), while the actual capacitance of the AC is less than 10 mF
cm=2.73 This is because the performance of EDLC is determined by many factors.
Specifically, on the one hand, the performance of the EDLCs depends on the effec-
tive specific surface area. On the other hand, the pore size distribution, pore structure
and shape, and electrical conductivity also have a great influence on the performance
of the EDLCs.™ 7> Generally speaking, the specific capacitance of AC is higher in
aqueous electrolytes (about 100-300 F g!) than in organic electrolytes (<150 F g),
mainly because the effective sizes of electrolyte ions in organic solutions are larger
than the aqueous electrolyte ions, which poorly penetrate the micropores of AC.
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4.3.1 Biomass-derived carbons

In recent years, numerous researchers have prepared biomass-derived carbon mate-
rials using different treatment methods with different biomass resources as carbon
sources for energy storage because of their widespread availability, renewable nature,
and low cost. What’s more, their inherently uniform and precise biological struc-
ture can be used as a template for fabricating electrode materials with well-defined
geometries. Meanwhile, the basic elements of biomass are carbon, nitrogen, sulfur,
and phosphorus, which can achieve in situ heteroatom doping. Peng et al.!! reported
a simultaneous activation, carbonization, and nitrogen-doped method to prepare
nitrogen-doped porous carbon nanosheets (N-PMNC) by using an easily gained
and green plant-waste (pomelo mesocarps) as carbon precursor (Figure 2.5a). The
N-PMNC shows an interconnected sheet morphology, high specific surface area
(974.6m?g™"), and high nitrogen doping content (9.12wt%). The N-PMNC-based
supercapacitors exhibit excellent electrochemical performance with a high specific
capacitance of 245 F g' at 0.5 A g!' and excellent rate capability (72% capacitance
retention even at 20 A g™'). Xu et al.’s developed a unique three-dimensional pep-
per leaf-derived nitrogen-doped porous carbon skeleton (ZLPC) with a hollow
nanostructure. The method allows the combination of carbonization, activation,
and heteroatom doping for improved synthetic efficiency compared to conventional
template-carbonization or two-step carbonization strategies (Figure 2.5b,c). The
symmetric supercapacitors based on ZLPC electrode materials have a high specific
energy of 18.68 Wh kg! at a specific power of 225 W kg! operated in the volt-
age of 1.8V in aqueous electrolyte and excellent cycle stability (92% after 20,000
charge cycle). So far, a series of porous carbon materials have been prepared by
various methods using biomass as raw materials, which is an important field in the
manufacturing of electrode materials for SCs. Therefore, researchers should explore
more convenient, environmentally friendly, and scalable synthesis strategies using
low-cost biomass feedstocks, and use mild chemicals for activation during prepara-
tion to obtain suitable supercapacitor electrode materials.

4.3.2 Template carbons

Template carbon is a kind of carbon material with special morphology and size which
is synthesized by using the template as the main configuration. Templating methods
enable the design and control of carbon precursor structures at the nanoscale and
preserve this microstructure through a special carbonization process. As a result, the
template method is the most effective way to precisely regulate the pore structure of
carbon materials. Depending on the type of template used, template methods can be
divided into hard template methods and soft template methods.

The process of preparing mesoporous carbon materials by the hard template
method mainly involves the infusion of carbon precursors, carbonization, and
removal of the template. The widely used hard templates include microporous molec-
ular sieves, layered inorganic materials, mesoporous silicon oxide, porous alumina
films, and colloidal crystalline materials.”” Carbon materials with specific morpholo-
gies such as carbon nanosheets and spherical carbon can be obtained using hard
templates (e.g., NaCl, SiO, and metal oxides [MgO, etc.]).”® For example, Chen et al.”
used mesoporous silicon (SBA-15) as a hard template to synthesize ordered parallel



Porous Carbon-Based Materials for Supercapacitors 33

HCltreated
—_—

Simultancous activation and
nitrogen-doped processes

g

2

2M HCI

2

ZLPC-1Z

8

Capacitance retention (%)
o 2

000 7000 3000 4000 5000
Cycle number 2

92%

Yo
s H

Capacitance retention (%)
2 oz

TO 100 200 300 400 S0 600 700 s00 o000 15000
Time /s Cyele number

—4—Co,0,/NHCS|AC

= Ref. 49
z ——Ref. 15 m
oz“/Urea Calcination S | ecoonmanc v\%»
£ 0] —acisc
Hydrothermal 350 °C[N2 § C*“'-* RV
@ .rj
g

N-carbon/Sno2 CoHC/NHCS Co;0,/NHCS

10 10 10°
Power density (W kg)

FIGURE 2.5 (a) Synthesis of N-PMNC electrode.!' (b—c) Synthesis and electrochemical
properties of ZLPC electrode.” (d—e) Synthesis and electrochemical properties of NiCoS@
SBA-C electrode.” (f) Synthesis of Co;0,/NHCS electrode.’

mesoporous carbon (SBA-C), and further induced the growth of porous nickel cobalt
sulfide (NiCoS) nanoflowers to form NiCoS@SBA-C composites (Figure 2.5d,e).
The NiCoS@SBA-C electrode exhibited an excellent capacitance of 1,757 F g! at
a current density of 1 A g-! and good cycling stability. Liu et al. synthesized Co,0,/
nitrogen-doped carbon hollow spheres (Co;0,/NHCSs) by hydrothermal method
and subsequent calcination treatment using SiO, spheres as sacrificial templates
(Figure 2.5f).8° The prepared Co;O,/NHCS composites as electrode active materi-
als exhibited higher specific capacitance of 581 F g! at a current density of 1 A g!
than Co,0, itself and achieved a capacity retention of 91.6% at 20 A g'. In addition,
various synthetic strategies to fabricate highly wrinkled nitrogen-doped graphene or
carbon nanosheets have been reported, and the wrinkled sheet morphology increases
the effective surface area to provide excellent capacitive performance. Peng et al.!
developed a facile one-step activation method combined with nitrogen doping using
the combination of Ca(OH), and NH,CI as hard templates and a nitrogen source
to prepare novel highly crumpled nitrogen-doped graphene-like carbon nanosheets
(N-CNSs). The N-CNSs have a rich wrinkled structure and an ultra-high pore vol-
ume (3.19cm?3g!) and are used as high-performance electrode materials for SCs.
The preparation of porous carbon by soft template method is usually based
on suitable soluble zwitterions (such as surfactants) as the precursor, and the
ordered polymer/structure-oriented composite is obtained by self-assembly and
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structure-oriented, and then the carbon material with an ordered and complete skel-
eton structure is obtained by removing the soft template and high-temperature car-
bonization steps. In the process of preparing carbon materials by the soft template
method, the polymer skeleton shrinks severely during high-temperature treatment,
resulting in a small specific surface area and pore size of the obtained carbon materi-
als. Therefore, a combination of soft and hard templates (organic-inorganic-organic
three-phase self-assembly) is used to introduce a rigid hard template into the polymer
system to reduce the shrinkage of the skeleton and increase the pore size and specific
surface area of the carbon materials.?!

4.4 OTHER CARBON STRUCTURES

The design of carbon materials used in the field of SCs should have a high ion-
accessible specific surface area and an appropriate pore structure.®> Metal-organic
framework (MOF)-derived carbon materials and carbide-derived carbon (CDC) are
considered to be one of the promising materials in the future.

MOF-derived carbon is a porous carbon material obtained by high-temperature
carbonization and removal of metal ions using MOF materials as precursors.® Liang
et al.3* proposed a facile strategy for simultaneous activation and catalytic carbon-
ization of rare-earth metal lanthanide organic framework (La-MOF) precursors to
prepare a three-dimensional (3D) mesoporous interconnected carbon nanosheet
(LMCN) with large surface area and high degree of graphitization (Figure 2.6a). The
symmetric supercapacitor assembled based on LMCN electrodes exhibited a high
energy density of 20.7 Wh kg! at a power density of 228 W kg! with a wide oper-
ating voltage of 1.8V, as well as a capacity retention of 90.7% after 10,000 cycles.
Sun et al.% created two new PANI encapsulating bimetallic organic frameworks
(ZnCe-MOF and CuCe-MOF). As electrode materials for SCs, the specific capaci-
tance of CuCe-MOF@PANI-1 and ZnCe-MOF@PANI-1 electrodes can reach 724.4
Fg'land713.2F g'at 1 A g'!' (Figure 2.6b). Although electrode materials composed
of MOF or MOF-based composites show good performance, their specific structural
changes and precise effects during electrochemical processes remain ambiguous.
Understanding their mechanisms is important for the construction of inexpensive
and easily fabricated high-performance electrode materials.

CDC is a class of carbon materials produced by selectively etching metals from
metal carbides using chlorine at elevated temperatures in a process. CDC has all the
performance characteristics of an ideal bilayer electrode material, including large
specific surface area, concentrated and precisely tunable pore size distribution, high
electron conductivity, and high density, and has been called “a new breakthrough
in supercapacitors.”®® The CDC powders were usually synthesized from titanium
carbide using selective etching of TiC by chlorine at temperature 800—1,000°C.
The most important feature of the CDC preparation process is that the etching
process does not cause any change in the shape and size of the carbide itself and
allows atomic-level control of the carbon material. Rose et al.¥” prepared ordered
mesoporous OM-CDC materials with a high ratio of micropores by nanocasting of
ordered mesoporous silica templates. It was found that the specific capacitance of the
OM-CDC materials exceeds 200 F g! in the aqueous electrolyte and 185 F g~! in the
ionic liquid. The ordered mesoporous channels in the produced OM-CDC materials
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FIGURE 2.6 (a) Synthesis and electrochemical properties of LMCN electrode.®
(b) Synthesis and electrochemical properties of ZnCe-MOF and CuCe-MOF.%

serve as ion-highways and allow for very fast ionic transport into the bulk of the
OM-CDC particles. Despite numerous substantial advances in the field of CDC in
SCs, their comprehensive performance is still limited.

4.5 CARBON-BASED COMPOSITES

The fabrication of carbon-based composites by using carbon as a support not only
increases the effective utilization of the electroactive materials but also improves the
electrical conductivity and mechanical strength of the composite materials. Several
studies have reported improved electrochemical properties of the carbon-based com-
posites using various types of carbons, such as graphene, AC, CNT, and templated
carbon, as a support. SCs based on carbon-based composite or hybrid electrodes
exhibit excellent performance in terms of energy density and stability. For example,
V,0; and 3D graphene composite synthesized by hydrothermal method showed a
high specific capacitance of 612 F g™!' at a current density of 1 A g' with good
cyclic efficiency of 89.6% after 10,000 cycles, which is higher than that of pure V,05
and pure graphene.®® The MnO,/CNTs composite was prepared by Li et al. through
a modified one-pot reaction process, in which CNTs were coated by cross-linked
MnO, flakes uniformly.?® The MnO,/CNTs composite exhibits high specific capaci-
tance of 201 F g™ and rate capability (the specific capacitance at 20 A g! is 70% of
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that at 1 A g!). Liu et al. reported a composite of polyaniline nanofiber/large meso-
porous carbon (PANI-F/LMC) composite prepared by an in situ chemical oxidative
polymerization of aniline monomer with nano-CaCO, templated mesoporous carbon
as a matrix.”® The PANI-F/LMC composite has a high capacitance of 473 F g at a
current load of 0.1 A g™! with good rate performance and cycling stability.

5 FACTORS INFLUENCING THE PERFORMANCE
OF CARBON MATERIALS

5.1 MORPHOLOGY

Carbon materials with various structures have been developed, such as 0D nano-
spheres or hollow structures, 1D nanofibers or nanotubes, 2D nanosheets, and 3D
porous frameworks. Zhou et al.’! demonstrated an original strategy to design a
high-performance 0D nominally non-porous carbon microspheres (CMs) co-doped
with fluorine and nitrogen, achieved by a low-temperature solvent thermal path
(Figure 2.7a,b). The co-doping of nitrogen and fluorine greatly improves the spe-
cific capacitance of the CM electrodes. The CM-NF electrode has a significant spe-
cific capacitance of 270 F g! at a current density of 0.2 A g!, corresponding to
an ultra-high capacity of 521 F cm= in 1M H,SO,. In addition, there is no loss of
specific capacitance after 10,000 cycles in H,SO, and 20,000 cycles in KOH dur-
ing long-term charging and discharging at a current density of 5 A g-!. Peng et al.??
prepared the nitrogen-doped holey carbon nanosheets (N-HCN§) via one-step activa-
tion and self-generated template-assisted carbonization route using polyimide (PI)
nanoflowers as carbon precursor and ethylenediaminetetraacetic acid disodium zinc
salt hydrate (EDTA-Na,Zn) as activating agent and self-generated template. The
N-HCNs exhibit satisfactory specific capacitance of 205 F g at 0.5 A g*'. More
importantly, a symmetric aqueous supercapacitor assembled based on N-HCNs elec-
trodes carries a wide operating voltage of 2.0V, and possesses a high energy density
of 17.92 Wh kg! at a power density of 500 W kg-!. Moreover, a facile integrated
oxidation polymerization and catalytic carbonization method was introduced to pre-
pare three-dimensional porous nitrogen-doped carbon networks (3D N-CNWs) with
high nitrogen content (about 8.4 wt %) directly from poly(p-phenylenediamine).”® In
the synthesis process, the FeCl; serves not only as an oxidant for oxidative polym-
erization of p-phenylenediamine monomers but also as the carbonization catalyst to
promote porous carbon network formation (Figure 2.7c,d). The maximum specific
capacitance of 3D N-CNWs can be reached up to 304 F g at 0.5 A g, and retains
the high values of 226 F g! even at a high current density of 20 A g'. It can be seen
that carbon materials with different morphologies can obtain excellent electrochemi-
cal properties. Compared with the specific surface area and pore structure of carbon
materials, the impact of morphology on their properties is not significant.

5.2 PORE STRUCTURE

The pore structure (porosity and size distribution) of carbon materials is an impor-
tant factor affecting the energy storage performance of functional carbon materials
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FIGURE 2.7 (a,b) SEM images and electrochemical properties of the CM-NFs.°! (c) Scheme
presentation of 3D N-CNWs. (d) Electrochemical properties of 3D N-CNWs. %3

in SCs. According to the pore size, the pores are classified as microporous (<2nm),
mesoporous (2-50nm), and macroporous (>50nm). Different electrolytes require
different pore sizes, and the capacitive behavior is theoretically optimal only when
the pore size matches the electrolyte ions. For porous carbon materials, micropores
are usually considered to play a dominant role in capacitive behavior, mesoporous
structures mainly provide interconnected ion transfer channels for the electrolyte,
and macropores serve as storage areas for the electrolyte to buffer rapid changes in
ion concentration.’*

Porous carbon materials with different pore sizes can be usually prepared by
adjusting experimental parameters such as activator dosage, carbonization tempera-
ture, activation time, and activator type. Longer activation time or higher tempera-
ture leads to larger mean pore size. The AC for EDLCs can be reached to 100—-120 F
g or 150-300 F g! in organic electrolytes and in aqueous electrolytes, respectively.
The investigation on pore-dependent capacitance properties has revealed that the
micropores adjacent to the open mouths of pores are effective in charge storage, and
larger pores that are interconnected are important for smooth electrolyte transporta-
tion. A study carried out with CDCs in an ionic liquid electrolyte ((EMI*, TESI]), in
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which both ions have a maximum size of about 0.7 nm, showed the maximum capaci-
tance for samples with the 0.7nm pore size.”> In most cases, macroporous carbon
materials inevitably contain micro/mesopores. Spherical polymers of submicron size
can be used as standard soft templates for macroporosity. By adjusting the diameter
of the spherical particles, the resulting carbon macroporous size is adjusted accord-
ingly. For example, Yamada et al.”® have synthesized ordered porous carbons con-
taining meso/macro/micropores with large specific surface area. They found that the
ordered porous carbon having well-controlled hierarchical porous structures would
be favorable for designing high-performance EDLCs electrodes.

5.3 HETEROATOM DOPING

Tuning the physicochemical and electronic properties of porous carbon materi-
als by heteroatom doping is a promising approach to meet the requirements of
high-performance SCs. The introduction of heteroatoms (N, S, O, P, B, and so
on) into the carbon skeleton has a great impact on electrochemical behavior,
mainly because heteroatom doping can modify the carbon-based structure and
improve the electronic conductivity and wettability of carbon-based electrodes,
thus becoming another way to improve its electrochemical performance.’” % As
different heteroatoms have different sizes and electro-negativities, their effects
on tuning the properties of carbon materials may vary. Doped heteroatoms, such
as O, N, S, F, and B would change the surface chemical heterogeneity of car-
bon materials, thereby inducing additional pseudocapacitance through reversible
redox reactions.”® Oxygen doping in carbon matrix can effectively change the sur-
face wettability and provide more active sites for charge storage. Oxygen doping
by means of oxygen functional groups may be obtained through the pyrolysis of
oxygen-containing precursors such as most biomass.!° For nitrogen doping, it has
been proven that the conjugation of the lone-pair electrons of N and the graphitic
p-bonds of carbon materials can distort the carbon structure to create defects and
available active sites. Specially, pyridinic nitrogen and pyrrolic nitrogen are con-
sidered representing the pseudocapacitance effect, while quaternary nitrogen and
pyridine-N-oxide showed enhancing effects on the capacitance due to their positive
charge and thus an improved electron transfer.!”' Other heteroatoms, such as S, P,
B, and F have also been extensively studied to regulate the surface properties and
improve the electrochemical properties of carbon materials.”®

In addition, dual and multiple heteroatoms doping in comparison with sole-
heteroatom doping has further optimized the nano/microstructure of carbon elec-
trodes. Dual or more heteroatoms co-doped carbon materials are more effective
in most situations since they can deliver excellent capacitance performances than
single atom doped-materials due to synergy among different heteroatoms.”® Despite
the great progress in heteroatom doping research of porous carbon-based nanotubes,
their comprehensive properties are still limited, especially in terms of the high
energy density required for practical applications. The ability to develop a simple,
viable, and efficient route to heteroatom-doped carbon materials that simultaneously
achieve high specific power and energy would render carbon-based SCs potentially
highly competitive.
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5.4 ELECTRICAL CONDUCTIVITY

Retaining fast electron and ion transport of electrode materials at high mass loading
holds significant importance to SCs. The key to obtain excellent power performance
is to increase the electron and ion transportation rates in electrode materials. An
ideal electrode material for SCs needs the following characteristics: (1) high elec-
tron conductivity, (2) short ion diffusion distance, and (3) high ion-accessible surface
areas. To address such issues, tremendous efforts have been focused on improving
the specific capacitance and energy density without sacrificing high power density.

It has been shown that the gradual improvement of electrochemical perfor-
mance of carbon-based SCs at high current density after heat treatment up to
900°C is mainly the result of the simultaneous increase in electrical conductivity.!??
Research showed that a transition between an insulating and conducting state typi-
cally occurs when carbon materials are heated to around 600-700°C.!% Removal
of strongly electron-withdrawing heteroatoms from the carbon surface facilitates
electron delocalization and significantly enhances conductivity. Sdnchez-Gonzalez
et al. also demonstrated that heat treatment induces significant changes in the electri-
cal conductivity of carbon materials, characterized by an important jump between
550°C 4.6 x10-¢ S m™') and 700°C (7.3 S m™1).192 Li et al. synthesized predominant
few-layer graphene (FLG) sheets with high electrical conductivity (~3.2x 10* S m™')
by a multi-step intercalation and reduction method, which is comparable to that of
pristine graphite.'®* The FLG-based electrode can reach a high specific capacitance
of 180 F g”! in 1 M Na,SO, aqueous electrolyte.

6 SUMMARY AND FUTURE PERSPECTIVES

As a new type of electrochemical energy storage device, supercapacitors (SCs) stand
out among many energy storage devices due to their advantages such as low cost,
high power density, fast charge and discharge, and excellent long cycle performance.
Unfortunately, although carbon-based SCs exhibit excellent power density, they still
face greater challenges in energy density compared with energy storage devices such
as batteries. This chapter presents a comprehensive review of the research prog-
ress related to carbon-based SCs in terms of theoretical background, electrolyte,
modification, and application of carbon-based electrode materials. For electrolytes,
non-aqueous electrolytes (including organic and ionic liquid electrolytes) can obtain
relatively high operating voltages, resulting in higher energy densities than those
obtained; in quasi-solid electrolytes, gel electrolytes have higher ionic conductivity
due to the presence of a liquid phase, which has attracted extensive attention from
researchers. For carbon-based electrode materials, common carbon materials such
as AC, biomass-derived porous carbon, graphene, etc. are widely used as the sub-
strate materials for SCs. Researchers usually expand the extra pseudocapacitance
of the carbon materials by doping with heteroatoms, modifying the pore size, and
controlling the morphology of the materials, so as to increase the energy density of
carbon-based SCs.

Overall, the unique energy storage mechanism and excellent electrochemical
performance of SCs make them a promising energy storage device. Based on the
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inherently lower energy density of SCs, the future development of carbon-based SCs
can considered in the following: (1) Develop new organic solvents with high ionic
conductivity, especially combining the respective advantages of ILs and organic sol-
vents to optimize different composite solvents to obtain excellent electrochemical
performance. (2) Develop and select new electrolyte salts, and then combine them
with optimized organic solvents to form organic electrolytes with excellent perfor-
mance. (3) For ionic liquid electrolytes, ILs and gel electrolytes can be combined
to prepare new gel electrolytes to solve the problem of high viscosity of ILs and
improve the problems of poor conductivity and temperature tolerance of gel elec-
trolytes. (4) For carbon-based electrodes, researchers should focus on the optimiza-
tion of graphitized structure and porous structure of carbon materials to balance
the relationship between electronic conductivity and ionic conductivity. In addition,
researchers can also try to construct some novel carbon nanostructures, such as poly-
atomic doping and hollow core-shell structures, to increase the volume energy den-
sity of carbon-based materials. (5) Combining the respective advantages of metal-ion
batteries and SCs to construct metal-ion capacitors is a strategy to simultaneously
achieve high energy density and high power density in an integrated device. In sum-
mary, carbon-based SCs have excellent power density, fast charging, and other good
properties, but they still face many challenges in the commercialization process.
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Biomass-Derived
Materials Toward
Low-Carbon Hydrogen
Production

Jiale Xie, Pingping Yang and Cheng Huang

1 INTRODUCTION

Hydrogen is arenewable energy carrier in the future zero-carbon society. Nowadays,
natural gas is the primary source of hydrogen production, which accounts for 75%
of global hydrogen production.! Therefore, significant CO, emissions were gener-
ated during hydrogen production. Another source of hydrogen production is the
chlor-alkali industry where hydrogen is a by-product.? Hydrogen production via
green approaches has attracted increasing interest, such as electrolysis, photocatal-
ysis, and biomass-based technologies. Biomass hydrogen production is believed as
a sustainable approach, which is an energy-saving and eco-friendly hydrogen pro-
duction route.> Biomass is renewable organic material that stores chemical energy
from the sun through the photosynthesis process, which is one of the largest sources
for fuel applications (~100 billion metric tons of carbon per year).* As shown in
Figure 3.1, biomass can be converted to hydrogen energy through various strat-
egies, including biomass-to-hydrogen direct conversion, and biomass-to-carbon
conversion for green hydrogen technologies, such as water electrolysis and solar
water splitting.>-® Biomass and its derivatives play a critical role in the produc-
tion of low-carbon hydrogen. Therefore, we should reexamine and evaluate the
biomass-derived materials and related hydrogen production techniques. In this

Biomass-to-hydrogen : % Biomass-to-carbon

Biomass

\S
Electroche®™
Conversio®

FIGURE 3.1 Strategies of biomass for low-carbon hydrogen production.
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chapter, the fundamentals and techniques of low-carbon hydrogen production are
comprehensively discussed first. Afterwards, we propose and discuss the above
two important strategies for low-carbon hydrogen production by featured exam-
ples. At last, we list the remaining challenges and explore the future opportunities
in this research hotspot.

2 FUNDAMENTALS AND TECHNIQUES OF
LOW-CARBON HYDROGEN PRODUCTION

2.1 BIOMASS GASIFICATION

Gasification converts the biomass into a combustible gas mixture via the partial
oxidation at high temperatures (e.g., 800-900°C). The main hydrogen production
processes by biomass gasification strategy are shown in Figure 3.2. A sequence of
complex thermochemical reactions happened during the gasification processes.’
There are four zones in the gasifier, including drying, pyrolysis, combustion and
reduction. The mixed gaseous product includes CO, H,, CH,, and non-combustible
gases such as CO, and N,. A high hydrogen and low tar content are expected for
hydrogen production. However, the quality of combustible gas was affected by the
temperature, pressure, residence time, equivalence ratio, biomass characteristics,
and gasifier design.’ Air gasification of biomass only produces syngas with a low
H, content and low heating. In steam gasification, the hydrogen yield is far better
than pyrolysis and air gasification while the overall conversion efficiency of thermal
energy to hydrogen can also reach up to 52%. In addition, fast pyrolysis at the tem-
perature of 800—900°C can convert 60% biomass into gas, such as H, and CO, while
only leaves 10% biomass as solid char.!

2.2  ELECTROLYSIS

The electrolysis process provides a quick and convenient approach to produce pure
hydrogen. Compared to water electrolysis, biomass electrolysis generates hydrogen

|
Syngas Syngas Bio-oil stem
reforming reforming reforming
-

CH, + H,0 (+heat) — CO + 3H, /

|
CO + H,0 — CO, + H, (+ heat)
1

Pressure swing
adsorption (PSA)

FIGURE 3.2 Main hydrogen production processes by biomass gasification strategy.
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by substituting the oxidation of biomass-derived fuels at the anode for the oxygen
evolution reaction, which can significantly reduce the electric energy consumption
required for hydrogen production.! Meanwhile, the value-added chemicals can be
coproduced. Electrolysis of renewable biomass for producing hydrogen can be real-
ized by two common technologies: a proton exchange membrane electrolysis cell
(PEMEC, Figure 3.3a) and a microbial electrolysis cell (MEC). In a typical PEMEC
cell, the proton exchange membrane was sandwiched between a simple graphite-felt
anode without coating any catalyst and a carbon cathode coated with a Pt black cata-
lyst for hydrogen evolution. The electrode reactions at anodic and cathodic sides can
be expressed respectively as follows (Eqns 3.1-3.2).

C.H,0,+H,0 — Oxidation products +H* +e~ 3.1
H*+e — H, 3.2)

The hydrogen evolution reaction (HER) has a high Faradaic efficiency of >95%. Due
to the multielectron transfer processes, the kinetics of the anodic reaction is sluggish.
Therefore, there is a great challenge to develop a highly efficient electrocatalyst for
anodic oxidation reaction. Moreover, selectivity is a critical factor during the choos-
ing of electrocatalysts.

2.3 PHOTOCATALYSIS

Photocatalytic water splitting (without biomass) usually has a very low quantum
yield of ~1.8%. However, a quantum yield of >70% can be achieved by phobiore-
finery for hydrogen production.'? In photocatalysis, the energetic band structures of
photocatalysts are important for performing the processes of charge transport and
transfer at the semiconductor/electrolyte junction (SEJ). When illuminating the
aqueous suspension of photocatalysts (Figure 3.3b), electrons on the valence band
are excited into the conductive band of photocatalysts. Then, the holes form on the
valence band. The photogenerated charges are transported to the SEJ interface with
the assistance of the build-in field in photocatalysts. The photogenerated electrons
and holes can be used for the reduction and oxidation reactions, respectively. It’s
noted that the conductive and valence band levels should be lower than the reduction
potential, and higher than the oxidation potential of the redox species, respectively.
For biomass-based photocatalysis, the biomass oxidation reaction and HER reaction
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CO+H,0 4 (+] Y ,+H,

,+H, ° o o (+} o H‘o o |
Electrolysis Photocatalysis Photoelectrocatalysis

FIGURE 3.3 Schematic illustration of (a) electrolysis, (b) photocatalysis, and (c) photoca-
talysis for biomass-based hydrogen production.
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can simultaneously happen on the surface of photocatalysts. Normally, the cocata-
lysts are needed to promote the reaction rates."3

2.4 PHOTOELECTROCATALYSIS

As shown in Figure 3.3c, a photoelectrochemical (PEC) cell is made of a n-type
semiconductive photoanode, a counter electrode (e.g., Pt), an electrolyte, and a mem-
brane. On the photoanodes, the biomass oxidation reactions take place. The require-
ments for semiconductors are similar to those in photocatalysis to realize the biomass
oxidation and HER reactions. The membrane (e.g., Nafion, glass frit, and diaphragm)
is used to reduce or/and avoid the effect of the products, which are generated on
the photoanode and cathode. Under illumination, the photogenerated electrons trans-
port to the counter electrode through an external circuit, and react with H* to gener-
ate hydrogen. The photogenerated holes transport to the surface of the photoanode
and oxidize the C H,0, to CO, and H,O. Although the reaction processes are very
complex, the chemical reactions can be simply described by the following equations
(Eqns 3.3-3.4):

C,H,0,+h*+OH- - CO,+H,0 3.3)
H,0+e — H,+OH- (3.4

The H-type configuration of a PEC cell is widely used to allow ion motion and gas
separation naturally. Additional voltage or bias is usually required to apply to the
PEC cell to either reduce the electron-hole recombination rate or help hydrogen
evolve if the photoanode is not energetic enough for water splitting.'*

3 BIOMASS-TO-HYDROGEN

3.1 THERMAL-CHEMICAL CONVERSION

Thermal-chemical conversion is the main strategy for hydrogen production from
biomass. Compared with pyrolysis, gasification is recognized to be more promising
in industrial production because of its higher efficiency and H, yield (Table 3.1). To
decrease the reaction temperature and improve the carbon gasification rate and hydro-
gen selectivity, the catalysts should be used to promoting tar cracking and reform-
ing of condensable fractions. Typical catalysts are alkaline earth metallic catalysts,
metal-based catalysts (e.g., Ni, Ce, and La), and mineral catalysts. Traditional alkali
metal catalysts can effectively promote biomass gasification, but some drawbacks
exist such as difficult recovery, large amount of loading, easy scaling, and blockage.
Ni-based catalysts have been widely used as effective catalysts, and it is better to
utilize them in combination with other metals. Metal oxides not only have catalytic
activity but also can be used as effective supports for exogenous metal catalysts. For
instance, the stability of Ni-based catalysts can be improved by using a metal oxide
supporter. Natural mineral catalysts are more suitable for steam gasification of bio-
mass, but their catalytic activity in supercritical water gasification is obviously lower
than that of other catalysts. At present, a key step for its development and application
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is to explore cost-effective catalysts that increase H, production, reduce gasification
temperature, and promote tar cracking (Table 3.1).

3.2 BIOLOGICAL CONVERSION

There are three kinds of biological conversion, including the biological water gas
shift (BWGS) reaction, dark fermentation, and photo-fermentation. Biological
conversion happens at low temperatures of 30—60°C and low pressure of 1 atm.

TABLE 3.1
Summary of thermal-chemical conversion for biomass-based hydrogen
production

Supercritical water

Steam gasification gasification Fast pyrolysis
Main reactions C+H,0 = H,+CO, CH,0,,+(1 -mH,0 CH,0, —
AH,gg¢=131 kJ/mol — (n2+1-m)H,,CO CH,+CO+H,+Other
CO+H,0 = H,,C0,.  CO+H,0 — CO,.H, products
AHZQSK:_) 40.9 kJ/mol CO+3H2 N CH4+H20 d CO+3H2
CH,,H,0 — 3H,,CO, CH,+H,0 CO+H,0 = CO,+H,
AH, 5 =206.3 kJ/mol CO,+4H, —
C,H,,aH,0 — CH,+2H,0
aCO+(a+b/2)H,
Average Without catalyst: 4 g Without catalyst: 3 g Without catalyst: 2 g
H, production (wt%, With catalyst: 7g With catalyst: 5g With catalyst: 3 g
¢ H,/100 g biomass)
Reactor Upper/lower ventilation Batch reactor, Fluidized bed; fixed
gasifier; fluidized bed continuous reactor bed; rotary furnaces;
ablation reactor;
drainage bed
Advantage Suitable for large-scale High conversion and Oxygen free and
industrial production ~ hydrogen concentration relatively high hydrogen
with high gasification without tar and coke concentration.
rate and low-ash formation and
production. secondary pollution.
Disadvantage Separation and Difficult to recycle High equipment
purification of gas alkaline catalysts and  requirement and energy
products are difficult. strict operating consumption with low
conditions. hydrogen yield.
Challenge Decrease the tar Technological Raw bio-oil feeding;
content; optimize the development; reduce  scale up of the process;
catalyst composition to energetic costs optimize the catalyst
reduce its deactivation; composition to reduce
reduce energetic and its deactivation

material costs
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Therefore, the energy cost is low. Typically, the enzymes (e.g., nitrogenases and
hydrogenases) produced by the microorganisms can be used to synthesize hydro-
gen. Nitrogenases reduce protons (H*) from adenosine triphosphate (ATP) and
release H,, while hydrogenases reversibly catalyze the conversion of protons to
hydrogen.

In BWGS reaction, photoheterotrophic bacteria can oxidize CO into CO,, and
reduce H,O into hydrogen. Rhodospirillum rubrum and Carboxydothermus hydroge-
noformans are the most used gram-negative and gram-positive bacteria. The high
concentration of CO will limit the activity of bacteria. In dark fermentation, anaer-
obic microorganisms can generate H,, CO,, and small amounts of CH,, CO, and
H,S. However, the hydrogen yield is lower than that of photolysis. The by-products,
pH, hydraulic retention time (HRT), and gas partial pressure can influence the yield
of hydrogen. The time-consuming and expensive process impedes its development
at the industrial level. Photo-fermentation is catalyzed by nitrogenases in purple
non-sulfur bacteria to convert organic acids or biomass into hydrogen from solar
energy in a nitrogen-deficient medium. To improve the hydrogen yield, the two-stage
fermentation with an initial dark fermentation is used to produce the organic acids
first. Then a photo-fermentation process is used to convert the organic acids into
hydrogen. However, the operations are difficult, such as the control of different bac-
teria and parameters.

3.3 ELECTROCHEMICAL CONVERSION

Biomass electrolysis has lower thermodynamic requirements compared to water elec-
trolysis, leading to low AE,, and high H, production efficiency, however, the kinetics
are also sluggish due to the multiple electron transfer process.!! Moreover, biomass
must be fermented and converted into organic acids or alcohols, and some molecules
can be converted to hydrogen. Electrocatalyst is a determining factor in reducing the
activation energy and enhancing the selectivity toward valuable chemicals. Liu et al.
reported an electrolysis approach for directly producing hydrogen from native bio-
mass by using polyoxometalate (POM) solution as both a catalyst and charge carrier
(Figure 3.4a)."> The electric energy consumption could be as low as 0.69kW h per
normal cubic meter of H, (Nm= H,) at 0.2 A cm2, which is only 16.7% of the energy
consumed for the reported water electrolysis. A novel chemical-electrolysis conver-
sion process was presented. In this process, raw biomass can be effectively decom-
posed via a chemical conversion by aqueous POM at low temperatures and followed
by electrolysis with very low electric energy input to generate hydrogen. Unlike the
traditional electrolysis of alcohols, a noble-metal catalyst is not required at the anode.

Zhao et al. reported a membrane-free single-compartment electrolyzer, which
can electrooxidize chitin to acetate with >90% yield.® The overall energy consump-
tion of electrolysis can be reduced by 15%. In this work, a 3D hierarchical porous
nickel (hp-Ni, cubic crystal structure) catalyst (Figure 3.4b) was synthesized by
template-free cathodic electrodeposition of porous Ni microspheres onto Ni foam
(NF). The anode is the activated ip-Ni/NF electrode, which was performed at a cur-
rent density of 50mA cm™ until a stable OER performance was reached. The hp-Ni/
NF electrode was transformed to Ni,P/NF as the cathode. After 4 h of chitin oxidation
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FIGURE 3.4 (a) Schematic illustration of the chemical-electric conversion process.! (b)
SEM image of an as-synthesized ip-Ni sample. (c) SEM image of a post-COR /p-Ni sample.
(d) Cyclic voltammograms of anodic reactions at a scan rate of 10mV s in .0M KOH
before (OER; black curves) and after adding 33.3 mg L' of chitin (OER + COR; red curves).
Aj labels the current density difference at 1.7V vs. RHE, and AV labels the potential differ-
ence at 0.4 A cm™. Inset: Linear sweep voltammograms of HER using Ni,P/NF catalyst,
where the potential for I00mA cm=2 is labeled. (¢) Comparison of current density at various
potentials in 1.0 M KOH solution with (red bars) and without (black bars) 33.3 mg L chitin.
Inset: the corresponding electrochemical impedance spectra (EIS) at open-circuit potential.
XPS spectra of (f) Ni 2p state, and (g) O 1s state of the samples before (black spectra) and
after (red spectra) COR.$

reaction (COR), the nanostructure of 4p-Ni/NF can be retained well (Figure 3.4c).
The tiny particles on the surface can be attributed to the undissolved chitin crystals.
In the presence of chitin, the current density is Aj~600mA cm™ (or 2.5 times) higher
at 1.7V vs. RHE, and the potential is AV~80mV lower at 0.4 A cm™2, than those
of the pure OER curves, suggesting COR is kinetically more favorable than OER
(Figure 3.4d). The lower charge transfer resistance of the OER + COR curve (Inset of
Figure 3.4e) indicates the faster kinetics of COR than that of OER. Figure 3.4e illus-
trates the COR current is larger than pure OER current in the range of potential used,
and selective chitin oxidation (negligible OER) is possible with a potential lower
than 1.55V vs. RHE. The metallic Ni XPS peak (Figure 3.4f) disappearance and the
stronger O 1s peak (Figure 3.4g) after COR suggest the enhanced nickel oxidation of
the hip-Ni/NF electrode, which is beneficial for high COR activity.

3.4 OTHER CONVERSION

Thermal-chemical conversion is the most advanced technique for biomass-based
hydrogen production. Typically, biomass is converted by thermal gasification
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(700-1400°C), pyrolysis (300—1000°C), or supercritical water gasification (above
374°C and 217 atm).” The low heat efficiency, high equipment cost, and necessary
downstream purification of the produced H, significantly limit the applicability of
these technologies. Zhang et al. developed a two-step, one-pot process for hydro-
gen production with a hydrogen yield of 95% from non-food-related biomass
and carbohydrate-based waste.” Initially, dimethyl sulfoxide (DMSO)-promoted
hydrolysis—oxidation of cellulose and hemicellulose in renewable feedstocks to for-
mic acid (FA) takes place (first step). Subsequently, after neutralizing the added cata-
lytic amount of acid in the first step and without purification, H, is produced with
high selectivity in the presence of a ppm-scale homogeneous iridium catalyst at 90°C
(second step). The unwanted side products CO and CH, are produced at no more than
22 and 2 ppm, respectively. Because of the low concentration of CO, the H, formed is
directly applicable in proton exchange membrane (PEM) fuel cells, thereby stream-
lining the biomass—hydrogen—electricity conversion (Figure 3.5). This procedure has
another main advantage. The initially generated FA is a stable and non-toxic H, stor-
age material, which conveniently releases H, on demand.

4 BIOMASS-TO-CARBON

4.1 SYNTHETIC STRATEGIES FOR BIOMASS-DERIVED CARBON

The carbon content of biomass after the oven-drying is around 45-50%.'° To achieve
biomass-derived carbon materials, various carbonization and activation strategies
are summarized in Figure 3.6. Pyrolysis and hydrothermal carbonization (HTC) are
the two widely used methods to carbonize biomass. Pyrolysis is carried out in an
inert or limited oxygen atmosphere at the temperature range of 300—1,200°C, while
HTC refers to a thermochemical process used to convert biomass to carbonaceous
materials.

The main pyrolysis products obtained from biomass depend on the temperature,
temperature ramping rate, particle size, and catalyst used. HTC is performed in a
pressurized aqueous environment at a relatively low temperature, typically in the
range of 120-250°C, with or without the aid of a catalyst. As a thermochemical
conversion technique, the HTC can be influenced by several parameters, such as
temperature, residence time, precursor concentration, and catalyst. It uses subcritical
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FIGURE 3.5 Streamlining the conversion of non-food-related biomass to electricity via H,./
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FIGURE 3.6 Strategies for converting biomass-to-carbon materials.

water for the conversion of a biomass to carbonaceous products, resulting in efficient
hydrolysis and dehydration of precursors and bestowing hydrochars with a high and
tunable content of oxygen-containing functional groups.

Activation is a process of converting carbonaceous materials into active carbon.
Both physical and chemical activation means can be used. Physical activation is
usually conducted immediately after the pyrolysis step at high temperatures (up to
1,200°C) in an atmosphere of steam or CO,. Chemical activation is implemented
with a chemical agent at a temperature typically ranging from 450 to 900°C. The
commonly used chemical activation agents include KOH, NaOH, ZnCl,, FeCl,,
H,PO,, and K,CO,.

4.2 CATALYSTS FOR ELECTROCHEMICAL HYDROGEN PRODUCTION

Biomass-derived carbon served as electrocatalysts has been rarely studied for
electrochemical hydrogen production. Normally, the noble metal- and transition
metal-based materials were applied to catalyze the water splitting. Some typical car-
bon materials derived from biomass for hydrogen production through water elec-
trolysis are summarized in Table 3.2. Recently, Ding et al. reported a metal-free
carbon electrode derived from biomass, which exhibits high electrochemical effi-
ciency.”” The carbon electrode was made from the annealed hydrothermal carbon
on the glassy carbon electrode. As shown in Figure 3.7a, the carbon oxidation reac-
tion has a lower potential of 1.02V vs. RHE than that of the oxygen evolution reac-
tion of 1.52V vs. RHE. Therefore, the carbon electrode used is a sacrificial carbon
electrode. In a two-electrode cell with carbon pellets, the gas accumulation over a
ten-day period is shown in Figure 3.7b. The cathode side produces hydrogen, whereas
the anode side produces a marginal amount of oxygen (5%) and the main CO, gas
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(95%). The total gas production decreased due to the consumption and detachment of
small carbon fragments from the pellet. In alkaline, neutral, and acidic electrolytes,
the carbon electrodes show significantly different behaviors as shown in Figure 3.7c.
The stability of carbon electrodes (Figure 3.7d) is about 90 min until the pellets fall
apart at the current density of 120mA cm2. Figure 3.7e indicates that carbon elec-
trodes can withstand dynamic fluctuations. After nitrogen doping, the doped carbon
electrode delivers a remarkably better performance than the pure carbon electrode
(Figure 3.7f). This work provides an industrial clean, scalable, and sustainable idea
to obtain “green” hydrogen.

4.3 CATALYST SUPPORTS FOR HYDROGEN PRODUCTION

Biomass carbon materials normally possess a unique structure and heteroatom doping,
which facilitate the high mass transfer rate of electrolytes, superior electrical conduc-
tivity, high specific surface area, and chemical stability. Qiao et al. chose wild celery
as a biomass carbon source and in situ grew MoS, on/in micrometer scale carbon
tube matrix that was carbonized from the prototype keeping (MoS,/BCTM), which
was applied in electrocatalytic hydrogen evolution.?> Wild celery has a well-defined
hexagonal or quasi-hexagonal stem as shown in Figure 3.8a. The diameter of the
tube matrix after the carbonization is about 10—40 um. As shown in Figure 3.8b, the
optimal composite of MoS,/BCTM 1:1 delivers the lowest overpotential of 176 mV
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FIGURE 3.7 (a) Current potential curve of a carbon as electrode and the relative differ-
ential curve (dashed line). (b) Daily gas collection in a two-electrode cell: hydrogen at the
cathode; and oxygen and the carbon oxidation contribution (COC) at the anode. Red-shaded
areas demonstrate the hydrogen production from water oxidation (catalytic process), whereas
blue-shaded areas are the hydrogen production from carbon oxidation. (c) Charge collection
of the carbon pellet in acidic (H,SO,, pH 1), alkaline (KOH, pH 13), and neutral (K,SO,,
pH 7) electrolytes. (d) Stability of the carbon pellets in 1M KOH at current densities of
120, 240, and 360 mA cm™. (e) Performance of the carbon pellet under dynamic potential
variations to mimic the flexibility of solar-derived electricity. (f) Daily gas collection in a
two-electrode cell of the nitrogen-containing carbon pellet (Table 3.2).17



TABLE 3.2

Summary of biomass-derived carbon materials for water electrolysis

Biomass

Peanut shell

Spathe-pollen

Pine needle

Silk cocoon

Chinese steamed
bread flour

Peanut root nodule

Human hair

Carbonization method

Tow-step thermal treatment
Two-step thermal treatment
Two-step thermal treatment
One-step thermal treatment
Hydrothermal treatment

One-step thermal
decomposition
Two-step pyrolysis

Activation
KOH
KOH
KOH

KCl1
NA

MgCl,

ZnCl,

Specific
surface
area
(mZg—l).
2,338
1,297
1,931
349.3
401.4

5133

820

Electrolyte
0.5M H,S0,
0.5M H,S0,
0.5M H,SO,
0.5M H,S0,
0.5M H,S0,

0.5M H,S0,

0.5M H,S0,

Onset
potential
(mV)

80
NA
4
63
NA

27

Overpotential
at T0mA
cm2  (mV).

400
330
62
137
220

116

100

Tafel
slope
(mV

dec

75.7
63
459
132
77

67.8

57.4

Ref.

18
19
20
21
22

23

24
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at the current density of I0mA cm2. In this case, MoS, nanosheets are uniform and
have orderly dispersion on the surface of BCTM to form nanopore structures, which
provide direct channels for mass transport. The Tafel slope for MoS,/BCTM 1:1 is
51 mV dec™!, which is a little higher than that of Pt/C (30 mV dec!). Electrochemical
impedance study indicates BCTM improves the conductivity of MoS, and provides a
large number of high-speed channels for charge and mass transport.

Lotus root is another biomass which has a parallel macrochannel structure. Chen
etal. prepared one biomass-derived carbon nanosheet coupled with MoO,/Mo,C elec-
trocatalyst (MOMC/NC) using lotus root and ammonium molybdate.?® The synthesis
process of MOMC/NC materials is schematically shown in Figure 3.8c. A solid-state
reaction was performed at 900°C for 2h under a nitrogen atmosphere. In 1 M KOH
electrolyte, the overpotentials are 138 and 36 mV for MOMC/NC and Pt/C electrodes,
when the current density is I0mA cm2, respectively. The Tafel slope of MOMC/NC
is 56.7mV dec!. In 0.5M H,SO, electrolyte, an overpotential of 169 mV and a Tafel
slope of 62.5mV dec! can be observed with MOMC/NC-0.20. The kinetic study
suggests the performance improvement can be attributed to the small charge transfer
resistance and a highly electrochemical surface area of MOMC/NC. Apart from the
tube-like biomass, the fiber-like carbon has also been demonstrated as a good cata-
lyst support. As shown in Figure 3.8f, the N-doped biomass carbon fibers (NBCFs)
were prepared by the calcination of cattail spikes.?’” Ni nanoparticles were loaded
on the surface of NBCFs through simple impregnation and calcination. The in situ
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FIGURE 3.8 (a) Schematic of preparation process of MoS,/BCTM. (b) The polarization
curves of MoS,, BCTM, MoS,/BCTM 1:2, MoS,/BCTM 1:1, MoS,/BCTM 2:1, and Pt/C
20% in 0.5M H,SO, solution (N, saturated). Scan rate: SmV s1.2 (¢) Scheme of the synthe-
sis strategy of MOMC/NC materials. (d) Polarization curves of MOMC/NC materials and
20wt% Pt/C in 1 M KOH. (e) Polarization curves of MOMC/NC materials in 0.5M H,SO,.%
(f) Scheme of the preparation of the Ni/NBCF-H, samples.?’
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template effect of the Ni-ethylenediamine complex facilitates the formation of Ni-N
bonds between the Ni nanoparticles and NBCFs, which not only prevents the aggre-
gation and corrosion of the Ni nanoparticles but also accelerates the electron transfer
in the electrochemical reaction.

4.4 CARBON SPECIES FOR SOLAR HYDROGEN PRODUCTION

Due to the various heteroatoms, biomass materials have been widely used to pre-
pare carbon-based functional materials. Zhang et al. synthesized nitrogen and
sulfur-doped carbon nanoparticles (N,S-C) using human hair as carbon sources via
a hydrothermal method for photoelectrochemical water splitting.?® The N,S-doped
C and surface plasmon resonance Ag nanoparticles were modified on the surface of
TiO, nanorods, which were grown on the surface of carbon cloth (CC). The synthesis
process of broccoli-like Ag-N,S-C/TiO,@CC is schematically shown in Figure 3.9.
The photocurrent density of Ag-N,S-C/TiO,@CC is 89.8 pA cm2, which is higher
than Ag/TiO,@CC, N,SC/TiO,@CC and TiO,@CC under AM 1.5G simulated sun-
light, at 1.23V vs. RHE. Under visible light irradiation, the photocurrent density
of Ag-N,S-C/TiO,@CC reaches to 12.6 pA cm2, which is 21.0 times higher than
TiO,@CC. Under AM 1.5G simulated sunlight, Ag-N,S-C/TiO,@CC absorb sunlight
and are excited to generate electron/hole pairs due to the surface plasmon resonance
effect of Ag NPs. At the same time, holes migrate to the surface of TiO, nanorods
to contact the electrolyte, and water oxidation reaction occurs. Photogenerated elec-
trons migrate along the external circuit to the surface of the counter electrode (Pt),
and water reduction reaction occurs. Subsequently, N,S-C NPs further extract holes
from the Ag-N,S-C/TiO,@CC surface through the Ti-N bond, which can reduce
the charge depletion layer and promote the separation of photogenerated carriers,
extending the lifetime of photogenerated carriers. Therefore, N,S-C NPs and Ag NPs
play their respective roles and coordinate to promote charge separation and transfer.

Ti0,@CC
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FIGURE 3.9 Synthesis process of broccoli-like Ag-N,S-C/TiO,@CC using hydrothermal
method.?®
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5 PERSPECTIVES AND CONCLUSIONS

Low-carbon hydrogen as a future fuel has been widely accepted. The world’s bio-
mass generation is ~100 billion metric tons of carbon per year, which is the larg-
est source of fuel production. Various biohydrogen generation techniques have been
studied in depth to improve the yield and volumetric production rates of hydrogen.
Thermal-chemical processes are the most common technologies for biomass hydro-
gen production. Biomass gasification can mainly determine the hydrogen yield
through the operation parameters, such as the temperature and steam flow. The
stability and activity of the used catalysts can also greatly influence the gasifica-
tion reaction. Biohydrogen systems have great potential attributed to improvements
in bioreactor designs, fast gas separation, and purification, and gene adjustment of
enzyme pathways. However, it still requires more advances to render it economically
competitive and environmentally benign for large-scale industrial production. For
biomass hydrogen production, the urgent issues are to realize the controllability and
scalability of the production process, improve the reaction rate and efficiency, save
the production costs, and accelerate the industrialization process.

Biomass-to-carbon is another an important strategy to perform low-carbon hydro-
gen production. This strategy could combine the electrochemical and photocatalytic
technologies for hydrogen production. The biomass-derived carbon can be used
as catalysts, and catalyst supports during the HERs. The biomass-derived carbon
can improve hydrogen production performance due to the self-doping of hetero-
atoms or/and the catalyst loading of metals and their compounds. In addition, the
biomass-derived carbon can protect the metal particles from corrosion and aggre-
gation. However, this strategy is still in the library. The main challenges are the
scalable preparation of bio-carbon with low emission of carbon-containing pollut-
ants. Moreover, the method to anchor the catalysts on the surface of biomass-derived
carbon should be developed at the industrial level.
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Biomass-Derived Carbon
Materials for Microbial
Fuel Cell Anodes

Long Zou

1 INTRODUCTION

Energy shortage, climate warming, and environmental pollution have brought a series
of serious problems to human beings, while the rapidly growing worldwide popula-
tion, urbanization, and industrialization are exacerbating the situation. Currently,
fossil fuels, including coal, crude oil, and natural gas, account for about 85% of the
world’s total energy consumption,' but their limited reserves will soon be unable to
meet the growing demand of mankind. In addition, various undesirable environmen-
tal issues associated with the use of fossil fuels, such as greenhouse gas emissions
and acid rain,” also demonstrate that they are no longer the ideal energy source for
human sustainable development. Because of this, the exploration of sustainable and
clean energy sources including solar, wind, hydro, and biomass energy, as well as
efforts to develop technologies for energy storage and conversion, have aroused great
interest in academia and industry over the past few decades.®*

Microbial electrochemical systems, as a new energy conversion route, which
use electroactive microorganisms to catalyze various electrochemical reactions, are
making surprising strides in capturing energy from wastes and producing high-value
chemicals economically.>”7 Among them, microbial fuel cell (MFC) is the earliest
and most common prototype, accounting for over 80% of microbial electrochemi-
cal systems reported in the literature.® ® Meanwhile, a plethora of derivatives, such
as microbial electrolysis cell,'® microbial desalination cell'' and microbial electro-
synthesis,!> have also sprung up, showing a remarkable scalability and adaptability
of microbial electrochemical systems. However, despite significant improvements
in recent years, MFCs still suffer from some significant challenges, including low
energy output density, high capital costs associated with manufacturing and opera-
tional processes, and difficulties in scaling up, which have hindered their commer-
cialization.* For example, the power densities of liter-scale MFCs are usually in the
order of several W m=3, almost three to four orders of magnitude lower than those of
commercial chemical fuel cells, meaning that the current MFCs are not competitive
as an energy production unit."* Considering the fundamentals of microbial electro-
chemistry, the sluggish interfacial electron transfer between the abiotic electrode and
the microbial biocatalysts with poor conductivity is the most critical limiting factor.!?
Thus, beyond doubt, improving the interfacial electron transfer rate is an important

62 DOI: 10.1201/9781003387831-4
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issue to be solved at present, and it is the key route to solve the above bottlenecks.
As a key component of the MFC device, the anode not only interacts with microbial
cells as an electron acceptor but also provides physical support for microbial biofilm
growth. The development of electrode materials with low cost, high activity, and
excellent biocompatibility will have far-reaching significance in promoting MFCs
from proof-of-concept to real-world application.

Carbon materials are the most widely studied and mature MFC anodes with abun-
dant reserves, high specific surface area, good mechanical and chemical stability, cor-
rosion resistance, and no biological toxicity.'® 7 However, the commercial monolithic
carbon materials such as carbon cloth (CC), carbon paper (CP), carbon felt (CF), graph-
ite rod (GR), graphite felt (GF) and graphite plate (GP) still suffer from relatively low
performance when used in MFCs.!® The imperfections in available pore structure and
surface electrochemical activity, leading to poor biofilm formation and depressed inter-
facial electron transfer, are counted as the main limiting factors. In addition, nanoscale
carbon materials, including graphene, carbon nanotubes, carbon quantum dots, etc.,
have also been developed for direct use as MFC anodes, or as surface modifiers, often
achieving much higher performance than those monolithic materials.’® Although cur-
rently commercially available, the relatively high manufacturing cost and potential
biotoxicity to microorganisms limit their large-scale applications.! Moreover, these
nanostructured carbons are products of fossil fuels, often requiring very harsh synthesis
conditions and facing the challenges of environmental degradation and unsustainabil-
ity.2% Therefore, the search for alternative carbon electrode materials that are competi-
tive in terms of performance, economy, and environment is a high-priority item. With
respect to this, the synthesis and utilization of carbon materials from the richest natural
biomass, including plants, animals, and microorganisms,?' have attracted considerable
interest from academia and industry because of the abundant resource, easy process-
ability, and inherent biocompatibility. Biomass-derived carbon (BDC) materials can
inherit the natural porous or layered structures of precursors, with high specific surface
area and rich heteroatomic doping, which can promote microbial colonization, elec-
trolyte diffusion, and interfacial electrochemical activity.'> 2> Moreover, it is estimated
that the anode material cost could account for 20%—50% of the overall MFC operating
cost,? the fabrication of cost-effective, environment-friendly anode materials from bio-
mass waste seems to be a promising approach in the framework of a circular economy.

This chapter briefly describes the basic principle of MFCs and summarizes the
recent progress in the application of different types of BDC materials in MFC anodes.
The significant factors affecting the performance of BDC anodes are discussed from
aspects of elemental composition, structural characteristics, and surface chemistry,
which will guide the further rational design of BDC materials for high-performance
MEC anodes. Finally, the current challenges and outlooks in the future development
of BDC anodes are also highlighted.

2 FOUNDATION OF MFCS

The first reported prototype of MFCs dates back to 1911 when the English botanist
M. C. Potter succeeded in using microorganisms to produce electricity.?* After a long
period of stagnation, interest in MFCs has grown exponentially since the beginning
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FIGURE 4.1 Schematic diagram of a typical H-type dual-chamber MFC.

of the 2lst century, as their promising potential for complementing the existing
energy-intensive wastewater treatment systems with a technology that can be energy
self-sustainable or even have a net positive energy output while waste organic matters
are cleaned.? The most remarkable feature of this technology is the direct conver-
sion of chemical energy stored in organic substrates, from simple molecules (e.g.,
glucose, acetate, lactate, and carbohydrates) to complex compounds (e.g., cellulose,
molasses, industrial, and agricultural wastes), into directly usable electricity through
electrode-assisted microbial oxidation. Up to now, a variety of different configura-
tions of MFCs, including H-type, cube-type, flat-plate type, horizontal and vertical
tubular types, have been developed.?® As illustrated in Figure 4.1, a typical H-type
dual-chamber MFC is usually separated by a proton exchange membrane into an
anodic chamber and a cathodic chamber. In the anodic chamber, microorganisms
that are electrochemically active degrade organic substrates through intracellular
oxidative metabolism, then export the produced electrons outside the cells for deliv-
ery to a solid electrode (anode) through a specific pathway called extracellular elec-
tron transfer (EET), accompanied by the release of protons into the electrolyte. The
collected electrons by the anode are then transported via an external wire to another
solid electrode (cathode) placed in the cathodic chamber, where they are used as an
energy source for the reduction of terminal electron acceptors (such as oxygen that
react with the protons diffused from the anode chamber to form water), usually with
the involvement of suitable catalysts such as carbon supported platinum.

Compared with chemical fuel cells, the use of live microbial catalysts in the
anodic chamber to generate electrons and transfer them to the anode is the distin-
guishing feature. Accordingly, the electrical interaction between microbial cells and
the anode electrode, especially the interfacial electron transport, is one of the key
factors determining the performance of MFCs. A series of electroactive microorgan-
isms are known to be capable of interacting with electrodes, the most representative
of which are Geobacter and Shewanella genera, with others belonging to the genera
Pseudomonas, Citrobacter, Klebsiella, Arcobacter, Comamonas, Desulfuromonas,
and Enterobacter.?” Given such a broad range of electroactive microorganisms, it
is not surprising that the types of pathways they use for EET tend to be diverse.



Biomass-Derived Carbon Materials for Microbial Fuel Cell Anodes 65

In general, EET pathways are mainly divided into three types (Figure 4.2): direct
EET through direct physical contact between the out-membrane cytochromes and
the electrode surface, long-distance EET by means of electrically conductive nanow-
ires (pili and membrane extensions), and mediated EET through soluble electron
shuttles. Both G. sulfurreducens and S. oneidensis have been documented to have
a substantial diversity of cytochromes, whose integral role in the EET of these two
typical electroactive microorganism strains is well established. For example, the
deletion of out-membrane cytochrome OmcZ seriously impaired the EET ability of
G. sulfurreducens, resulting in a great loss of current output. For S. oneidensis, a
well-known Mtr route encoded by mtrDEF-omcA-mtrCAB gene cluster is respon-
sible for the direct EET. Its mutants lacking the cytochrome-encoding genes gener-
ated 20% less current, while a 35% increase in current generation was observed when
the cytochrome MtrC was overexpressed in the wild-type strain.?® G. sulfurreducens
also allows for longer electron transfer via electroconductive pili,> which facilitates
the transfer of electrons to the electrode from those cells on the outer side of a thick
biofilm although they cannot make direct contact with the electrode surface. S. onei-
densis has a similar long-distance EET mechanism but utilizes cytochrome-rich
extracellular extensions instead of pili.*® In addition, the production and use of solu-
ble electron shuttles by electroactive microorganisms appears to be a more common
strategy for achieving long-distance electron transfer, which enables planktonic cells
to transfer electrons to electrodes they do not touch. Such as, Shewanella genera per-
forms indirect EET by producing flavins, which are reduced by cytochromes on the
cell surface or in periplasmic space and diffused to the electrode to reduce the latter.
Flavin-mediated electron transfer was shown to account for about 75% of the total
EET capacity of Shewanella genera.’! Another representative case of electroactive
microorganisms making use of an indirect EET mechanism is Pseudomonas genera,
which are capable of producing phenazine derivatives such as pyocyanin as elec-
tron shuttles.? Regardless of the EET mode, increasing the cell load of electroactive
microorganisms on the anode electrodes, thus improving the probability of direct
EET or reducing the electron shuttle diffusion distance, is obviously an effective
means to enhance the electricity generation of MFCs.
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FIGURE 4.2 Schematic diagram of EET pathways from electrogenic bacteria to carbon
electrode derived from natural biomass.
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3 APPLICATION OF BIOMASS-DERIVED CARBON
(BDC) MATERIALS IN MFC ANODES

The anode is the key component of an MFC, which largely determines the over-
all performance and operating cost. With the rapid development of environmentally
friendly manufacturing technologies including pyrolysis and hydrothermal car-
bonization,*® BDC materials have been widely used as candidates for MFC anode
materials in recent years (Table 4.1). This section will focus on summarizing their
application in different forms and the improved MFC performance.

3.1 BDCs FOR FREE-STANDING ANODES

Monolithic BDCs prepared from bulk biomass precursors, usually natural plants,
by high-temperature pyrolysis process can be directly used as free-standing MFC
anodes, which is convenient and economical. For example, tubular bamboo charcoal
was prepared through the direct carbonization of a bamboo tube as a binder-free
MEFC anode, which achieved a 50% improvement in the maximum power density
over a conventional graphite tube.’> 7! The power density delivered by this tubular
bamboo charcoal anode was related to its inner diameter and could be increased by
simple electrode stacking. Various types of natural wood are also commonly used
precursors for producing monolithic BDCs. A high-performance three-dimensional
(3D) carbon anode was prepared from a piece of basswood through hydrothermal
treatment for surface activation and followed by pyrolysis, which delivered 8.3 times
higher power output than a conventional CC anode because its hierarchically porous
structure guaranteed high surface area and multi-transportation-pathways.’® Cedar
wood pieces were also used as precursors to prepare binder-free MFC anodes through
pyrolysis at different temperatures (400-900°C), and their performance varied due
to the temperature-dependent conductivity and pore structure.® Corncob is a repre-
sentative crop residue for preparing porous biochar due to its high volume-to-mass
ratio. Recently, a 3D N-doped microporous carbon foam anode originated from
natural corncob was reported to achieve a then-record power density of 4.99 W m~2
and current density of 12.30 A m=2.# The plant tissues with inherent unique struc-
tures, such as chestnut shell,?* *° pinecone,** and loofah sponge,* were favored for
the preparation of binder-free MFC anode materials because these specific structures
(e.g., well-ordered macropores and high porosity) are expected to effectively promote
microbial colonization and electrolyte diffusion. For similar reasons, some every-
day table foods including bread®” and cake*’ were also being tried to produce MFC
anodes with attractive ability in electricity generation. In addition to these plant-
originated biomass, animal-originated, and microbial ones, such as silk cocoon*®
and algae,* have also been developed for the preparation of free-standing anodes for
MEFECs. Furthermore, from the point of view of resource recovery and economy, it is
worth advocating making high-performance anode materials from waste biomass.
This strategy has been successfully practiced in the recycling of waste paper* and
sewage sludge,* and the resulting BDCs are significantly superior in performance
and cost to commercial carbon materials.



TABLE 4.1

Summary of biomass-derived carbons used for MFC anodes and their performance

Biomass

precursor Feature

Biomass-derived carbons for free-standing anodes
Algae 3D non-woven interconnected
macroporous networks

Bamboo tube Tubular structure

Basswood chip 3D hierarchically porous structure

Bread 3D macroporous carbon foam

Cedar wood Ordered honeycomb structure
piece

Chestnut shell ~ Hierarchically structured urchin shape

Chestnut shell Macroporous structure with rich
mesopores and micropores

Corncob 3D N-doped macroporous foam

Kapok fiber Hollow structure

MEC type

Dual-chamber

Dual-chamber

Dual-chamber

Dual-chamber

Single-chamber

Single-chamber

Single-chamber

Dual-chamber

Single-chamber

Microorganism MFC performance

S. oneidensis MR-1 2,385 mW m=2 (vs. 110m
W m2 for carbon felt)
Effluent from a matured 1,652 +£18mW m2 (vs.
MFC 1,102+ 8 mW m2 for graphite
tube)

483 mW m (vs. 52mW m= for
carbon cloth)
3,134mW m2 (vs. 1218 mW
m~2 for carbon brush)

S. oneidensis MR-1

Pre-acclimated bacteria
from activated anaerobic
sludge

Primary wastewater effluent 9.9+0.6mW m2 (vs.

and dehydrated sludge 1.9+0.2mW m2 for carbon
felt)
Effluent of matured MFC 759 +38mW m2 (vs.
anolyte 830+42mW m2 for carbon
brush)

Municipal wastewater 23.58 Wm (vs. 10.4 W m3
for carbon cloth)

4,990 +20mW m~2 (vs.
1,160 +30mW m2 for carbon
felt)
104.1mW g! (vs. 5.5mW g!
for solid fiber)

Anaerobic sludge

Anaerobic sludge
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TABLE 4.1
(Continued)

Biomass
precursor
Loofah sponge
Pinecone

Sewage sludge

Silk cocoon

Steamed cake

Sugarcane

Waste paper

Feature
3D structure decorated with
carbon-coated TiO, core-shell
nanoparticles
3D macroporous structure

Carbon micro-wires on surface

Enriched nitrogen contents and
hierarchical pores

3D foam with surface anchored carbon

nanoparticles

3D structure embedded with N-doped

Fe nanoparticles

3D carbon aerogel integrated with

CeO,/N-doped graphene

Biomass-derived carbons for anode modifiers

Almond shell

Bacterial cell

Powders on carbon cloth

Combined with FeS nanoparticles on

carbon cloth

MEFC type

Single-chamber

Dual-chamber
Dual-chamber

Single-chamber

Single-chamber

Dual-chamber

Dual-chamber

Dual-chamber

Dual-chamber

Microorganism

Pre-acclimated bacteria
from a well-running MFC

Effluent from well-started
MEFC and anaerobic sludge
Effluent from a matured
MFC
Pre-acclimated bacteria
from activated anaerobic
sludge
Effluent from a matured
MFC

Activated anaerobic sludge

Pre-acclimated bacteria
from a matured MFC

A mixture of aerobic and
anaerobic sludge

Mixed microbes

MFC performance

2,590+ 120mW m2 (vs.
860+ 30 mW m~ for graphite)

10.88 W m (vs. 4.94 W m3
for carbon felt)
2,228 mW m2 (vs. 462mW m2
for graphite plate)
SmW g (vs. 2mW g for
carbon cloth)

1,307mW m2 (vs. 707mW m
for carbon felt)
3,012.7mW m2 (vs.
1,518.3mW m2 for carbon
cloth)

1,468 mW m=2 (vs. 152mW m>
for bare carbon aerogel)

4,346+ 12mW m2 (vs.
252+ 31 mW m~2 for carbon
cloth)
793 mW m2 (vs. 5,542mW m2
for carbon cloth)
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Biomass
precursor Feature MEC type Microorganism MFC performance Ref
Cedar Wood Powders on carbon felt Single-chamber Primary wastewater effluent 9.0+0.6mW m2 (vs. 38
and dehydrated sludge 1.9+0.2mW m2 for carbon
felt)
Cellulose Powders on carbon cloth Dual-chamber S. putrefaciens CN32 446 mW m 32
Cellulose Derived graphene oxide (GO) Dual-chamber Synthetic wastewater 15.13mA m? 33
combined with polyaniline on graphite
rod
Coffee waste Powders on carbon cloth Single-chamber E. coli DH5x 3,927mW m=2 (vs. 975 mW m2 4
for activated carbon)
Goose feather N-doped activated carbon on carbon Single-chamber S. oneidensis MR-1 960 +30mA m2 (vs. >
paper 480 +50mW m2 for carbon
paper)
Lignin Derived GO combined with metal Dual-chamber Synthetic wastewater 75.43 mA m2 for GO-ZnO and %
oxides (ZnO and TiO,) on graphite rod 67.54mA m for GO-TiO,
Mango wood Spraying powders on carbon felt Single-chamber Bacteria from a matured 589.8mW m~ (vs. 272.2mW 3
MFC m2 for carbon cloth)
Municipal Rich in N- and O-containing functional Dual-chamber S. oneidensis MR-1 568.5mW m= (1.9 times larger 8
sludge groups, synergistic with polypyrrole than that of PPy/activated
(PPy) carbon-modified graphite felt)
Plant peel Powders on graphite sheet Single-chamber P. aeruginosa 584 mA m2 »
Plant Nanoparticles on carbon cloth Single-chamber Anaerobic granular sludge  1.72 W m2 (1.82 times higher 0
polyphenols and bacteria from a matured  than the undecorated carbon
(tannic acid) MEFC cloth)
Sargassum As dopant for electrochemical Dual-chamber G. sulfurreducens 452 W m (vs. 15.4 W m=for ol
polymerization of pyrrole on PPy/SS)

stainless-steel sponge (SS)
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(Continued)
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TABLE 4.1
(Continued)

Biomass

precursor Feature
Silver grass Powders on carbon cloth
Sludge Porous structure

Biomass-derived carbons for anode amendments

Coconut shell Graphite plate as current collector

Coconut shell Mixed with metal compounds (Si, Zn

and Cu), graphite as current collector

Corncob Carbon rod as current collector

Corncob Biochar as wetland matrix

Maize straw Carbon cloth as current collector

Pomelo peel Graphite felt as current collector

Sugarcane cube Graphite rod as current collector

MEC type

Dual-chamber

Single-chamber

Sediment-MFC

Dual-chamber

Single-chamber

Sediment-MFC

Single-chamber

Dual-chamber

Dual-chamber

Microorganism
E. coli

Pre-acclimated anaerobic
granular sludge

Sediment from the Pearl
River

Soak effluent of a tannery
industry

Microbes from cow dung

Soil microbes

Domestic wastewater

Sludge acclimated in
synthetic swine wastewater
Effluent from a matured
MFC

MFC performance

963 mW cm2 (vs. 258 mW cm>
for Vulcan XC-72)
2,165+21 mW m2 (vs.
~717mW m2 for carbon cloth)

Improved power generation by
2-10 folds and enhanced TOC
removal rate 1.7—4 folds
38.72+0.5mW m2 (vs.
30.42+0.5mW m for graphite
particles)
49.92+0.5W m2 (vs.
2.05+0.06 W m2 for no
addition)

102.08 mW m2 (vs. 78.24 mW
m~2 for no addition)
2,400 +280mW m= (vs.
1,310 +240mW m for no
addition)

Enhance efficiency in removing
antibiotics
59.94+2.81 W m™ (vs.
16.54+1.44 W m™ for granular
activated carbon)

0L
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3.2 BCDs FOR ANODE MODIFIERS

Powdered BDCs, especially nanostructured ones, are often prepared to modify con-
ventional monolithic carbon electrodes with the assistance of polymer-based adhe-
sive, rather than being used directly as MFC anodes. In general, such BDCs can
significantly improve the surface roughness, biocompatibility, and availability of
pore structures of conventional carbon electrodes, thereby enhancing the microbial
colonization capacity and electrocatalytic reaction kinetics for efficient MFC anodes.
The biochar derived from cedar wood*® and mango wood>’ was adopted to modify
conventional CF electrodes, and obtained about five and two times higher power
density when used as the MFC anode, respectively. Herbs are also common natural
biomass for biochar production, such as silver grass-derived activated carbon with a
superhigh specific surface area of 3,027 m?g! achieved a high power output density
of 963 mW cm when used as the surface modifier of a CF anode.%? Interestingly,
it was found that direct high-temperature pyrolysis of lignocellulosic biomass
including cellulose® and lignin®® could produce graphene-like BDCs, which were
well-behaved candidates for decorating MFC anodes. In addition, the gelatinous cel-
lulose membrane produced by bacteria was proved to be an excellent precursor for
preparing carbon nanofiber aerogel with a 3D open hole structure that significantly
enhanced the performance of MFC anode.’? 7> Activated sludge, a by-product of
wastewater treatment, is abundant and expensive to dispose of, so the conversion
of it into high-value-added products such as biochar has attracted increasing atten-
tion. Recently, it was reported that the areal power density of CC anode was about
three fold higher after modification with sludge-derived carbon.®® This improvement
was attributed to the enhanced microbial activity, optimized microbial community
structure, and promoted cytochrome expression. Ma et al. developed an interesting
approach for loading the sludge-derived carbon powders into the GF substrate elec-
trode through pyrrole electro-polymerization rather than using polymeric binders.
When used as the MFC anode, the PPy/SC-modified electrode with a higher surface
N/C ratio and higher relative contents of O=C-NH, and O=C-O functional groups
delivered a power density increased by 1.7 times as compared to the PPy/activated
carbon-modified GF anode, which substantially demonstrated the superiority of
sludge-derived carbon materials. In addition, domestic waste, such as almond shell,*®
coffee residue’* and poultry feather,’® have also been used as the precursors for the
production of BDCs for modification of MFC anodes.

3.3 BCDs FOR ANODE AMENDMENTS

Powdered or granular BDCs are common amendments for MFCs, especially sedi-
ment MFCs integrated with constructed wetland systems for environmental pollutant
removal.”®> Macroporous BDCs were prepared from sugarcane and packed into the
anode chamber of a dual-chamber MFC, which achieved a maximum power density
of 59.94 W m=3, about 2.62 times higher than that filled with the granular active
carbon, due to an improved amount of biomass growth and the abundance of elec-
troactive microorganisms.”” The BDC derived from coconut shells was reported to
improve the electricity generation by 2—10 folds and enhance the total organic carbon
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(TOC) removal rate by 1.7—-4 folds when used as the amendment in a sediment MFC.%*
Similarly, the sediment MFC amended by corncob biochar obviously exceeded that
without biochar in terms of chemical oxygen demand (COD) removal efficiency for
textile wastewater treatment (83% vs. 66%), decolorization efficiency (90% vs. 65%),
total dissolved solid (TDS) reduction (84% vs. 67%), and power density (102.08 mW
m~2vs. 78.24mW m).7 In addition, the sulfuric acid-modified corncob biochar was
assessed for the effect on the performance of MFC for dye wastewater treatment,
which achieved an improved power density of 49.92 W m~2, current density of 0.28 A
m~2, decolorization efficiency of 81.6%, and TDS reduction of 84.4% when a dose of
0.5 g was used. It has been proved that the biochar amendments derived from other
biomass precursors, such as maize straw® and pomelo peel,® could significantly
improve the performance of MFCs, regardless of their application.

4 FACTORS AFFECTING THE PERFORMANCE OF BDC ANODES

Given the necessity of electrical interaction, the BDC materials used as MFC anodes
must have several specific characteristics for promoting interactions between the
electroactive microorganisms and the electrode surface. The surface morphology
and chemistry, conductivity, and elemental composition of the anode materials
greatly influence the aforementioned interactions, which will be discussed in detail
in this section.

4.1 PORE STRUCTURE AND SURFACE AREA

There is no doubt that the pore structure and surface area of an anode are the crit-
ical factors affecting the MFC performance.”> On the one hand, open and orderly
macropores larger than several microns are necessary for microbial implantation
and growth, which will greatly promote the electroactive biofilm formation for high
electricity production. On the other hand, nanoscale pores are beneficial for signifi-
cantly increasing surface area to provide more electrochemical reaction sites, as well
as facilitating electrolyte diffusion to rapidly feed substrates. As shown in Table 4.1,
various 3D macroporous BDCs derived from different biomass precursors have been
documented with different degrees of improvement in MFC anodes. In general, these
macroporous structures directly originated from the intrinsic structure of the used
biomass precursors through the facile pyrolysis approach. The pore size is an impor-
tant parameter to determine the power generation capacity and stability of the MFC
anode. It was found that the bamboo charcoal tube anodes with different inner pore
diameters delivered various voltage outputs, and large-sized anodes could run stably
for more than 30days, while the small-sized ones could not.”! Notably, the stability
of macroporous structure depends on the pyrolysis temperature, which of course is
usually different for different biomass. Bataillou et al.* recently investigated the rela-
tionship between pyrolysis temperature and physicochemical features of BDC derived
from cedar woody biomass and found that when the pyrolysis temperature increased
from 400 to 700°C, the produced BDC showed honeycomb-like macroporous struc-
ture with increased specific surface area, but this structure collapsed at 900°C.
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In addition, the pyrolysis temperature also has a great influence on the nanoscale pore
structure of BDCs, given the loss of volatile components in the biomass precursors. In
our previous work,”? we found that the nanoscale pore of BDC derived from bacterial
cellulous pellicle could be tuned by controlling the pyrolysis temperature, in which
the micropores were enlarged into mesopores as the increase in temperature from
600 to 1,000°C. As consequence, the BDC with abundant mesopores showed greatly
improved microbial electrocatalysis and much higher power output density.

In the preparation of BDCs, the chemical activation approach is often used to
create a more abundant pore structure (usually micro- and meso-pores) and a larger
specific surface area. To achieve this, the biomass precursor materials are mixed
with activation agents (e.g., KOH, ZnCl,, NaOH, K,CO,, H,PO,, and FeCl;) and
then treated at a high temperature under an inert gas atmosphere.” In this case, the
activation agents can react with the carbon skeleton and etch it, resulting in a porous
microstructure. For example, the dried goose feather was mixed with KOH at a mass
ratio of 1:3, followed by thermal treatment at 650°C for 3 h in a nitrogen atmosphere,
producing activated BDC powder with plentiful microporous structure.® Besides,
the post-activation of produced BDC powders is also common. The specific sur-
face area of chestnut shell-derived BDC powder increased from 342 to 881 m?g™!
after post-activation using KOH as an activation agent assisted by high-temperature
treatment, which was due to the formation of an abundant microporous structure.*’
The combination of the inherent macropores and nanoscale pores enabled this
BDC-based anode to 2.3 times higher power density than the conventional CC anode.
Likewise, the silver grass-derived BDC post-activated by the KOH agent possessed
an unprecedented specific surface area of over 3,000m?g~' with the coexistence of
macro-, meso-, and micropores.®> Due to their functions on hosting bacterial cells to
form biofilm and facilitating internal mass transfer, favoring fast electron transfer,
and promoting nutrient transport to the biofilm, respectively, it achieved a high power
output of 963 mW cm~2 when used as an E. coli-inoculated MFC anode. Apparently,
the regulation of pore structure of BDCs at different scales during the preparation
process is of great importance to their application in MFC anode.

4.2 ELECTRICAL CONDUCTIVITY

The electrical conductivity of electrode materials is a crucial parameter affecting
any electrochemical energy system. For a BDC, its electrical conductivity depends
mainly on the degree of graphitization, which is mainly related to the pyrolysis
temperature and time.”* Generally, the higher the pyrolysis temperature and the
longer the pyrolysis time, the better the electrical conductivity of the products.
Woody-derived biochar pyrolyzed at 400°C was not conducting, while its electrical
resistivity decreased by several orders of magnitude as the pyrolysis temperature
increased from 500 to 900°C.* It was also found that the conductivity and carbon
content of sewage sludge-derived carbon prepared through methane chemical vapor
method had positive correlation with the treat temperature, the MFC using the bio-
carbon anode processed at 1,200°C obtained five times higher electricity production
than that equipped with a graphite anode.® Therefore, enhancing the conductivity of
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BDCs without damaging the pore structure by increasing the pyrolysis temperature
is generally beneficial to the performance of MFC.

4.3 SURFACE ACCESSIBILITY

The surface of the MFC anode is where electroactive microorganisms interact
directly. It is conceivable that electrode surface chemistry including wettability,
charge, roughness, and redox activity will affect microbial metabolism and growth
and reaction kinetics.!> ™ The wettability of a BDC electrode, which usually dete-
riorates with increasing pyrolysis temperature, directly influences the attachment
of microbial cells and other biological components such as proteins and electron
shuttles. It has been proved that the hydrophilic anode surface favored MFC per-
formance in terms of shorter start-up time and higher power generation than the
hydrophobic one because of better biofilm growth.”” While the effect of surface
wettability of BDCs on the MFC anode performance has not been fully elucidated.
Positive-charged anode surface is apparently favorable to microbial adhesion and
biofilm growth, given the fact of a negative-charged cell envelope. However, the
surface of BDCs is usually negatively charged because of the ubiquity of hydroxyl
and carboxyl functional groups.”” Surface ammonification with positively charged
active molecules is an effective method to overcome this bottleneck. Many studies
have shown that positive-charged polyaniline (PANI) has significant advantages
in this respect because of its excellent conductivity and biocompatibility. Our pre-
vious study demonstrated that the surface functionalization of mesoporous BDC
derived from green tree leaves extractive with chemically polymerized PANI not
only significantly improved the microbial biofilm growth but also enhanced the
interaction between cells and electrode surface, thus resulting in a power output
density ten times that of the control anode (CC electrode).”® Recently, Yaqoob
et al. also proved the evident superiority of PANI-modified graphene-derived cel-
lulose in terms of power generation and the remediation efficiency of heavy metals
(Cd?>* and Pb*") compared to the unmodified graphene anode.> Evidently, surface
modification and functionalization of BDCs are effective means to improve their
biological accessibility for high-performance MFCs, which is worthy of further
study.

4.4 HETEROATOM SELF-DOPING

Ever-growing attention has been paid to heteroatom-doped carbon materials as the
fascinating advantages in regulating electronic structure, optimizing intrinsic activ-
ity, and improving surface wettability for heterogeneous electrocatalysis. Since bio-
mass precursors are rich in various biogenic elements (e.g., N, P, S) because of the
presence of proteins and nucleic acids, heteroatomic doping of BDCs is common,”
which has been found to be beneficial to improve the performance of MFC anodes.
Particularly, the N doping has been widely reported to promote the contact between
electrogenic and anodes, and enhance the electrochemical reaction kinetics at the
anode interface.* 4+ 80-83 Recently, an N-doped macroporous carbon foam derived
from the fermented wheat flour that naturally contains N element, was proved to
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be high-performance MFC anode after the modification with PANL3? The macro-
porous carbon foams with N doping prepared from naturally abundant nitrogenous
corncobs were also documented to achieve high power density and current density
when used as MFC anodes.*! Moreover, the N-doped bioanodes with good biocom-
patibility resulted in not only the enrichment of electroactive Geobacter cells but also
the improvement in the EET of the Geobacter because of the presence of pyrrolic N
atoms. The N, P-codoped porous BDC prepared by one-step carbonization of pine-
cone was found to facilitate the electroactive bacterial adhesion and accelerate the
MEFC start-up.** Recently, N, P, S, Co-codoped carbon nanoparticles derived from
plant polyphenols (tannic acid) were presented as a highly efficient BDC modifier of
traditional CC electrode, and the decorated CC electrode when used as MFC anode
exhibited a power density increased by 1.82 times and a current density increased by
1.44 times compared with the undecorated one.°

5 SUMMARY AND PERSPECTIVES

This chapter focuses on the latest progress of BDCs from various natural biomasses
as anode materials for MFCs and highlights the effects of pore structure, electri-
cal conductivity, surface chemistry, and heteroatom self-doping on their bioelec-
trochemical performance. Evidently, the use of sustainable and cheap biomass as
raw precursors to prepare valuable carbon electrodes can reduce the dependence on
non-renewable resources, such as expensive carbon materials from fossil sources,
and bring great benefits to the commercialization and applications of MFCs to a
certain extent. Due to the need to undergo a high-temperature carbonization pro-
cess, BDC materials usually have rich porous structure and high specific surface
area, which is very conducive to biocatalyst loading and electrolyte diffusion, while
providing more electrochemical reaction sites. Moreover, the inherent heteroatom
self-doping of BDC materials gives them surface chemical features that are easier
for bacteria and biomolecules to get close to, as well as easily regulated electronic
structure and catalytic activities, leading to the enhanced bioelectrocatalytic kinetics
of MFC anodes. Thus, the development of BDC materials for MFC anodes is greatly
promising and is in full swing.

However, there are still some challenges along this avenue. For example, the
structure and properties of BDCs depend to a large extent on the raw biomass pre-
cursors, which often vary significantly with the location, growing environment, and
harvest time. Therefore, the reproducibility of the prepared BCD anodes is a tricky
challenge, as it is critical for the stable operation of the MFC systems. Moreover, due
to the inherent structure of the raw precursors, the pore size and structure of BCDs
are generally widely distributed and disordered, so many of them are not feasible for
the bacterial electrocatalytic process in MFCs. In addition, the degradation of BCD
anodes during MFC operation due to biotic and abiotic corrosion is also a challenge
that cannot be ignored.

To address these challenges, some perspectives are highlighted to develop
high-performance BCD materials for MFC anodes. First, considering the economic
and environmental benefits, the use of various waste biomass rather than economi-
cally valuable ones (such as starch and its derivatives, cocoon silk) is preferred for
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the preparation of BDC materials. Second, it is a significant direction to modulate the
pore structure of BDCs reasonably according to the demand, of course, this needs a
clear understanding of the effect of the pore structure on the anodic bioelectrocataly-
sis as the premise. It has been recognized that the selection of appropriate biomass
precursors to directly obtain a wealth of macro pores larger than a few microns in
size is satisfactory, considering that these macro pores significantly promote the col-
onization of electrogenic bacteria. The cutting of nano-sized pores is also necessary,
perhaps by introducing soft/hard templates or controlling carbonization parameters.
Third, in view of the significant contribution of heteroatom doping, the effective
controlling of concentration of different doping species and their ratio the prepara-
tion process of BDCs is worth a lot of effort. Finally, it is urgent to elucidate the key
factors leading to the degradation of BDC anodes in the process of MFC operation,
which will provide a basis for ensuring the stability of MFCs and promoting their
applications.
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5 Biomass-Derived
Graphene-Like
Carbon Materials
for Supercapacitor
Applications

Gaojie Li, Biao Gao, Paul K. Chu and Kaifu Huo

1 INTRODUCTION

Fossil fuels are causing environmental problems and also getting depleted. Therefore,
researchers have proposed renewable energy sources such as solar, wind, tide,
and waste heat, which can provide energy without CO, emissions and pollutants.
However, since renewable energy sources are often difficult to use on a large scale
due to their geographical, intermittent, and unstable characteristics, the development
of efficient energy conversion and storage technologies is highly required. The com-
mon electrochemical energy storage devices are rechargeable batteries and superca-
pacitors (SCs). SCs have attracted a lot of attention due to desirable characteristics
such as the higher power density (1-103kW kg™), faster charging/discharging capa-
bility, and longer cycling life (>106 cycles) compared to conventional lead-acid bat-
teries and lithium-ion batteries.! In addition, SCs can be used in a wide temperature
range (=70 to 85°C), whereas the use of conventional batteries is limited to a narrow
temperature range. Owing to these excellent properties, SCs have great potential
and value in future energy systems. Figure 5.1 depicts the Ragone plots of various
energy storage systems.? Batteries can provide high energy densities of 150-500 Wh
kg!, but their power density is limited due to the sluggish movement of electrons
and ions. In order to maintain a high energy output, they are usually discharged for
more than 10min or even longer. In contrast, SCs with higher power densities can
fully discharge in 10s with an output power between 10 and 20kW kg~'. However,
it is difficult for SCs to achieve energy densities of 30 Wh kg! or higher. As the key
component in SCs, electrode materials have a decisive influence on the energy/power
densities of SCs and therefore, the development of high-performance electrode mate-
rials is the hotspot for the SCs.

Carbonaceous materials are very important to electrochemical energy storage on
account of their outstanding chemical stability, tunable porosity, large specific sur-
face area (SSA), and abundant electroactive surface sites. Several carbon isomers
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FIGURE 5.1 Ragone plots of various energy storage systems? (reproduced with permission:
Copyright 2022, Royal Society of Chemistry).

have been utilized in electrodes and in particular, graphene has recently attracted
great interest due to its distinct properties in terms of the electron conductivity (200 S
m'), large SSA (2,630 m?g"), and high intrinsic carrier mobility (10,000cm?V-'s1).3
With sp?-hybridized carbon atoms arranged in a honeycomb-like network in a sin-
gle plane, graphene is an ultrathin substance with high conductivity.* In addition,
graphene with the long-range 7—7 conjugation possesses many attractive proper-
ties including chemical stability, thermal conductivity, and mechanical strength.
However, there are some limitations for SCs application. First, large-scale synthesis
is difficult and costly, and second, graphene layers undergo irreversible sheet stack-
ing during electrode preparation, consequently reducing the active surface area and
capacitance. Biomass-derived graphene-like carbon (BDGC) materials are excellent
for SCs due to many virtues such as sustainability, reproducibility, abundant natural
sources, and low cost.

In this chapter, recent progress in the preparation and capacitive properties of
BDGC from biomass precursors are summarized and the common synthetic meth-
ods are described. The impact of the morphology, SSA, porous structure, and degree
of graphitization on the electrochemical properties are discussed and future research
directions are proposed.

1.1 FUNDAMENTALS OF SUPERCAPACITORS

SCs also known as electrochemical capacitors or ultracapacitors have attracted con-
siderable attention for electrochemical energy storage by bridging the gap between
conventional dielectric capacitors and lithium-ion batteries. According to the charge
storage mechanism, SCs are divided into three types: (1) Electric double-layer
capacitors (EDLCs), which electrostatically store charges by adsorbing ions on the
electrode surface; (2) Pseudocapacitors which electrochemically store energy via the
rapid surface-controlled redox reactions with the Faraday types; (3) Hybrid capaci-
tors which combine the electrodes with capacitive properties and battery-like perfor-
mances to produce higher energy and power densities.
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FIGURE 5.2 EDLC models: (A) Helmholtz, (B) Gouy—Chapman, and (C) Stern (repro-
duced with permission: Copyright 2014, Wiley-Blackwell).

1.2 CHARGE STORAGE MECHANISM

EDLC:s store charge at the interface between the electrode and electrolyte via elec-
trostatic ion adsorption/desorption. By applying a voltage between the electrodes,
charges accumulate on the surface of the electrode, which is balanced by the adsorp-
tion of oppositely charged ions from the electrolyte. To avert short circuits, the two
electrodes of EDLCs are separated by a separator. At the interface between the elec-
trode and electrolyte, two layers of reverse charges are established during charging.
EDLCs are comparable to parallel plate capacitors when an electrode of surface area
S (m?) is polarized, as shown in Figure 5.2.° Originally, the storage mechanism of
EDLC:s follows the Helmholtz model which describes the charge distribution at the
interface (Figure 5.2A). The double layers (DL) of opposite charges are formed at the
interface with an effective thickness (d) equal to the atomic distance. The potential
in the vicinity of the electrode is gradually lowered and the simplified Helmholtz
double layer can be envisioned as an electrical capacitor with a capacitance of Cy
defined by Eqn 5.1:

.68
CH = 7d0

where ¢, is the dielectric constant of the electrolyte, ¢, is the relative dielectric con-
stant of vacuum (g,=8.854 x 10-'2 F m'), and S is the surface area of the active
materials.

Gouy and Chapman have considered the reality of a diffused layer in the elec-
trolyte resulting from the accumulation of ions on the surface of the electrode, as
shown in Figure 5.2B. The potential decreases exponentially from the electrode
surface to the electrolyte. Stern has integrated the Helmholtz and Gouy—Chapman

G.1)
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models into one model because the Helmholtz and Gouy—Chapman models are not
sufficient to explain the actual phenomenon. The diffusion of ions in the electro-
lyte as well as the connection between the dipole moment of the electrolyte and
active substance cannot be explained by the Helmholtz model.® In the Stern model,
two ion distribution regions are involved: the diffusion layer (outside region) and
Helmholtz layer,® as shown in Figure 5.2C. These two layers correspond to two
series capacitors with capacitances of Cy (Helmholtz layer) and Cj, (diffusion layer)
contributing to the total capacitance of the electrode (Cp, ), which can be evaluated
by Eqn 5.2%:

1 1 1
+

- (5.2)
CDL CH CD

In order to provide the basis for the comparison between different electrode materi-
als, it is a common practice to carry out galvanostatic charging-discharging (GCD)
test. In a symmetrical system, the total capacitance (C, F g') of the devices (two
electrodes equal in mass, thickness, size, and materials) is calculation by Eqn 5.3:

coq 1 (53)
AVm

where 7 (A) is the current, 7 (s) is the discharging time, AV (V) is the voltage window,
and m (g) is the total mass of active materials. The stored specific energy E (Whkg™)
in a supercapacitor, also known as the energy density, is given by Eqn 5.4:

E= %Cv2 (5.4)

where m (kg) is the mass of the supercapacitor and V is the maximum voltage win-
dow. Hence, a larger E can be achieved by increasing C or V. The maximum specific
power (W kg') also depends on the maximum voltage and is given by Eqn 5.5:

2
P= _ Una (5.5)
4-ESR-m
where ESR () is the equivalent series resistance which is the sum of the ion resis-
tance of the electrolyte impregnated in the separator, resistance of the electrode, and
interface resistance between the electrode and current collector.

The pseudocapacitor is based on a Faradaic charging process in which the redox
electron transfer process occurs on the electrode surface, as in the case of a battery.
Unlike batteries, the capacitance stems from the formation of a specific relationship
between the degree of charge acceptance and voltage change. The chemical reaction
in pseudocapacitors is a fast and reversible process involving electron transfer, and
the electrode materials do not undergo any phase change and not involve the creation
or destruction of chemical bonds. Pseudocapacitors can provide a higher specific
capacitance than EDLCs, thereby making them attractive to applications involving



86 Porous Carbon Materials for Clean Energy

large energy densities. The pseudocapacitance is given by the derivative of the charge
stored (Ag) to the changing potential (AV) (Eqn 5.6):

_ d(Aq) 5.6
< d(AV) 60

Hybrid capacitors can achieve both high energy and power densities. The charge stor-
age process depends on both the capacitive and Faraday characteristics such as ion
adsorption and desorption at the electrode-electrolyte interface, reversible surface
redox reactions on the electrode, and reversible reactions of the entire electrode.” The
integration opens new opportunities for further improvement of energy storage and
bridging the gap between batteries and EDLCs.

1.3  SUPERCAPACITORS

Supercapacitor cells have two different assembled structures, namely two-electrode
cells and three-electrode cells. The two-electrode cells are used for research and
commercial applications, while the three-electrode cells are mainly used for research
because of their higher accuracy. The two-electrode cells consist of two electrodes,
a metal current collector, and a separator. As for the three-electrode configuration, a
reference electrode is added to make the measurement more accurate. Supercapacitor
cells with the two and three-electrode configurations are schematically depicted in
Figure 5.3A,B.8

1.3.1 EDLCs

EDLCs consist of two porous carbon-based materials as the electrodes, electrolyte,
and separator. The charges stored are an electric double-layer electrostatic form and
transferred between the electrode and electrolyte. Since the difference in potentials
causes opposite charge attraction, there is no buildup of charges on the surface of the
electrode when a voltage is applied. Inversely, electrolyte ions traverse the separator
and diffuse to the oppositely charged electrodes, as shown in Figure 5.4A (EDLCs)
which is illustrated with porous carbon.” The porous carbon with large SSA shortens
the electrolyte ion transport channels and furthermore, the mechanism of EDLCs
enables rapid energy adsorption and desorption, efficient energy transfer, and better
power delivery.

1.3.2 Pseudocapacitors

The energy storage of pseudocapacitors involves three different mechanisms: adsorption-
desorption (underpotential deposition), reduction oxidation (redox pseudocapacitor),
and intercalation-deintercalation (intercalation pseudocapacitor).!! The schematic dia-
gram of a redox supercapacitor with metal oxide as the electrode and KOH as the elec-
trolyte is shown in Figure 5.4B. When ions are inserted into the electrode, ion insertion
occurs not only on the surface but also in the pores and layers of the redox active or
conducting polymers. Furthermore, pseudocapacitive electrodes exhibit the capacitor-
like behavior because their cyclic voltammograms resemble bilayer rectangles and
linear hydrostatic discharge. Nonetheless, pseudocapacitors have a high capacity but
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(A) Two electrodes split cell configuration (B) Three electrodes cell configuration
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FIGURE 5.3 Schematic diagrams of two and three-electrode cells: (A) two-electrode con-
figuration and (B) three-electrode configuration (reproduced with permission: Copyright
2022, Elsevier).?
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FIGURE 5.4 Schematic of the charge storage mechanisms: (A) EDLCs, (B) pseudocapaci-
tors, and (C) battery-type electrodes (reproduced with permission: Copyright 2021, Elsevier)?;
(D), (E), and (F) schematic of three energy storage mechanisms for MICs (reproduced with
permission: Copyright 2021, Elsevier).!’

poor stability and short cycling life due to the easy expansion and contraction dur-
ing charging-discharging cycles. The active materials form defects due to the repeated
insertion/extraction of redox-reactive ions on the surface of the active materials, lead-
ing to severe expansion and collapse of the electrode structure. Therefore, the cyclic
stability of pseudocapacitors is slightly worse than that of EDLCs.
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1.3.3 Metal-ion capacitors

Metal-ion capacitors (MICs) have been used in advanced hybrid electrochemical
energy storage systems to solve the problems of low energy of capacitors and low
power of LIBs. MICs consist of a battery-type anode (electrochemical insertion or con-
version) and a capacitor-type cathode (physisorption) in an electrolyte containing metal
ions, which have many characteristics of LIBs and SCs (Figure 5.4C). During charging
and discharging, the cathode and anode undergo physical (adsorption/desorption) and
chemical (intercalation/delamination or conversion) processes to store and release the
energy, respectively. Due to the integration of two energy storage mechanisms in one
device, MICs have several advantages including: (1) higher energy density than SCs;
(2) higher power density than LIBs; (3) wider working temperature range from —50 to
85°C; and (4) better self-discharging performance than SCs.

Depending on whether the electrolyte is consumed during the electrochemical
process, the energy storage mechanisms of MICs can be classified into three types:
electrolyte consumption mechanisms, ion exchange mechanisms, and hybrid energy
storage mechanisms!*:

1. Electrolyte consumption mechanisms. In this system, the battery materials
use alkali metal ion de/intercalation compounds as the anode (positive) and
capacitive materials such as activated carbon, graphene, and carbon nano-
tubes extracted from biomass as the cathode (negative). During charging, the
cations and anions move toward the anode and cathode electrodes, respec-
tively, consistent with the mechanism of SCs. However, instead of physical
adsorption, alkali metal ions can insert into the compounds containing alkali
metal ions or undergo reduction reactions at the anode. During discharging,
the alkali metal ions desorb from the anode back to the electrolyte, and the
anions desorb from the cathode to reach charge equilibrium (Figure 5.4D).1°

2. Ton exchange mechanisms. In this system, the cathode is the battery mate-
rial that provides the alkali metal ions, while the anode is the capacitive
material. During charging and discharging, the electrolyte concentration is
kept constant and it only serves to transfer alkali metal ions, similar to a
rocking chair-type alkali metal ion battery. Unlike the battery, the alkali
metal ions are de-embedded from the cathode and adsorb on the anode
surface when MICs are charged and vice versa (Figure 5.4E).

3. Hybrid energy storage mechanisms. The distinctive feature of these MICs
is that one or both electrodes contain both the battery and capacitor materi-
als. During charging, the all alkali metal ions are removed from the cathode
into the electrolyte, and the alkali metal ions supplied by the electrolyte are
inserted into the anode and vice versa (Figure 5.4F).

2 BIOMASS-DERIVED GRAPHENE-LIKE CARBON
MATERIALS FOR SUPERCAPACITORS
Graphene-based materials are promising electrode materials for SCs on account of the

large theoretical surface area, high electronic conductivity, and electrochemical sta-
bility. Nevertheless, their large-scale applications are often restricted by irreversible
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aggregation and stacking caused by the strong van der Waals forces between the
substrate surfaces of graphene nanosheets. This significantly restricts the diffusion
pathways of ions within some narrow channels, thus preventing the electrolyte ions
from entering the surface of the graphene nanosheets, leading to a significant loss
of the ion-accessible surfaces and making the specific capacitance much smaller
than the theoretical value (ca. 550 F g!).1? BDGC materials are an effective solution
because they have a large surface area, porous structure, high graphitization degree,
and chemically stable surface by controlling the preparation method. What’s more,
BDGC materials have interconnected pore networks, good electrical conductivity,
and electrochemically stable surface boding well for SCs.

2.1 CHEMICAL COMPOSITION OF BIOMASS

The chemical components in biomass are covalently bonded carbohydrate monomers
which consist of starch, lignocellulose, triglycerides, phenols, terpenes, fatty acids,
and trace amounts of iron, calcium, potassium, silicon, and other elements.!" For
example, lignocellulosic biomass consists of mainly cellulose, hemicellulose, and
lignin (Figure 5.5).!" 13 There is also biomass composed of carbon, hydrogen, and
oxygen together with trace amounts of nitrogen, sulfur, and phosphorus. The com-
ponents in plant-based biomass can be converted into carbon by heat treatment or
carbonization. The components in lignocellulose interact strongly with covalent or
noncovalent forces. Cellulose is a linear polysaccharide consisting of a large molecu-
lar weight D-glucose linked uniformly by a $-1-4 glucosidic bond and accounts for
40%-50% of lignocellulosic biomass.!* Hemicellulose with branching and amor-
phous characteristics as well as a small degree of polymerization makes up 25%-—
35% of the total biomass. Thus, hemicellulose tends to decompose thermally. Lignin
is a component in lignocellulosic biomass and amorphous polymers accounting for
15%-20% of the biomass. In addition, lignin has a number of aromatic functional
groups consisting of p-coumarol, pinacol, and sinapyl alcohol.
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FIGURE 5.5 Structure of lignocellulosic biomass (reproduced with permission: Copyright
2023, Elsevier).!!



90 Porous Carbon Materials for Clean Energy

2.2  GRAPHENE-LIKE CARBON MATERIALS DERIVED FROM BIOMASS

The biomass mainly composed of cellulose and hemicellulose is broadly found
on earth and can be used to synthesize porous carbon due to the unique natural
structure as well as high carbon and low ash contents. Graphene-like carbon (GLC)
produced from biomass generally has a porous structure that provides connectiv-
ity for different pore sizes, shortens the ion pathways, and lowers the resistance
in ion transport. For example, coconut shells can easily be converted into porous
GLCs by a chemical treatment with ZnCl, and FeCl; activation.'* The resulting
GLCs have a large SSA (1,874 m?g™") and high graphitization degree (/;/I,~ 1.81).
The carbon atoms with sp? covalent bonds provide high electrical conductivity to
reduce the resistance of the system. Similarly, three-dimensional GLCs (3D GLCs)
with graphene-like sheets, large SSA (1,503 m?g"), and high electrical conductiv-
ity (32.14 S cm™) formed from coconut shells can be obtained by K,CO, catalytic
graphitization.'> SEM shows that the honeycomb-like structure is composed of
ultrathin graphene sheets (Figure 5.6A) and well-developed interconnected pores
and pore sizes in the range of micrometers (Figure 5.6B). The graphene nanosheets
are curved and wrinkled and composed of about three to four layers, as revealed
by TEM. The Raman spectrum of 3D GLCs shows low-intensity D-band, sharp
G-band, and 2D-band, with an I,; of only 0.088, while the ratio of I, is as
high as 0.855 (Figure 5.6C) confirming high-quality graphene sheets. Hence, 3D
GLCs have outstanding electrochemical properties. Without conductive additives,
the capacitance of 3D GLCs is 91.15 F g ! at 0.2 A g! and retention is 85.1% after
5,000 cycles at 0.1 A g in an organic electrolyte.

The nitrogen-doped (N-doped) GLC nanosheets from pine nut shells can be
obtained by combination with melamine and KOH activation. The GLCs are com-
posed of ultrathin nanosheets and irregular nanosheets and the thickness of the
nanosheets is about 5-8 nm (Figure 5.6D-E).!® The GLC nanosheets have outstand-
ing electrochemical properties due to the large SSA (2,090m?g™") and the inherent
hierarchical porous sheets structure. Hence, the GLCs exhibit a superior specific
capacitance of 324 F g-! at 0.05 A g, high rate capacitance of 258 F g-! at 20 A g/,
and excellent cyclic stability of 94.6% after 10,000 cycles at 2 A g*! in 6M KOH
(Figure 5.6F).

2.2.1 GLCs from forest plants and residues

The preparation of BDGCs from forest plants and residues by different activations
provides a green and economical possibility for developing 2D carbon or 3D skel-
eton carbon consisting of 2D carbon nanosheets. For instance, porous GLC sheets
with an ultrathin thickness (3.8nm) and a hierarchically porous structure with a
large meso-pore ratio from pine bark can be obtained by potassium acetate acti-
vation (Figure 5.7A)."7 The GLC sheets have a high capacitance (128.1 F g™ at 1
A g™, good cycling stability, and satisfactory energy density (32.4 Wh kg') and
power density (30.375kW kg™) in the TEABF,/AN electrolyte.” Similarly, GLCs
with large amounts of interconnected nanosheets with a thickness of 10nm and large
SSA (979.89m?g!) are prepared from Enteromorpha by high-temperature melting
of K,CO; (Figure 5.7B)."® The GLCs have wide pore distributions and a suitable
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FIGURE 5.6 (A) SEM image and (B) enlarged SEM image; (C) Raman scattering spectra of
3D GLCs (reproduced with permission: Copyright 2018, Royal Society of Chemistry)'3; (D)
SEM image, (E) TEM image, and (F) GCD curves of GLC nanosheets from pine nut shells
(reproduced with permission: Copyright 2019, American Chemical Society).'®

amount of oxygen, thus enabling the electrolyte ions to enter the surface and inte-
rior of the electrode (Figure 5.7C). In addition, the GLC nanosheets with abundant
porosity, well-developed porous structure, large SSA, and high conductivity are pre-
pared from fresh lotus receptacles by “drilling” holes with H,0, and exfoliating into
graphene-like nanosheets with HAc, followed by carbonization (Figure 5.7D).!° The
GLC nanosheets have very high specific capacitance (340 F g at 0.5 A g™'), large
capacitance retention of 98% after 10,000 cycles, and outstanding energy density
(23.33 Wh kg ™).

3D GLCs with the 3D interconnected graphene nanosheet structure can be pre-
pared from spruce bark hydrothermally and KOH activation (Figure 5.7E)."> The 3D
GLCs are composed of intertwined vertically aligned graphene nanosheets, which
link to each other and form a 3D honeycomb-like structure to offer porous space
between the contiguous layers (Figure 5.7F). The Raman spectrum of 3D GLCs
shows low-intensity D-band, sharp G-band, and 2D-band at around 1,350cm!,
1,584 cm™" and 2,700 cm™! (Figure 5.7G). The 2D band is a feature of the two-phonon
resonance second order, and its width and position are sensitive to the number of lay-
ers in the graphene sheet. For instance, single-layered graphene displays a sharp 2D
peak, while two-layered graphene shows a relatively wide 2D band. The D peak at
1,350cm™ is attributed to carbon atom breathing vibration which is related to the
six-membered sp? carbon rings. The D peak indicates the existence of defects in
the materials, which are absent from defect-free graphene. The intensity ratio of the
G- and D-band (//I},) is used to measure the defects in materials. The 3D GLCs
possess a 3D interconnected structure, large SSA (2,385 m?g"), many hierarchical
pores (1.68cm?g™), and open surfaces with graphene nanosheets, thus showing an
outstanding capacitance of 239 F g' at 1 A g! and high energy density of 74.4 Wh
kg! in the TEABF,/AN electrolyte.
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FIGURE 5.7 (A) SEM and TEM (inset) images of GLCs (reproduced with permission:
Copyright 2019, American Chemical Society)!’; (B) preparation of GLCs from Enteromorpha,
(C) SEM image of GLCs (reproduced with permission: Copyright 2020, Elsevier)'8; (D) prep-
aration process of GLC nanosheets from the lotus receptacle (reproduced with permission:
Copyright 2017, Wiley-VCH Verlag)'®; (E) preparation of 3D GLCs from spruce bark, (F)
SEM image and (G) Raman scattering spectra of 3D GLCs (reproduced with permission:
Copyright 2017, Elsevier)."

2.2.2  GLCs from agricultural products

The preparation of high-quality GLC materials from agricultural products for SCs
has advantages such as the low cost, abundant raw materials, and sustainable nature.
For example, GLC nanosheets can be prepared from hemp bast fibers by hydrother-
mal carbonization and KOH activation (Figure 5.8A).2° The GLC nanosheets are
made of highly interconnected carbon and ultrathin carbon nanosheets (10-30nm
in thickness) and have high meso-porosity (58%). Hence, the GLC nanosheets with
a large SSA (2,287m?g™") and electrical conductivity (226 S m™!) show a high spe-
cific capacitance of 142 F g-! with excellent capacitance retention as well as a high
energy density of 19 Wh kg in the ionic liquid electrolyte. Similarly, the porous
GLCs are prepared from fungus by hydrothermal treatment in KOH and carboniza-
tion (Figure 5.8B).?! The porous GLCs with a hierarchically interconnected porous
framework and wide pore distributions have a large SSA (1,103 m?g™") and bulk den-
sity (0.96 g cm™3) thus providing more storage sites and shorter transport paths for the
electrolyte ions. As a result, the porous GLCs exhibit a high volumetric capacitance
of 360 F cm™ and retention of 99% after 10,000 cycles. The N-doped porous GLC
sheets formed from layered peanut seed coats with triethanolamine by thermal exfo-
liation and pyrolysis have graphene-like sheets with a thickness of ~4nm and large
SSA (887 m?g™"), which improve the electrical conductivity (8.1 S cm™) and wettabil-
ity (Figure 5.8C).22 Consequently, the GLC sheets show ultra-high rate capabilities
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FIGURE 5.8 (A) Preparation of GLCs from hemp (reproduced with permission: Copyright
2013 American Chemical Society)?’; (B) preparation of porous GLCs from fungus (repro-
duced with permission: Copyright 2015, Elsevier)?; (C) SEM and HR-TEM (inset) images
of the porous GLC sheets, (D) cycling stability of the porous GLC sheets (reproduced with
permission: Copyright 2020, Elsevier)??; (E) SEM image of the porous GLCs formed from
sugarcane bagasse pith (reproduced with permission: Copyright 2017, Elsevier).??

(72.5% capacity at 200 A g') and cycling stability (92.3% of capacity retention after
20,000 cycles at 10 A g') in 6.0M KOH and 1 M Na,SO, electrolytes, respectively
(Figure 5.8D). Similarly, the N-doped porous GLC sheets synthesized by KOH acti-
vation (Figure 5.8E)? have a large-size multiscale wrinkled nanosheet structure,
large SSA (1,786.1 m?g™"), and appropriate amount of N. The N-doped GLC sheets
show a large specific capacitance (339 F g at 0.25 A g™!), long-term cycling stability
(97.9% capacitance retention after 10,000 cycles), and high energy density (11.77 Wh
kg!) in 6M KOH.*

2.2.3 GLCs from marine sources

Marine products are abundant and produced from the ocean that can be eaten or
used such as fish, shellfish, and raw plants (seaweed, nori, kelp, etc.). Shellfish
mainly includes crab, shrimp, lobster shells, and oysters. Shellfish harbors use-
ful proteins, calcium carbonate, and chitin. Chitin is a linear polymer (poly b-(1,
4)-N-acetyl-D-glucosamine) containing nitrogen, which is the second most abundant
natural biopolymer on earth (after cellulose).?* Shellfish is a renewable porous carbon
precursor for the direct preparation of graphene carbon nanosheets with N dopant
and tunable porosity.

The N-doped GLC sheets are prepared from naturally layered shrimp shells by
simultaneous carbonization and auto-activation followed through ultrasonic liquid
exfoliation (Figure 5.9A).26 The GLC sheets possess the graphene sheet structure
(5nm thickness), large SSA (1,946 m?g"), and big nitrogen content (8.75 wt%) for
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FIGURE 5.9 (A) Synthetic pathway of N-doped GLC sheets; (B) cyclic stability (two blue
LEDs in inset) of N-doped GLC sheets (reproduced with permission: 2016, Royal Society of
Chemistry)?; (C) synthetic pathway and microscopic of GLC sheets, (D and E) TEM and (F)
AFM images of GLC sheets (reproduced with permission: 2017 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim)?’; (G) SEM images of N-doped GLCs (reproduced with permission:
2016, Royal Society of Chemistry).?

improved conductivity (7.8 S cm!) and wettability with the electrolyte. The GLC
sheets have an excellent rate capability with a high capacitance of 322 F g-! at 0.5
A g, long cyclic stability (93.2% capacitance retention after 20,000 cycles), and
high energy-power density (30 Wh kg! and 64,000 W kg!) in ionic liquid electro-
lytes (Figure 5.9B). Similarly, the N-doped porous GLC sheets formed from chito-
san show a large SSA of 1,321.3m?g"!, large pore volume of 4.21 cm3g™!, ultrathin
nanosheets structure, and appropriate porosity.?’ The GLC sheets with a thickness
of 27nm are fabricated from crab chitin via hydrophobization-induced interfacial
assembly followed by the aqueous NaOH/urea treatment (Figure 5.9C).%” The layers
possess structural flexibility and robustness, thin chitin nanosheets (26.8 nm), and a
large SSA of 724.2m?g! (Figure 5.9D-F). When the hybrid films of chitin and GLC
sheets are used in the flexible device, the ultrathin soft film has a good specific capac-
itance of 162.4 F g at 0.5 A g! and high cycling stability (capacity retention up to
95% after 10,000 cycles at 5 A g!) in 6M KOH. In addition, the 3D honeycomb-like
N-doped GLC films formed by mixing chitin and graphene oxide are synthesized by
dissolution and coagulation of chitin and graphene oxide in the NaOH/urea aqueous
solution using a repeated freezing-thawing process followed by carbonization under
Ar.28 The honeycomb-like N-doped GLC films have a homogeneous interconnected
open-cell framework with the average pore size of about 2 um (Figure 5.9G). The
porous N-doped GLC films inherit the high conductivity of graphene and have abun-
dant porosity and rich active sites resulting in excellent electrochemical properties.
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2.3 BIOMASS-DERIVED CARBON-BASED COMPOSITES

Compared to pure carbon materials, pseudocapacitor materials are based on transi-
tion metal oxides or hydroxides, such as MnO,, Fe,0;, Co,0;, and Ni(OH),, which
have high capacity and good redox activity. The redox activity of the materials is
mainly derived from the multivalent nature of the transition metals. However, the
poor inherent conductivity and small SSA lead to a slow charge transfer and subop-
timal cycling stability at high current densities.

BDGC:s can provide abundant space for the deposition of transition metal oxides
or hydroxides and reduced agglomeration. The superior electrical conductivity of
BDGC:s can expedite charge transfer to improve the electrochemical performance. In
addition, the good structural stability and proper porous structure of BDGCs can buf-
fer the volume expansion caused by transition metal oxides or hydroxides. Therefore,
the combination of transition metal oxides or hydroxides with BDGCs improves
the electrochemical properties. For example, the multifunctional heteroatom (Fe,
N, S) Co-doped GLC sheets (Fe-N-S/GLC) with special 2D layer structures are
formed from silkworm chrysalides shells by liquid-phase exfoliation to delaminate
the multilayered biochars (Figure 5.10A).3° Owing to the unique integration of the
graphene-like structures with a thickness of 4.3nm, large SSA (2,491 m?>g"), hierar-
chical pores, homogenous co-doping, and high electronic conductivity (7.6 S cm™),
the Fe-N-S/GLC sheets have excellent super-capacitive properties such as a large
capacitance of 173 F g' at 1 A g! and energy density of 29.1 Wh kg™! in an ionic
liquid electrolyte.

Ni(OH), is an attractive material for SCs due to the high theoretical specific
capacitance (2,358 F g™!), specific redox behavior, high redox activity, and envi-
ronmental friendliness. However, the inherently low electrical conductivity (10-17 S
cm™') of Ni(OH), leads to redox reactions occurring only on the surface and low uti-
lization. To overcome these problems, Ni(OH), is combined with GLCs to enhance
the electrochemical performance. In this respect, GLCs with the nanosheet-like
structure formed from peach gum with Ni(OH), to Ni(OH),/GLCs have excellent
electrochemical properties (Figure 5.10B).3' In the process, GLCs are first obtained
by hydrothermal carbonization and magnesium acetate activation to form Ni(OH),.
The synergistic effects of Ni(OH), and GLCs produce Ni(OH),/GLCs with a large
energy density of 36.9 Wh kg-! and power density of 400 W kg~'.

Other pseudocapacitive materials, such as MnO,, Co;0,, Fe,0;, NiO, and
NiMn,O, can also be combined with GLCs to promote capacitance. The N-doped
3D porous GLCs (3DPGLCs) are formed from luffa complexes with NiMn,O, nano-
crystals (NiMn,0O,/3DPGLCs) by carbonization and a hydrothermal method to form
an efficient binder-free electrode (Figure 5.10C).>> The 3DPGLCs with a porous
structure and defective surface can adjust in sifu growth of NiMn,O, to form the
NiMn,0,/3DPGLCs composite. Because the NiMn,O,/3DPGLCs composite has a
high conductive network and abundant pores, it not only is conducive to electrolyte
and NiMn,O, infiltration but also transfers electrons quickly for the electrochemi-
cal reaction. The NiMn,0O,/3DPGLCs electrode has a high specific capacitance
of 1,308.2 F g'at 1 A g and rate performance of 77.9% at 15 A g-'. The GLCs
formed from cleaned agaric are combined with MnO, nanosheets (MnO,/GLCs) by a
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FIGURE 5.10 (A) Preparation of the Fe-N-S/GLC sheets (reproduced with permission:
Copyright 2021, Elsevier)*®; (B) preparation of Ni(OH),/GLCs composites (reproduced with
permission: Copyright 2019, Elsevier)’'; (C) preparation of NiMn,0O,/3DPGLCs (reproduced
with permission: Copyright 2020, Elsevier)*’; (D) schematic diagram of the MnO,/N-GLCs
composite. (E) SEM image of GLCs; (F) SEM image of the MnO,/GLCs composite (repro-
duced with permission: Copyright 2020, Elsevier).

two-step process (Figure 5.10D).33 The first step consists of a direct heat treatment of
the cleaned agaric and KOH activation is performed to obtain the GLCs. The second
step includes in situ chemical deposition and dense MnO, nanosheets are grown on
porous carbon (Figure 5.10E,F). The conductive frame of the N-doped porous carbon
and synergetic effects between GLCs and MnQO, yields MnO,/GLCs with a large
SSA (2,250 m?g™") produce excellent electrochemical performance such as a specific
capacitance of 330 F g at 1 A g!. Similarly, the GLC sheets are formed from salvia
splendens petals coupled with MnO, (MnO,/GLCs) by carbonization and hydrother-
mal processes.** The MnO,/GLCs composite possesses a large SSA (483 m?g') and
suitable pore size distribution (2-5nm). Because of the synergistic effects of MnO,
and GLC, the MnO,/GLCs composite electrode shows a high specific capacitance
of 438 F ¢! at 0.5 A g! and large rate capability (67.8% capacity at 50 A g!) in the
Na,SO, electrolyte. The composites containing different GLCs and transition metal
oxides or hydroxides are prepared from kapok fiber/NiO, fruit/Co;0,, and wheat
straw/Fe,O; and have been used as electrode materials in SCs.

3 PREPARATION METHODS OF GLCS FROM BIOMASS

In this section, the preparation of graphene-like materials from biomass is classified
into physical activation, chemical activation, microwave-assisted activation, template
method, and other methods.
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3.1  PHYSICAL ACTIVATION

Physical activation mainly utilizes water steam and CO, as the activators to prepare
BDGCs. The common preparation process involves carbonization at 400-800°C fol-
lowed by activation at 700-1,500°C, using the chemical reactions between carbon
and H,O (Eqn 5.7) or CO, (Eqn 5.8)*:

C+H,0 > H,+C H=+132 kI mol™! (5.7)
C+C0O, - 2CO H=+173 kJ mol™ (5.8)

The activation process involves the controlled combustion of activated carbon atoms
and the elimination of volatile species. The quality of GLCs depends on the condi-
tions, such as temperature, time, gas flow rate, and activator. In addition, the different
biomass materials require the appropriate activators to obtain GLCs with large SSA
and suitable pores. For instance, GLCs with SSA of 1,700m?g! and pore volume of
1.135cm3g! are prepared from coconut shell char by CO, activation.* In addition
to CO, activation, water steam is widely used as an effective activator due to its low
cost, cleanliness, and safety. For example, GLCs prepared from shrimp shells by
water steam activation at 900°C show an SSA of 560.6m?g! and a high degree of
graphitization (I/15,=0.7686).37

3.2 CHEMICAL ACTIVATION

Chemical activation is a process in which the precursor is first mixed with certain
chemicals and then activated to obtain BDGCs at a temperature of 500—1,000°C.
Compared to physical activation, chemical activation has several advantages®®: (i)
The pores are well developed; (ii) The activation time is shorter; (iii) GLCs have
large SSA; (iv) There is a high degree of graphitization. Various activating regents
have been used, for instance, KOH, NaOH, H,;PO,, ZnCl,, FeCl,, and K,CO;. KOH
is a popular alkali activator that produces the best effects. The specific reactions are
as follows (Eqns 5.9-5.13)%:

6KOH+2C «» 2K+2K,CO;+3H, (5.9
K,CO; < K,0+CO, (5.10)
K,C0O;+2C < 2K+3CO (5.11)
K,0+C ¢« 2K+CO (5.12)
CO,+C — 2CO (5.13)

In the chemical activation stage, the pores are developed with the consumption or
redevelopment of carbon. KOH reacts with carbon to form metallic K, K,CO;, and
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H, gas at a temperature lower than 570°C (Eqn 5.9). K,CO; is decomposed to form
K,0 and CO, pyrolysis occurs at around 600°C (Eqn 5.10). KOH is completely con-
sumed at 700°C. K,CO, and K,O start to decompose and are absent from the system
at above 800°C (Eqns 5.11 and 5.12).38 The activated products of CO, may also take
part in the pore-forming process due to the physical activation effects. The produced
CO, reacts with carbon to produce CO at a high temperature (Eqn 5.13). At a higher
activation temperature (>750°C, Eqns 5.9-5.11), almost all the biochar is activated by
the reaction between KOH and carbon. The K* diffuses into the interior of the carbon
skeleton to expand or create new pores during the activation process.

Different types of biomass have different SSA, pore volume, and degree of graphi-
tization after chemical activation. For example, the GLC sheets formed from gelatin
by KOH activation have a large SSA of 3,106 m?>g™!, pore volume of 1.70cm3g™!, and
thin sheets of graphene.*® The N-doped hierarchical porous GLCs aerogels formed
from chitosan by carbonization at 800°C and KOH activation have large SSA of
2,4352m?g™! and pore volume of 1.65cm3g'# Other GLCs such as petroleum
pitch (2,132m2g™") and sorghum (4,092m?g™") also have enhanced SSA after KOH
activation.

Compared to KOH, NaOH activation has the preponderant in terms of merits
such as less corrosion, lower weight dosage, and low cost. NaOH is also extensively
employed to fabricate porous GLCs. NaOH reacts with carbon to form pores and the
enlargement increases graphitization in the product. There are some possible reac-
tions between the reactive intermediates and carbon surface producing H,, CO,, and

CO, which give rise to the development of pores according to the following equations
(Eqns 5.14-5.18)*:

6NaOH+2C ¢» 2Na+2Na,CO;+3H, (5.14)
Na,CO; <> Na,0 + CO, (5.15)
Na,CO;+2C ¢ 2Na+3CO (5.16)
Na,0+C ¢> 2Na+CO (5.17)
C0,+C — 2CO (.18)

For example, GLCs obtained from chitin by NaOH activation at 800°C show a large
SSA of 294m?g" and a pore size of 25 nm.** Similarly, GLCs obtained from guava
seeds have a large SSA of 2,573.6 m?g! and a total pore volume of 1.260cm3g" after
NaOH activation.**

3.3 MICROWAVE-ASSISTED ACTIVATION

Microwave-assisted activation is a new technology for the construction of BDGCs.
In the microwave system, heat is generated within the substance. The microwave
transmitted to biological tissues causes molecules and polar side chains of proteins
to oscillate at high frequencies due to electromagnetic oscillations of molecules and
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high-speed molecular motion, leading to the generation of heat.* The heat on the
molecular level increases the temperature rapidly and uniformly, which is not pos-
sible by conventional heating. Therefore, microwave-induced activation is carried
out in a closed space, thus solving most of the problems associated with conventional
pyrolytic activation, consequently giving rise to higher efficiency, resource saving,
shorter cycles, and low costs. Li et al. have combined microwave heating and steam
activation to extract high-quality porous GLC nanosheets from black sesame.*® The
GLC nanosheets have high and uniform porosity, large SSA (2,414.5m?g™"), and a
high degree of graphitization. In short, owing to the many advantages offered by
microwave-induced physical activation, it has been used to prepare GLCs with some
good results.

3.4 TEMPLATE METHODS

Template synthesis is one of the effective methods to fabricate porous BDGCs with
controlled structures and higher efficiency. In this technique, the template simply
acts as a bracket around which the other types of materials are synthesized. The tem-
plate reacts with the carbon precursor to increase the degree of graphitization of the
carbon structure during carbonization and then removes the template with chemicals
or heating to guide pore formation. Currently, the two types of templates are hard
templates and soft templates.

Hard templates, such as MgO, CaCO;, ZnO, Fe,0,, and SiO, are commonly used
to fabricate porous structures of GLCs. The structural features of porous GLCs
prepared from hard templates depend on the physical/chemical properties of the
template. The preparation of porous GLCs by the hard template method involves
four steps: (i) synthesis of the ideal hard template; (ii) effective mixing of carbon
sources and template; (iii) high-temperature pyrolysis under certain atmosphere, and
(iv) hard template removal by acid or alkali rinsing.*’ For instance, corrugated GLC
nanosheets prepared from tar pitch with the plate-like MgO template followed by
KOH activation have a large SSA of 2,132m?g"!' and pore volume of 1.23cm3g.
Corrugated GLC nanosheets have micropores, mesopores, and macropores with a
controllable pore size distribution.*

ZnO templates have received much attention due to their unique physicochemical
properties. The carbon precursors tend to react with ZnO and produce gases dur-
ing high-temperature processing, which plays a role in physical activation. ZnO has
the bifunctional hard templating and physical activation and the GLCs with well-
developed porous structures and wide pore size distributions can be obtained. For
example, 3D flower-like and hierarchical of GLCs are obtained from pitch with a ZnO
template and chemical activation. The GLCs have not only 3D interconnected porous
graphene sheets and wide pore size distribution but also a large SSA of 761.5m?g"!
and total pore volume of 0.49 cm3g~'.# Compared to MgO and ZnO, CaCO; is a reli-
able template and this kind of dual template is used to prepare GLCs. CaCO, pref-
erentially decomposes to form CaO particles and CO, gas at 500°C. The generated
CO, gas is a reactant with carbon to produce different porous structures. When CaO
is removed, hierarchical porous GLCs are formed. For instance, hierarchical porous
GLCs with an interconnected pore structure are obtained from cornstalk without
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pith using the CaCO; template and K,C,0, activation. The hierarchical porous GLCs
have a large SSA (1,910m?g!) and well-developed hierarchical porosity.*°

Soft templates are also effective in constructing graphene. They are usually
organic molecules or super-molecules with functional groups. In certain solvents,
the functional groups of the soft templates can provide hydrogen bonding, hydro-
phobic and hydrophilic interactions, and electrostatic interactions. When a suitable
solvent is added, the soft template becomes micelles that interact with the mol-
ecules in the carbon precursors. During carbonization, the micelles break down
to form the carbon source and biomass charcoal to produce GLCs with a unique
porous structure. The 3D interconnected porous GLCs are synthesized using cheap
coal tar pitch as the carbon source, BMIMBF, ionic liquid as the soft template,
and KOH activation.” The 3D GLCs composed of thin carbon nanosheets with
well-developed pores possess a large SSA of 1,593 m?g! and a total pore volume
of 0.85cm3g.

3.5 OTHER METHODS

Other activation methods like hydrothermal carbonization, salt-based method, and
physicochemical activation have also been applied to the preparation of BDGCs.
The BDGCs with well-developed and interconnected porous structures are formed
from natural reed membranes by hydrothermal and carbonization treatments.>? The
BDGCs with a hierarchical porosity and graphene structure formed from kitchen
waste hydrolyzed residues with NaCl-KCIl molten salts at 800°C have a large SSA
(818.65m?g ). Self-activation allows the conversion of biomass to BDGCs without
additional activators, since biomass has inherent inorganic salts or other metal ions
(K, Na, Fe, and Ca) that can etch the carbonization precursors or react with gases
emitted during carbonization (CO,, H,O, and H,). This self-activating pathway has
been applied to the preparation of BDGCs from coconut shells, almond kernels, and
wood chips.

4 CONCLUSIONS AND OUTLOOK

BDGC is a promising electrode material in energy storage applications due to its
abundant natural resources, renewability, low cost, adjustable porous structure, and
good physicochemical stability. The rational design and preparation of BDGCs with
adjustable SSA, pores, surface chemistry, and degree of graphitization are important
for the application in SCs. The quality and performance of the BDGCs depend on the
precursors and fabrication techniques. Although various biomass feedstock precur-
sors used for physical activation, chemical activation, microwave-assisted activation,
and template methods for the synthesis of BDGC have great potential for SCs, there
are still some challenges for practical applications.

First, the carbon source plays an important role in the quality of the BDGC mate-
rials. Therefore, it is imperative to establish a unified technical standard or grading
system for the carbon source. Second, comprehensive and standardized character-
ization methods should be established to evaluate the microscopic morphology of
BDGC. Specifically, each 3D graphene structure has a unique structure and sheet
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quality. Although the 3D structures are typically characterized by SEM, TEM, and
AFM, some features pertaining to the microstructure of BDGC materials are still not
well understood. Third, a standardized protocol is needed to determine the conduc-
tivity. The total conductivity should be calculated based on the actual cross-sectional
area for a more reliable comparison. Alternatively, at least detailed information about
the mass density and the actual contact area should be provided. Fourth, the relation-
ship between the 3D microstructure of graphene and its main properties is not well
understood. In practical applications, a database containing information about the
structure and properties of various 3D graphene structures should be established.
Such a database will allow not only systematic analysis and comparison of different
3D graphene structures but also easy selection of the proper 3D graphene structures
for special applications.

In addition to the aforementioned challenges, the application of BDGC should
be expanded. The diversity of biomass in terms of resource, type, structure, and
composition bodes well for a wide range of applications including rechargeable bat-
teries, desalination, catalysts, and oil/water separation. For example, BDGC mate-
rials with a large SSA, suitable pore size, and pore size distribution are desirable
for seawater desalination, water treatment, and oil-water separation. Furthermore,
these materials can be used as catalysts or substrates in metal-based catalytic
applications.
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6 Biomass-Derived Porous
Carbon Materials for
Supercapacitors

Bei Liu, Yong Ye and Ting Li

1 INTRODUCTION

Biomass is currently attracting significant attention as an alternative precursor to
fossil-based feedstock in the production of carbon materials for supercapacitors (SCs),
due to the advantages of naturally renewable, abundant, low cost, easily accessible, and
environmentally friendly .2 In recent years, various forms of biomass such as plants,
animals, and microorganisms have been widely utilized to prepare carbon materials.>*

The biomass-derived carbon materials (BCMSs) offer numerous benefits: (1)
cost-effective and abundant, (2) excellent chemical and physical stability, (3) rich
in surface functional groups, which can be adjusted using different thermochemi-
cal conditions, (4) special porous structures and high specific surface area (SSA),
which can promote the accessibility of electrolyte to the electrode and shorten the ion
transport distance, (5) most biomass contain heteroatoms, leading to the formation of
extra active sites in the BCMs. However, it is challenging to regulate the material fea-
tures and properties containing multiscale morphology, porosity, and surface chem-
istry using a typical top-down approach, which limits its applications. Therefore,
appropriate activation and modification are required to enhance the performances of
BCMs in further applications.> ¢

After decades of research, advanced development has been made in BCMs produc-
tion by applying novel synthesis strategies to renewable biomass. Furthermore, a diverse
range of biomass feedstocks has been utilized to synthesize BCMs by pyrolysis or
hydrothermal carbonization with activation and modification process, thus producing
porous carbon or nanostructured carbon with rich porosity, abundant functionalities,
hierarchical porous structure, and excellent conductivity. Due to the aforementioned
advantages, BCMs are considered promising electrode materials for various types of
electrochemical energy storage and conversion systems, including supercapacitors
(SCs), lithium batteries, sodium batteries, potassium batteries, and fuel cells.

2 PRECURSORS IN BCMS

The electrode material is a key component of a supercapacitor (SC). Research find-
ings of varying precursors are discussed in detail below and Figure 6.1a illustrates a
variety of biomasses as the precursors to prepare BCMs.
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FIGURE 6.1 (a) A variety of biomass as the precursor is transformed into electrode material
for supercapacitors. Reproduced with permission.” Copyright 2017, Elsevier. (b) Schematic
illustration of the cellulose, hemicellulose, and lignin in the plant cell. Reproduced with per-
mission.® Copyright 2017, RSC. (c) The structure of cellulose fiber in the plant cell wall.
Reproduced with permission.® Copyright 2017, Elsevier.

2.1 PLANT-BASED PRECURSORS

The components of plant biomass (trees, crops, fruits, vegetables, algae, etc.) include
cellulose, hemicelluloses, lignin, extractives, lipids, proteins, etc.” Figure 6.1b,c illus-
trate the basic structure of the cellulose, hemicellulose, and lignin in the plant cell,
and it is found that hemicellulose and cellulose are less stable to thermal decomposi-
tion as compared to lignin, and contribute low carbon yield, but the hemicellulose,
lignin, and cellulose components contribute porosity of biochar yield.® Furthermore,
it has been determined that high O content in precursors results in less crystalline
and more defects also more volatile compounds get released, whereas the presence
of higher levels of N content could result in N-doped carbon with enhanced electro-
chemical characteristics.” Thus selecting plant biomass precursors rich in N content
and lignin fraction, and low in O content and cellulose fraction to obtain the BCMs
with good conductivity, and controllable defects seems very important.

2.2 ANIMAL REMAINS-BASED PRECURSORS

Chitin (derived from crustaceans, mollusks, coleoptera, animal waste, etc.) is another
promising bio-based precursor for the production of BCMs. Different from cellulose,
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chitin is capable of forming (1) intensive intermolecular hydrogen bonds, (2) cross-
linking networks of chitin-glucan and chitin-catecholamine complexes, which endow
chitin with substantially higher thermal stability than cellulose and higher carbon
yields.!” The cuticles of many contain relatively high contents of chitin ranging from
17% to 72%."" However, mechanical and chemical processes are required to extract
chitin from the biomasses, which may involve mechanical grinding, chemical demin-
eralization, and deproteinization. Different from the cuticles, the hairs, horns, claws,
and hooves of the animals are majorly consisting of fibrous structural proteins, called
keratin.'? Similar to chitin, keratin also attains significant chemical and thermal sta-
bility as a result of its intensive intermolecular bonding.!?

2.3 MICROORGANISM-BASED PRECURSORS

The microorganisms (classified as bacteria, algae, and fungus) consist of proteins,
lipids, carbohydrates, nucleic, and amino acids. The major components present in the
microorganism-based biochar match with plant/animal-based biomasses, however,
the elements and actual molecules that constitute these components are substantially
different.* For example, the carbohydrates of the microorganism-based biomass
consist of chitins, which are bio-crosslinked with glucan and can serve as a primary
source of carbon during thermal carbonization, while the main carbohydrates in the
plant/animal-based biomasses are sucrose and starch, which are non-crosslinked
with low thermal stability.!

3 FUNCTIONALIZATION CARBONIZATION FOR BCMS

The carbonization methods would determine the chemical and physical properties
of BCMs directly, such as morphology, surface area, porosity, chemical compo-
nents, functional groups, degree of graphitization, etc. Moreover, the carbonization
methods are of great importance for reserving some macro-/micro-structures of the
biomass in BCMs. Table 6.1 lists different activation methods and capacitance per-
formances of a variety of BCMs.!6-33

3.1 DIRECTLY PYROLYSIS CARBONIZATION

Heating biomass in a certain atmosphere is the most popular carbonization method
because the structures and properties of the prepared BCMs can be easily tailored
by selecting carbonization parameters. The main controllable parameters include
temperature, heating rate, residence time, and atmosphere. In comparison with reac-
tion time, heating rate, and particle size of feedstock, temperature plays a key role
in controlling the pyrolysis mechanism and biochar yield. The heating rate is the
key factor that determines the pyrolysis products. Depending on their heating rate,
pyrolysis is categorized into slow pyrolysis and fast pyrolysis. The slow pyrolysis
process possesses longer residence time (>1 h) and lower heating rates (between
5 and 7°C min™), conducted at the temperature of 400—-600°C.3* In contrast, fast
pyrolysis has a much higher heating rate (>200°C min™') and lower residence time
(<10 s). Therefore, a slow heating rate is more favorable in the synthesis of BCMs.3
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TABLE 6.1
The different activation methods and capacitance performances of BCMs
Current
SSA C, (F density/scan
Precursor Activation (m?2g") g") rate Electrolyte Ref
Soybean Steam 1,077.67 143 0.1Ag! 1 M Na,SO, 3
Fir wood Steam 1,016 85 10 mV s7! 1 M NaNO;, 34
Cornstalk Air 1,588 407 1A g! 1 M H,SO, »
Clover stem Air 1,459 451 05A ¢! 1 M H,SO, 3
Cattail Cco, 441.12 126.5 05Ag! 6 M KOH 37
Banana CoO, 1,414.97 178.9 1A g 6 M KOH 8
Apricot shell H,PO, 1,474.82 169.1 05Ag! 6 M KOH i
Lacquer wood H,PO, 1,419.46 354 02A¢g! 1 M H,SO, 40
Cotton stalk H,PO, 1,342.93 338 0.2A g IMHSO, #
Lignin fibers H,PO, 2,340 240 10 mV s™! 1 M H,SO, 2
Argy H,PO, + KOH 927 344 1A g! 6 M KOH 43
wormwood
Sakura KOH 1,433.76 265.8 02A¢g! 6 M KOH w4
Bamboos KOH 2,221.1 293 0.5A g! 3 M KOH 45
Green tea KOH 1,057.8 162 05Ag! 1 M H,SO, 46
Rice straw KOH 3,333 400 0.1Ag! 6 M KOH h
Jujube fruits NaOH 1,135 587 0.1Ag™! 6 M KOH 48
Mangosteen NaOH 2,623 357 1Ag! 6 M KOH 4
peel
Tea leaves ZnCl, 1,143.9 296 05Ag! 2 M KOH 30
Chitin ZnCl, 2,450 294.4 1A g! 6 M KOH 51
Mango-stone ZnCl, + KOH 1,497.8 353.8 05A ¢! 6 M KOH 2
Wood scraps CO, + KOH 703.5 285.6 10 mA cm™ 1 M Na,SO, 3
Paper flower ZnCl, + CO, 1,801 118 1Ag! 1 M H,SO, 4
Jute fiber HTC + KOH 1,902 346 1Ag! 6 M KOH 3
Toboco rods HTC + KOH 2,115 287 05A ¢! 6 M KOH 56
Microalgae HTC + KOH 2,876 280 1Ag! 1 M H,SO, 37
Amaranthus Direct 1,172 326 05Ag! 6 M KOH 58
carbonization
Perilla Direct pyrolysis 655 270 05A¢g! 6 M KOH »
frutescens
Jute sticks Direct pyrolysis 2,000 150 1Ag! KOH/ 60
Glycerol-gel
Betel nut HNO, NA 423 0.5A g! 6 M KOH ol

The carbonizing temperature influences the element compositions and the degree of
graphitization directly, and the main products are CO, CO,, and H,O. Besides, the
overall N and S contents in the BCMs generally decrease when the annealing tem-
perature increases. Meanwhile, temperature also influences the chemical states of
heteroatoms.?” In the carbonizing process, the annealing time is an important factor
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that is closely related to temperature. A long annealing time at low temperatures
will result in the formation of more char and tar. The high-temperature carboniza-
tion with a long annealing time is suitable for producing BCMs with less heteroatom
and higher graphitization degree. Carbonization processes are generally carried out
in inert gases, such as nitrogen and argon. These inert gases will not react with the
biomass during the heating process, providing a suitable environment for carboniza-
tion. Some other reactive gases can be used to modify the chemical compositions or
introduce new elements during the carbonization of biomass.?

3.2  ACTIVATION

Activation is the most convenient method to increase the surface area of carbon
materials and adjust the mesopore/micropore proportion.

3.2.1 Physical activation

Physical activation usually uses a two-step process. Biomass material is first pyro-
lyzed to produce biochar (400-850°C), which is then activated by regulated gasifi-
cation (600-1,200°C) utilizing gases, such as CO,, steam, air, or their mixture.*
Subsequently, controlled gasification can facilitate the as-prepared biochar to proceed
a further decomposition and obtain a fully developed, accessible, and interconnected
porous structure. The development of porosity often results from carbon calcination
and volatile substance generation and greatly depends on the activating gas, and the
extent of carbon calcination is affected by activation temperature, time, gas flow rate,
and choice of the furnace.* In general, the higher activation temperature can result in
larger SSA and micropore volume; however, a higher temperature above 900°C leads
to pore deformation.*! Rising activation time favored the micropores and mesopores
generation, but overly prolonged activation time (>60 min) resulted in the collapse
and deterioration of pores* because the development and widening of micropores
were less effective than the deterioration of high porosity.*?

3.2.2 Chemical activation

For chemical activation, the precursor is first impregnated with certain chemicals,
followed by carbonization at a temperature from 450 to 900°C. Compared with phys-
ical activations, chemical activations have several advantages: (1) the pores are well
developed and pore size is more controllable; (2) carbon yield is high; (3) pyrolysis
temperature is lower and the activation time is shorter; (4) carbon materials possess
high SSA.** However, the washing process is necessary due to the corrosive proper-
ties of activating reagents. Various activating regents have been used, such as KOH,
NaOH, H,PO,, ZnCl,, MgCl,, FeCl,, and K,CO;. Acting as an oxidant and creating
oxygen functional groups on biochar, KOH is the most frequently used chemical acti-
vation agent.¥ During the chemical activation process, micropore formation is initi-
ated by adding activation agents to the raw material at the beginning. Pore widening
results from enlarged existing micropores, due to higher activation agent dose, higher
activation temperature, or longer reaction time. Thus the micropores are widened and
even collapsed, which can contribute to micropore volume reduction and mesopore
volume growth.*¢ To achieve the optimal SSA and pore-size distribution, micropore
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formation and mesopore growth should be well balanced. For different biomass
materials, suitable activation and process conditions should be carefully selected to
obtain appropriate physicochemical properties and surface chemistry, thus further
achieving excellent electrochemical performance in their applications.

3.2.3 Self-activation

Unlike chemical and physical activation, no additional activation reagents are needed
for preparing BCMs. Self-activation process contains two activation mechanisms.
One is utilizing the gases emitted during the pyrolysis process of biomass to activate
the converted carbon (physical self-activation). Another one is making use of the
inorganic materials (like K*) already existing within the biomass to in-situ activate
the converted carbon (chemical self-activation).*’

3.3 TEMPLATE METHOD

To control the porosity of BCMs for specific applications, template methods, includ-
ing hard templates and soft templates have been adopted. By using hard templat-
ing/nano-casting approaches, the obtained carbon materials reversely replicate the
morphology of templates and can also be adapted to introduce more mesopores in
the resulting carbon matrix.*® Up to now, various architectures have been prepared,
such as ordered mesoporous carbon (OMC) matrix, hierarchically porous carbon
monoliths, carbon nanosheets, carbon spheres, as well as peanut-like carbon. By
the soft-templating method of block-co-polymer micelles, OMC materials have also
been prepared using biomass, like fructose and dopamine, as carbon precursors.*
This soft-templating method simplifies the production of porous carbon greatly by
avoiding the step of removing the template. Template methods provide advantages in
controlling morphology and porous structure, but the largest challenge is the use of
the template, which involves time-consuming steps and high-cost expenses.>

3.4 HYDROTHERMAL CARBONIZATION

Hydrothermal carbonization (HTC) is a powerful method that converts biomass into
BCMs in a subcritical water state. There are three kinds of reactions in the HTC pro-
cess, dehydration of the biomass, polymerization of the fragments, and carbonization
via intermolecular dehydration. By modifying the reaction conditions, it is easy to
realize the precise control of the BCMs including structure, component, and mor-
phology. The main controllable parameters of HTC can be summarized as biomass
precursor, temperature, residence time, and doping. There were a lot of works about
synthesizing globular BCMs by HTC of different saccharides, including glucose,
sucrose, starch, sugar, and others.3!

3.5 MICROWAVE-ASSISTED CARBONIZATION (MAC)

MAC is a facile approach to the carbonization of biomass. The mechanism of MAC
is the conversion of electromagnetic energy into heat within the material being irradi-
ated, which offers several advantages compared with conventional heating, such as non-
contact volumetric heating, rapid heating, heating from the interior of materials, high
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safety level, quick start-up, and stopping.>> However, the high temperature and the rapid
heating rate will cause the rapid weight loss of the biomass precursors. Compared with
other carbonization methods, the pyrolysis of biomass in MAC is easier and faster, which
enables the effective doping effect to tune the structures and components of BCMs.3

3.6 MOLTEN SALT CARBONIZATION

The hydrothermal reaction usually ends at around 200°C because of the limitation of
solvents boiling. After high-temperature pyrolysis, the final carbon structures shrink
significantly due to mass loss. On the contrary, molten salt carbonization, with much
higher heat capacity, can provide a much wider operating temperature window. In addi-
tion, the carbonaceous material mechanically stabilizes against shrinkage because of
the molten salt, resulting in a greatly enhanced yield.** Molten salt carbonization is an
efficient and green method to prepare carbon materials from biomass.>

3.7 LASER-INDUCED CARBONIZATION (LIC)

The laser can produce an extremely high temperature within a short time and thus it
can be used to induce the carbonization of biomass. As for biomass, the high carbon-
ization temperature and rapid heating rate of laser processing will cause burning and
rapid weight loss of the biomass precursors.>

In short, each of the above carbonization methods for biomass has advantages
and drawbacks, as summarized in Table 6.2. All these aspects should be considered
while choosing carbonization methods for the preparation of BCMs.

TABLE 6.2
Characteristics of the typical carbonization methods of biomass
Operating
Method temperature Preponderances Shortcomings
« Facile control
Pyrolysis * Wide operating temperature e Uneven heating
carbonization ~3,000°C * Controllable atmosphere  High-energy consumption
Activation 600— ¢ Convenient to regulate SSA and pores * Difficult regulating the
1,200°C « Diverse activating reagents activation parameters
e Low energy consumption  Activating reagents pollution
Template - ¢ Regulate the morphology and porous ¢ Time-consuming steps
method structure ¢ Need to remove the template
Hydrothermal =350°C * Homogeneous carbonization * Low carbonization temperature
carbonization « Fitting for nanostructural control « Low graphitization degree
« Easy doping
Microwave =1,000°C ¢ Rapid and volumetric heating * Difficult temperature control
carbonization * Material-selective carbonization ¢ Bad reproducibility
* Low energy consumption e Lab-scale
Laser-induced >2,500°C e Ultrafast and local heating ¢ Surface carbonization
carbonization * Pattern-designable carbonization e Large biomass loss

e Low energy consumption e Lab-scale
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4 STRUCTURE OF BIO-CARBON AND
SUPER-CAPACITIVE PERFORMANCE

4.1 PORE STRUCTURE AND SPECIFIC MORPHOLOGIES

During the charging and discharging of SC devices, the wide pore-size distribution
of BCMs plays an important role in enhancing their electrochemical performance.
Macropores (=50 nm in size) serve as ion buffers for mesopores and micropores,
while mesopores (2-50 nm in size), also known as transition pores, provide efficient
ion diffusion, and micropores (<2 nm in size) are used to store charges (Figure 6.2a).5
In the case of hierarchical porous carbon, there is an interconnection between these
different pore-size structures, which facilitates the diffusion of electrolyte ions inside
the channels. Meanwhile, the pore structure of carbon materials can be made to
have hierarchical pores in two-dimension (2D) or three-dimension (3D) to facilitate
ion transport and provide a robust interface for charge storage.’® A porous carbon
with macropores, mesopores, and micropores well-distributed in 2D or 3D with
low-resistant ion transport paths is ideal for EDLCs.>

4.2 HETEROATOM-DOPING

Heteroatom-doping can significantly adjust the surface properties of carbon elec-
trode materials, such as conductivity, wettability, and pseudocapacitance.®® The dop-
ing pattern can be divided into self-doping and external doping. For self-doping, it
can be transformed into heteroatom-contained carbon by simple one-step carboniza-
tion without the addition of any other doping agents. For external doping, the doping
agents normally include melamine, urea, phosphoric acid, etc. Table 6.3 illustrates
some biomass-derived heteroatoms-doping carbon materials and their application in
SCS'61—75

4.2.1 N-doping carbon

Nitrogen (N), the most common doping element, is similar to a carbon atom for
radius, which can maintain the original carbon skeleton. The N atoms in the car-
bon structure mainly emerge with four states, including pyridine-N, pyrrole-N,
quaternary-N, and oxidized pyridine-N (Figure 6.2¢).”® N atom has one more electron
in the valence electron layer than the carbon atom, resulting in the increased conduc-
tivity of N-doping carbon materials due to the electron donor of the N atom. At the
same time, the large electronegativity of N can improve the hydrophilicity and make
the carbon electrode fully in contact with the aqueous electrolyte.”’

4.2.2 S-doping carbon

The radius of the S atom is larger than that of the carbon atom, resulting in the
deformation and destruction of the original carbon structure with the introduc-
tion of the S atom, which leads to lots of defects used as redox-active sites to
increase the capacitance for supercapacitors.”® The S atoms doped in carbon mate-
rials mainly exist in many forms of thiol, thiophene, thioether, sulfoxide, sulfonyl,
etc. (Figure 6.2d).
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FIGURE 6.2 (a) Schematic representation of the different sizes of pore structures. Reprinted
with permission.’” Copyright 2018, Wiley. (b) Schematic illustration of heteroatoms-doped
porous carbon derived from biomass sources and types of nitrogen (c), sulfur (d), and phos-
phorus (e) functional groups in the carbon matrix. Reprinted with permission.”® Copyright
2020, Elsevier.

4.2.3 P-doping carbon

Phosphorous (P) elements, belonging to the same main group as N, have similar
properties of N as a doping element in carbon material. However, the carbon skeleton
structure doped with P is easy to deform, causing a ripple effect due to the larger atom
radius of P° The presence of P atoms in carbon materials improves the electronic
distribution, wettability, and additional capacitance, thereby enhancing their electro-
chemical performance.® Interestingly, the P incorporation also can even broaden the
operating voltage.?! Since the reduced state of the P element is not stable, P eventu-
ally exists in a certain degree of oxidation state. The main forms are phosphine,
alkoxy phosphine, phosphorus oxide, phosphonic acid, and so on (Figure 6.2e).

4.2.4 Other heteroatom-doping carbon

The doping of other heteroatoms in biomass-based carbon material, such as oxygen
(O) and boron (B), has also received much attention in improving electrochemical
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TABLE 6.3
The heteroatom contents and corresponding electrochemical performances
of BCMs

Heteroatoms SSA C, Current density
Precursors (at %) m2g") (Fg™) (Ag™ Electrolyte Ref.
Pomelo peel 0 (7.84) 38.44 222.6 0.5 6 M KOH 61
Coffee bean P (13.3) 742 157 1 1 M H,SO, 02
Soybean N (1.43) 2,130 258 0.2 1 M H,SO, 6
Watermelon N (2.48) 1,958 3334 1 6 M KOH o4
rind
Soybean milk N (2.4) 1,208 240.7 1 6 M KOH 05
Houttuynia N (7.22) 2,090 473.5 1 6 M KOH 66
Poplar power N (8.7) 1,612 508 1 6 M KOH o7
Celery stem N (7.9) 1,640 402 1 1 M H,SO, 68
Bamboo fiber S(2.2) 2,561 328 1 1 M H,SO, 0
Wood P (9.24) 958 384 1 mA cm™ 6 M KOH 0
Elaeocarpus P(8.1) 858 358 0.2 1 M H,SO, 7
tectorius
Dragon fruit 0 (22.26) 911.2 286.9 0.5 2 M KOH 72
skin
Jujube pit 0 (6.7) 2,438 398 0.5 6 M KOH 73
Pitch and 0 (6.79) 2,361 324 0.5 6 M KOH 74
sawdust
Dandelion fluff N (2.2), B (4.6) 1,420 355 1 6 M KOH B

performances (Figure 6.2b). The obtained BCMs exhibited a high degree of hydro-
philicity due to abundant heteroatoms, conducive to the transport of electrolyte ions
and electrons in the carbon electrode and the improved electrochemical perfor-
mances. The heteroatom-doping content in BCMs is closely related to the tempera-
ture of carbonization or activation processes. It is found that the heteroatom content
gradually decreases along with the enhancement of conductivity via the increased
graphitization degree at higher carbonization temperatures.®? Therefore, there is a
compromise between the degree of graphitization and the heteroatom-doping content
to maximize electrochemical performance.

4.3 GRAPHITIZATION DEGREE

Improving the graphitization degree of BCMs simultaneously enhances the electric
conductivity of the electrode and its surface wettability toward an aqueous electro-
lyte, which can facilitate ion diffusion and electron transfer, thus improving the elec-
trochemical performance.®? High-temperature treatment can enhance graphitization
but it is of high-energy consumption. Besides, it will also decrease the SSA and
pore volume of the BCMs. Therefore, there is a compromise between the degree of
graphitization and the pore structure to maximize electrochemical performance.3*



Biomass-Derived Porous Carbon Materials for Supercapacitors 115

Catalytic graphitization by means of a transition metal is an effective way to
obtain BCMs with a certain graphitization degree.?®> Coupling chemical activation
with catalytic graphitization enables the preparation of porous carbons with a high
SSA and excellent electrocapacitive performance.®® For instance, Sun et al.?” synthe-
sized porous graphene-like nanosheets (PGNSs) with a large SSA via a simultane-
ous activation-graphitization route using coconut shells as the precursor. FeCl; and
ZnCl,, functioning as a graphitic catalyst and activating agent, respectively, were
simultaneously introduced into the skeleton of the coconut shell through coordina-
tion of the metal precursors with the functional groups in the coconut shell, thus
making simultaneous activation and graphitization. The obtained PGNSs possessed
good electrical conductivity due to a high graphitization degree, a high SSA of
1874 m? g, a pore volume of 1.21 cm? g, and a specific capacitance of 268 F g-! at
1 A g7'in KOH electrolyte.

5 BCMS FOR ADVANCED SUPERCAPACITORS

5.1 SuprercaPACITORS (SCs)

SC is the most prominent and promising energy storage device technology, stores
energy the same way a conventional capacitor does, but they are more suited for
rapid energy release and storage. According to the energy storage mechanism, SCs
are divided into electrical double-layer capacitances (EDLCs), pseudocapacitors, and
hybrid SCs (Figure 6.3).

5.1.1 EDLCs

EDLC:s have two identical carbon-based materials used as electrodes, an electrolyte
parted by a separator. The charges can either be electrostatically stored via forming
an EDL or transferred between the electrode and electrolyte using a non-Faradaic
method. As seen in Figure 6.3,3 EDLC is illustrated with a PC electrode, with a high
SSA, and reducing the distances between the electrodes, can decrease the electrolyte
ion transport resistance and subsequently improve the power density.

Hybrid supereapacitor

> ;/ Hydrated anion

FIGURE 6.3 Schematic illustration of EDLCs (carbon electrode and KOH electrolyte),
Redox pseudocapacitance (metal oxide-MO electrode and KOH electrolyte), and hybrid
supercapacitor (carbon and MO electrode and KOH electrolyte). Reprinted with permission.®®
Copyright 2023, Elsevier.
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5.1.2 Pseudocapacitors

Pseudocapacitor is based on the redox processes of electroactive materials like metal
oxides and conducting polymers. Transferring charges between the electrode and the
electrolyte faradaically stores energy. Electrochemical energy storage via pseudoca-
pacitor involves three different mechanisms, they are adsorption/desorption (under-
potential deposition), reduction/oxidation (redox pseudocapacitor), and intercalation/
deintercalation (intercalation pseudocapacitor). Because of their poor mechanical
stability and short cycle-life, pseudocapacitors are more prone to expand and shrink
during charging and discharging cycles. Therefore, the cyclic stability of the pseudo-
capacitor will be slightly lower than that of EDLCs.

5.1.3 Hybrid SCs

A hybrid SC combines the benefits of high power density, specific capacitance, good
cycle stability of EDLCs, and high-energy density of pseudocapacitors. Faradaic
activities with EDLC charge storage improve an electrode’s specific capacitance.
Because the limiting feature of the EDLC is absent from the pseudocapacitor and
vice versa, their combination overshadows the combining component restrictions.
Hybrid SCs can be either asymmetric or symmetric, depending on the assembly of
the electrodes. In asymmetric hybrid SCs, two different electrodes are employed,
usually with a combination of an EDLC electrode and a pseudocapacitor electrode
or otherwise a combination of a battery-type electrode as anode and a capacitor-type
electrode as the cathode. Compared to the symmetrical EDLC, the hybrid SCs have
greater specific capacitance values and a higher rated voltage corresponding to
higher specific energy.

5.2 CALCULATIONS FOR THE CAPACITIVE PERFORMANCE OF SCs

Cyclic charge/discharge, cyclic voltammetry, and linear sweep voltammetry are
the most commonly performed electrochemical tests. The calculations for the main
parameters of SCs are as follows (Eqns 6.1-6.4)°:

C, =A0/(m x AV) (3 electrode system) 6.1)
C, =2 xAQ)/(m x AV) (2 electrode system) 6.2)

where C = specific capacitance; AQ = difference in charge during charge and dis-
charge cycles respectively; AV = difference in potential.

E=(CxAV»)/(2 x3.6) 6.3)
where E = energy density; C = specific capacitance; AV = difference in potential.
P=(3.6xE)At 6.4)

where P = power density; E = energy density; Az = discharge time.
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5.3 HicH capacimive SC

Specific capacitance is the basic parameter to evaluate the performance of SCs,
including mass-specific capacitance and volume-specific capacitance. The total of
specific capacitance can be defined as the sum of EDLC and pseudocapacitance
(PSC). For instance, Lu et al.%° prepared porous carbon materials with intrin-
sic defects and nitrogen doping using microcrystalline cellulose as the precursor
(Figure 6.4a,b), the obtained BCMs displayed an exceptional specific capacitance
of 426 F g7!, an excellent rate capability, and superior cycling stability. Liu et al.”
fabricated a mass of 3D O/N co-doped carbon nanosheet from woody precursor via
sequential alkaline oxidation (Figure 6.4c). The doped BCMs delivered an impres-
sive superior capacitance of 508 F g7' at 1 A g' and a long lifetime of over 12,000
cycles with 95% capacitance retention.

5.4 HicH voLumETric SC

Volumetric performance reflects how much and how fast energy can be stored in
a unit the volume of material/packed device (Figure 6.5a,b).°! °> For instance, Tao
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FIGURE 6.4 (a) A schematic of the preparation process of microcrystalline cellulose-derived
porous carbon. (b) CV curves at scan rates 5-500 mV s™! of the as-prepared sample. Reprinted
with permission.® Copyright 2019, Royal Society of Chemistry. (c) Schematic illustration of
sustainable synthesis and assembly of O/N co-doped 3D carbon nanosheet. Reprinted with
permission.”® Copyright 2019, Elsevier.
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and coworkers® have devoted much effort toward the synthesis of porous graphene
macro-assembly (HPGM) for high-performance SCs electrode, the obtained elec-
trode exhibited excellent volumetric capacitance up to 376 F cm™ with maximum
energy density as high as 13.1 Wh L-! in aqueous electrolytes Gogotsi and cowork-
ers® fabricated flexible and sandwich-like MXene/CNT composite paper electrode
with high volumetric capacitance through alternating filtration, the sandwich-like
electrode yielded a volumetric capacitance of 390 F cm™ in SCs. Despite these tre-
mendous achievements, there are still many challenges that need to be overcome on
the road to the design and synthesis of BCMs with both high gravimetric and volu-
metric performances.

5.5 HigH-rATE SC

High-rate SC can maintain high specific capacitance and fast charging/discharging
ability even under ultra-high current/scanning speed. In general, heteroatom-doped
is the main method to improve the rate performance of SCs. For instance, Zhang
and cooperators® synthesized O-doped BCMs with stacked layer texture employing
gelatin as the precursor. The as-prepared O-doped BCMs demonstrated a specific
capacitance of 276.6 F g' at 1 A g! in a two-electrode system and still retained
72.3% of capacitance retention at 100 A g~!, a large proportion of O (16.22 wt%) can
effectively improve rate performance.

5.6 HiGH-ENERGY SC

In accordance with the equation E = CAV?/(8 x 3.6), the energy density (E) of SCs
could be theoretically improved by either achieving higher electrode capacity (C,)
or by expanding the operating potential window of the device (V). Thus, the key for
high E is to find both high-capacitance material and high-voltage electrolytes. For
example, Bao Men et al.” reported high-performance N-doped BCMs derived from
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cauliflower for advanced SCs, the sample exhibits a high specific capacitance of 311
F g!. Furthermore, the energy density of the assembled symmetric SC is as high
as 20.5 Wh kg! at a power density of 448.8 W kg~!, meanwhile showing excellent
rate capability and long-term cyclic stability. Viengkham Yang et al.?” (Figure 6.5¢)
reported a new highly porous natural carbon material, that displays the specific
capacitance of 587 F g~! at 100 A g~!'. Moreover, the assembled symmetrical coinlike
SCs with the wide potential window of 2.5 V in 1 M Et,NBF,/AN organic electrolyte
offer a high-energy density of 23.7 Wh kg! at 0.629 kW kg™! with remaining 94%
capacitance over 10,000 cycles at 30 A g\

5.7 LoNG cycLe-LiFe SC

The cycle stability directly determines the service life of SC, which can effectively
reduce the cost of frequent device replacement in practical applications. Recently,
Bose Nirosha et al.”® (Figure 6.6a) demonstrated that P-doped porous carbon is pre-
pared from new biomass (Elaeocarpus tectorius), the BCMs deliver high gravimetric
capacitance (385 F g'at 0.2 A g™") in 1 M H,SO, aqueous electrolyte. Additionally,
a coin cell asymmetric SCs fabricated using this carbon works in a wide potential
window from O to 1.5 V with 96% capacitance retention in 1 M H,SO, aqueous elec-
trolyte for 10,000 cycles and yields a high-energy density of 27 Wh kg~!, showing the
utility for the development of long cycle-life electronic devices.

5.8 FiexisLe SC

The manufacture of flexible electrodes from biomass generally does not require
flexible collectors (e.g., Nickel foam), loading inactive polymer binders (e.g., PTFE,
PVDF), and conducting agents. Manufacturing electrodes with low cost, high capa-
bility, and exceptional mechanical flexibility poses one of the primary challenges
in the production of flexible SC. For instance, Dan Wu et al.”® (Figure 6.6¢,d) fab-
ricated a mass of flexible B/N co-doped carbon via a hard template and subsequent
annealing method. The B/N co-doped BCMs deliver a capacitance of 268 F g! at
0.1 A g7, the assembled flexible SC delivers a long lifetime over 15,000 cycles with
high-capacitance retention at different bending conditions.

5.9 HiGH/LOW-TEMPERATURE SC

In some situations, energy storage devices need to be applied in harsh environmen-
tal conditions, especially in severe low and high temperatures. Selecting suitable
BCMs plays a critical role in designing high/low-temperature SC that can work in
harsh environments. Bin Yao et al.'% (Figure 6.6b) fabricate a 3D-printed multiscale
porous carbon aerogel (3D-MCA) via a unique combination of chemical methods and
the direct ink writing technique. At —=70°C, the symmetric SC achieves an outstand-
ing capacitance of 148.6 F g~! at 5 mV s~!. Dan Wu et al.” (Figure 6.6¢) fabricate a
nacre-mimetic graphene-based film (CNT@PANI/rGO/TA), wherein electroactive
biomass tannin (TA) serves as glue, the obtained all-solid-state flexible supercapaci-
tor assembled with CNT@PANI/rGO/TA demonstrates a high capacitance of 548.6
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FIGURE 6.6 (a) Capacitance retention as a function of cycle number (inset: photograph
of a powered red LED). Reprinted with permission.”® Copyright 2020, Royal Society of
Chemistry. (b) Gravimetric capacitances of 3D-MCA and MCA obtained at —=70°C plotted
as a function of scan rate and capacitance ratio of 3D-MCA to MCA obtained respectively at
20°C, and =70°C plotted as a function of scan rate. Reprinted with permission.!®® Copyright
2021, ACS. (c) Optical images of BCMs film in the flat, bent, tailored, and different folding
states, respectively. (d) CV curves at 10 mV s~! for different bending angles. (e) specific capac-
itance versus different current densities (1-20 A g™'). Reprinted with permission.”® Copyright
2021, Royal Society of Chemistry.

F cm™ and outstanding rate performance of 70.5% from 1 A g' to 50 A g™'. Even
at —40°C, the specific capacitance of the supercapacitor is up to 454.9 F cm=, and
approximately 83% of the capacitance is delivered at room temperature.

6 CONCLUSION AND OUTLOOK

In summary, the applications of plentiful biomass in fabricating BCMs with excel-
lent electrochemical behaviors for supercapacitors (SCs) are sustainable and low
cost. The electrochemical performance such as the specific capacitance, energy and
power densities, rate performance, and cycling stability is strongly dependent on the
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chemical composition, SSA, pore structure of the biomass precursors, and experi-
mental conditions. Therefore, it needs proper design in the selection of precursor
material and appropriate pyrolysis or activation method to attain well-quality BCMs.
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7 Carbon-Based Fibers
for Supercapacitors

Tieqi Huang

1 INTRODUCTION

Carbon-based fibers are normally carbon-based materials with high length-diameter
ratio, showing linear/semi-linear shapes with nano-, micro-, or macro-sized in
length. They are derived from numerous methods, typically from the precursors of
graphene, carbon nanotube (CNT), or polymer and pitch, with more than 160 years
of history.! Since last century, the carbon-based fiber industry has been greatly pro-
moted due to the explosive consumption of advanced high-performance materials,
triggering accelerated improvements of carbon-based fiber electrodes for superca-
pacitors in specific fields.

They often have unique intrinsic properties of satisfactory strength, consider-
able flexibility, outstanding conductivity, and ideal surface, making them suitable
for supercapacitors. They can be assembled into yarns, fabrics, and other flexible
materials for special energy-supplying systems in smart clothing, flexible electron-
ics, and wearable devices. According to the material characteristics of the prepared
carbon-based fibers, they can be used as electrode materials or current collectors for
supercapacitors, or even as substrate materials to load other highly active materials.
Therefore, carbon-based fibers have significant value in manufacturing portable and
deformable supercapacitors.

In comparison with other carbon-based materials, unidimensional structural
design usually brings about more regular carbon frameworks, basically leading to
highly oriented building blocks. Generally, this indicates more conductive networks
and stronger mechanical strength than non-fiber carbon assemblies, which on the
other hand inevitably attenuates the specific surface area (SSA) and sacrifices the
bulk electrochemical performance. To note, it is usually a trade-off consideration to
balance the mechanical and electrochemical properties of carbon-based electrodes,
which should depend on the specific application demands in principle. With respect
to carbon-based fibers, their potential application mainly relies on the surface-related
field with requirements of flexibility and durability. Typically, surface engineering
projects can enable carbon-based fibers with porous and hollow inner structures for
efficient surface capacitive processing. Another huge difference between fiber-shaped
and non-fiber-shaped carbons is the electrode preparation process. Most carbons
need the help of binders to fabricate composite materials on additional metal current
collectors as supercapacitor electrodes, making them inappropriate for flexible and
wearable devices. On the contrary, carbon-based fibers can be used as binder-free
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and self-standing electrodes directly, which broadens the scope of the application
scenario of supercapacitors. Thus, carbon-based fibers have their irreplaceable mer-
its in enlarging the supercapacitor application limits for special cases.

This chapter mainly introduces the relevant preparation methods of carbon-based
fibers and their corresponding application status in supercapacitors, as well as related
challenges and prospects in nowadays.

2 FABRICATION OF CARBON-BASED FIBERS

Fabrication of carbon-based fibers is vital in determining the key chemical and struc-
tural properties of obtained electrodes, which further influence the supercapacitor
behavior as a result. As aforementioned, introduced carbons aiming at supercapaci-
tor electrodes can be used directly or as a substrate to anchor electrochemical active
materials, which depends on the organization states of carbon and other heteroatoms.
Typically, commercially produced and widely researched carbon-based fibers can be
classified into three types due to the skeleton precursors, including graphene (oxide)
fibers, CNT fibers, and carbonaceous fibers. Each category of preparation approach
emphasizes the rational design of electronic conductivity, shape plasticity, and sur-
face constructability of carbon-based materials, which are fully studied by numer-
ous characterizations such as scanning electron microscope (SEM) and transmission
electron microscope (TEM). This section will discuss the general manufacturing
strategies of corresponding fibers in detail.

2.1 GRAPHENE (OXIDE) FIBERS

One of the important technologies for fabricating graphene-based fibers is the
wet-spinning strategy. Wet-spinning method was initially utilized to achieve highly
flexible graphene oxide (GO) fibers by Gao’s group (Figure 7.1a),> which is the sub-
sequent work of their previous finding that GO in suitable aqueous solution shows
macromolecular liquid crystals due to electrostatic repulsion.? Additionally, by injec-
tion of GO hydrogel into liquid nitrogen within the followed freeze-drying treatment,
numerous macro- and micro-pores can be generated inner the wet-spun GO fibers
with ice-induced alignment (Figure 7.1b).* The obtained oriented aerogel fiber can be
reversibly folded and stretched, endowing it with potential application in pressable
and bendable fabrics. For following treatments, annealing® and doping® can efficiently
improve the conductivity of graphene fibers, and optimizing the surface chemistry
is beneficial to mechanical strength.” Besides, this wet-spinning strategy was used to
prepare GO two-dimensional films? and three-dimensional aerogels’, indicating the
universality and versatility of this technology in GO-based constructing. In addi-
tion, the wet-spun GO fibers can be further interfused into nonwoven fabrics when
they are in liquid-crystal states (Figure 7.1c), which are composed of linked short
GO ribbon-like sheets.!” After hydrothermal reduction, the shank nonwoven fabrics
displayed good flexibility and high surface area, showing outstanding performance
in wearable electrodes.!" Interestingly, the fusion and fission of GO fibers within
water is reversible due to solvent evaporation and infiltration, meaning that a number
of macroscopic fibers can fuse into a thicker one and can also separate into origi-
nal individual fibers under the stimulation of solvents.!> Additionally, Cheng’s group
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used basified GO with non-liquid-crystal properties to obtain graphene-based fibers,
which indicates the generality of wet-spinning skills for fabricating graphene-based
fibers under rational parameters.'?

Also, there are other methods to realize the scalable preparation of graphene or GO
fibers. Gao’s group used blow-spinning to extrude GO dope with selected high-level
viscosity (Figure 7.1d), showing a high preparation speed of 550 m min~'."* The fibers
lapped on each other to form interconnected mats, joining into united fabrics with
high flexibility on drum collector. Electrospinning had been successfully realized
by Gao’s group to fabricate nanofibers with linked networks.!> Moreover, templating
methods have been proposed to guide the skeleton forming of GO from fluid disper-
sions to steady hydrogels. Qu’s group used a sealed pipeline to force the densification
of GO aqueous solution under hydrothermal conditions, also achieving GO fibers
with plentiful micro-nano structures and satisfactory mechanical strength.'® As dis-
played in Figure 7.1e, Terrones’s group proposed a preparation method by scrolling
a piece of centimeter-sized sprawl GO film into a strong fiber, showing a helically
twisted surface structure with fused inner connections.!” Zhu’s group invented a fac-
ile method to obtain graphene fibers by directly drawing CVD-graphene film out of
ethanol solvent using a tweezer, depending on graphene’s different behavior in water
and ethanol and the capillary force from the surface meniscus.'
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FIGURE 7.1 Some preparation methods for graphene (oxide) fibers. (a) Wet-spinning pro-
cess of GO fibers from GO dispersion across coagulation bath, and the optical and SEM image
of obtained GO fiber. Reprinted with permission from ref.2. Copyright 2011 Springer Nature.
(b) GO aerogel fiber and its oriented porous structure, as well as its SEM images showing
folded and stretched states. Reprinted with permission from ref.*. Copyright 2012 American
Chemical Society. (c) GO nonwoven fabrics assembled from GO fibers, their polarization
microscope image showing liquid-crystal state and SEM image after drying. Reprinted
with permission from ref.'?. Copyright 2016 Springer Nature. (d) High-speed blow-spinning
process of GO fibers, and the optical and SEM images of the resulted fiber-connected mat.
Reprinted with permission from ref.'*. Copyright 2021 American Chemical Society. (e)
Optical image of GO film and SEM images of film-derived scrolled helical fiber. Reprinted
with permission from ref.””. Copyright 2014 American Chemical Society.
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Graphene (oxide) fibers are mostly composed of folded graphene (oxide) sheets by
strong interlayer interactions, while the edges of these sheets extend to the surface
and create numerous crumples. These unique structure properties enable graphene
(oxide) fibers with efficient electron pathways and abundant surface area.

2.2 CNT FIBERS

The development of CNT-based fibers initially benefited from research on chemical
vapor deposition (CVD) technology. Initially, laser-vaporization skills,"” floating cata-
lytic decomposition technology,?® and vertical floating technique?' had been proposed
to self-organize CNTs into winding microsized nanofibers, as well as the innova-
tion of continuous spinning of CNT fibers on modified procedures was reported by
Windle’s group.?? By drawing CNT aerogel at various winding rates, fiber orienta-
tion, assembly density, and mechanical properties of spun CNT fibers can be precisely
controlled.?? Li’s group upgraded the spinning technology by using water densifica-
tion through a water tank (Figure 7.2a), leading to a continuous CNT sock fabrica-
tion with a kilometer-level production stream achieved.’* The prepared yarns had a
unique “tube-in-tube” hollow structure, which boosted the mass flow of electrolytes for
energy storage systems. Wet-spinning technology had also been carefully researched
as an efficient preparation tool to get CNT fibers. As reported by Poulin’s group, by the
sequential processes of surfactant dispersing, nanotube recondensing, and mesh col-
lating, indefinitely long-aligned CNT fibers can be prepared.>> Another modification
related to the introduction of chlorosulfonic acid as the solvent to disperse CNTs by
Pasquali’s group?® which induced CNTs to form liquid crystals for wet spinning.

CNT arrays or forests could be directly drawn to make macroscopic fibers when
they were superaligned and the interstitial interaction of nanotubes was strong
enough. In 2002, Fan’s group reported the fabrication of CNT fibers by simply draw-
ing the CNT arrays into controllable bundles with strong orientation (Figure 7.2b),?’
which was mainly attributed to the van der Waals interactions during aggregation
and Joule heating. Afterward, they found that condensing the obtained CNT fibers
by solvent can efficiently improve the regularity and tightness of assembled bundles,
which can be realized by pulling bundles through an organic solvent membrane
(Figure 7.2¢).?8 Besides, twisting the yarns from CNT forests had been demonstrated
as another simple method to obtain macro fibers. Baughman’s group used a rotating
spindle to attach a drawn yarn to obtain twisted CNT fibers due to the numerous
contacting surface area of CNTs.?? Also, twisting CNT-assembled film into fibers
is feasible, which had been researched by Baughman’s group initially.3° Biscrolling
process had been developed to fabricate spirals by twisting different components,
making multifunctional hybrid yarns that can load varying guest materials.

CNT fibers are usually composed of bundles of CNTs by strong intertube forces
with moderate interstitial structures, ensuring the CNT fibers with outstanding
toughness, considerable strength and abundant surface area.

2.3 CARBONACEOUS FIBERS

Carbonization of precursor fibers has been largely promoted to be an important and
mature strategy to prepare carbonaceous fibers. The mechanical properties such as
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FIGURE 7.2 Some preparation methods for CNT fibers. (a) CVD synthesis and following
spinning set-up for the preparation of continuous CNT yarn by water tank and acetone bath,
and the optical and TEM images of obtained oriented CNT yarn. Reprinted with permis-
sion from ref.?*. Copyright 2010 John Wiley and Sons. (b) Directly drawing CNTs from a
two-dimensional superaligned array into a CNT nanoribbon-like yarn, and the SEM image
of the aligned inner fiber structure. Reprinted with permission from ref.?”. Copyright 2002
Springer Nature. (c) Ethanol-induced shrinking CNT ribbon yarn for a tight yarn, and the
illustrated shrinking mechanism and the SEM image showing a superaligned inner structure.
Reprinted with permission from ref.?®. Copyright 2006 John Wiley and Sons.

tensile strength and electric conductivity of obtained carbon fibers extremely depend
on the chemical and structural properties of precursors, as well as the detailed car-
bonization processes. There are mainly two kinds of carbonaceous fiber precursors,
biomass materials and spinnable molecules.

As early as the 1880s, biomass extracted from plants had been carbonized through
gas furnaces in absence of air, creating identical replicas of carbon derivates.’!
Initially, cellulose nanofibers were first prepared by homogenizing wood fiber in
1983.32 In nature, fiber-shaped building blocks are the important components of some
biomass, which can be thermally treated to obtain carbonaceous fibers directly.?
The degradation of hemicellulose, cellulose, and lignin occurs at 220-320, 320-400,
and 200-600°C, respectively.’* The superiority of biomass-originated fibers lies in
the fact that the sources are cheap, abundantly available, sustainable, and versatile.
On the other hand, this method still suffers from unsatisfactory performance of
low mechanical strength and conductivity, which is due to the intrinsic short fiber
precursors.

Spinnable molecules (especially specific polymers) have attracted wide attention
due to their outstanding ability to assemble continuous fibers due to controllable
regularity, shape, roughness, diameter, and length. In a typical process of spinning,
the precursors are stretched by extra forces before and after solidification into fibers
if necessary. Some materials can be directly melted into suitable fluid with ideal
viscosity for following spinning®, while others should be dispersed in a solvent
to be spun. As an important carbon source, the pitch can be melted for spinning
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directly due to the stable chemistry under high temperatures.3® Up till now, numer-
ous sub-technologies of spinning have been developed to deal with giving systems
of precursors, including stretch-spinning, blow-spinning, electrospinning, and
centrifugal-spinning (also called rotary-jet spinning). Electrospinning is one of the
most suitable technologies to prepare insulated polymer nanofibers, which applies
high voltage between the syringe and the collector to stretch the polymer viscous dis-
persion into one-dimensional material (Figure 7.3a).3” Polyacrylonitrile (PAN), due
to its instability at high temperatures and excellent solubility in common organic sol-
vents, is more suitable to be spun under low temperatures rather than melted-spun,
except for the introduction of plasticizers.’® Recently, blow-spinning technology has
been largely advanced to achieve nanofibers.*® In a typical blow-spinning system
(Figure 7.3b), spinning dope that is placed in the inner nozzle is blown by air pressure
from the outer nozzle, leading to a linear viscous dope on to collector for fiber col-
lection.*! As an important supplement to spinning techniques (Figure 7.3c), polymer
emulsions and suspensions can also be centrifugally spun into fibers without the
need for high-voltage powering.*> Furthermore, some monomers such as aniline®
and pyrrole** can also be polymerized by designed chemistry surroundings to spin
into fibrous polymers, which can be carbonized into carbonaceous fibers for further
applications. These spinning technologies aim at manufacturing different kinds of
fibers in corresponding applications, e. g. microsized fibers for textiles and nanosized
fibers for additives.

The carbonization process for organic precursors fibers into highly connected
graphitic networks is realized by reorganizing organic chains, during which time
polymers lost most heteroatoms and main carbon skeleton forms. To note, the
pre-oxidization of polymers has been proven a necessary process to stabilize poly-
mers for following high-temperature treatments, which involves complicated chemi-
cal conversion and structural arrangement.> Two or more processes with step-up
temperatures from 1,000 to 3,000°C under an inert atmosphere have been added into
the preparation of final carbonaceous fibers, resulting in increasing density, modulus,
strength, and conductivity.
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FIGURE 7.3 Some preparation technologies for carbonaceous fiber precursors. (a)
Schematic illustration of the electrospinning process. Reprinted with permission from ref.?’.
Copyright 2017 American Chemical Society. (b) Schematic illustration of the blow-spinning
process. Reprinted with permission from ref.*. Copyright 2011 John Wiley and Sons. (c)
Schematic illustration of centrifugal-spinning process. Reprinted with permission from ref.*2.
Copyright 2010 American Chemical Society.
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Carbonization for carbon-based fiber preparations is always energy-costing
and time-wasting due to various thermal annealing processes and a series of pre-/
pro treatments. On the other hand, the obtained carbonaceous fibers have uniform
chemical and structural properties with smooth surfaces, making them strong yet
brittle.

3 APPLICATIONS IN SUPERCAPACITORS

Supercapacitors, as the aforementioned chapters discussed, show irreplaceable con-
tributions in some application fields that need high power density, long-working
lifespan, and durable environmental adaptability. In brief, there are two branches of
supercapacitors that involve carbon-based materials, including electrochemical dou-
ble-layer capacitor (EDLC) and pseudocapacitors.** Commercially, activated carbon
has been used for supercapacitors of EDLC type for the last two centuries, mainly
due to the rich raw sources, high electronic conductivity, and satisfactory surface
area.”’ For ordinary supercapacitor electrodes, active materials and binder should be
mixed and spread on the current collector into bulky and rigid electrodes. The intro-
duction of pseudocapacitive materials such as conductive polymers and metal oxides
largely improves the specific capacitance (Cs).

In comparison with traditional materials that are normally in powder states for
three-dimensional electrodes of supercapacitors, carbon-based fibers have unique
advantages in size, continuity, flexibility, and weavability, meaning that they can
directly assemble into self-standing macro materials without using binders. These
outstanding merits lead to explosive research and findings in the field of flexible,
bendable, and portable supercapacitors. Furthermore, these mini-sized fibers facili-
tate the assembling of microdevices, which are used in specific applications that need
energy-powering systems in tiny size. This part will introduce in detail the research
advances of carbon-based fibers in supercapacitors.

3.1 DEVICE CONFIGURATION AND CONSTRUCTION

For atypical energy storage system, the power-supplying device is usually constructed
from positive electrodes, negative electrodes, electrolytes, separators, current collec-
tors, and device packages. A supercapacitor normally contains all the above units
when assembled into devices, while their electrodes can be the same if needed.*® For
a conventional device, a viscous and uniform dispersion containing active materials
(such as activated carbons), binders, and conductive additives is spread onto the col-
lectors with a uniform thickness of hundred micrometers. After drying, the two elec-
trodes are separated by a separator and then are imbedded into a package filled with
electrolytes in button cells or spiral wounds.* Besides conventional electrode prepa-
ration patterns, carbon-based fibers, as important members of smart fibers, can also
be used for fiber-shaped electronics, especially meeting the needs for fiber-shaped
energy-powering system.>® Carbon-based fibers can be used as both self-standing
substrates and active materials for EDLC’s type energy storage, or as only conductive
substrates to anchor redox materials for pseudocapacitive performance. To note, the
fabrication of such electrodes without polymer binders, conductive additives, or even
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current collectors can improve the proportion of active materials, which as a result
will increase the energy density of the whole device.

At present, four main types of supercapacitor devices have been designed to make
use of the unique properties of carbon-based fibers:

1. Planar-structured supercapacitors (shown in Figure 7.4a). Similar to con-
ventional supercapacitors, carbon-based fibers can be assembled into inter-
connected woven or nonwoven mats with numerous pores generated, and
two mats can be packed into one supercapacitor device. Han’s group has
used wet-spinning technology to fabricate two-dimensional mats that are
composed of GO fibers, showing a Cs of 188 F g! at a scan rate of 5SmV s~!
when packed in a planar supercapacitor device.>!

2. Parallelly-constructed fiber supercapacitors (shown in Figure 7.4b). Two
carbon-based fibers or bundles can be placed parallelly with a small gap on
a substrate, followed by coating suitable gel electrolytes and assembling into
supercapacitor devices. Gao’s group used reduced wet-spun GO fibers from
liquid-crystal GO aqueous solution to make parallelly constructed fiber
supercapacitors, with 3.3 mF cm=2 at I0mV s~! obtained for flexible superca-
pacitors.”> Chen’s group mixed CNTs and GO sheets to make porous fibers
by treatments of hydrothermal and doping reactions, showing high SSA yet
good electronic conductivity with Cs of 300 F cm=.%* Cheng’s group used
basified GO dispersions for continuous wet-spinning of GO fibers, which
after reducing had been assembled into parallel-arranged linear superca-
pacitors and showed 279 F g~! at a current density of 0.2 A g-'.13

3. Twisted-constructed linear supercapacitors (shown in Figure 7.4c). A
carbon-based fiber or a bundle of carbon-based fibers can be coated with thin
gel electrolytes, two of which can be further assembled into linear superca-
pacitors by twisting each other. Peng’s group used in situ polymer-anchored
CNTs fiber to twist into linear supercapacitors, resulting in outstanding
electrochemical performance of this flexible device (274 F g! at current
density of 2 A g!).>* Similarly, Peng’s group introduced pseudocapaci-
tive materials of manganese dioxide into the carbon nanotube bundle, also
obtaining high-performance flexible supercapaictors.>

4. Core-sheath linear supercapacitors (shown in Figure 7.4d). A carbon-based
fiber or a bundle of carbon-based fibers functions as the core, while a layer
of active covering functions as the sheath. The core and the sheath are sepa-
rated by a thin layer of gel electrolyte. Peng’s group used aligned carbon
nanotube fiber as the core and aligned carbon nanotube sheet as the sheath
to fabricate a coaxial linear supercapacitor, which can be further woven in
common textiles.’® Similarly, Gao’s group used wet-spun GO fiber as the
core to coat gel electrolyte as the separator, followed by coating another
layer of GO as the sheath and reducing into a flexible supercapacitor.>’

The listed four kinds of supercapacitor configurations have respective application
requirements for corresponding carbon-based fibers. As different carbon-based
fibers display different properties such as electronic conductivity, surface area, and
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FIGURE 7.4 Schematic illustrations of four typical configurations. (a) Planar-structured
supercapacitors. (b) Parallel-constructed fiber supercapacitors. (c) Twisted-constructed linear
supercapacitors. (d) Core-sheath linear supercapacitors. Reprinted with permission from ref.\.
Copyright 2020 American Chemical Society.

especially mechanical behavior, supercapacitor configuration should be carefully
investigated and evaluated for the most suitable condition for assembling superca-
pacitor devices based on carbon-based fibers.

3.2 PERFORMANCE OF CARBON-FIBER ELECTRODES

In this part, carbon-fiber electrode (CFE) is defined as an electrode that is composed
of carbon-based fibers without the introduction of additional gest pseudocapacitive
materials. In common, carbons without structural or chemical modifications display
EDLC behavior® which possess high power density but low energy density due to
the intrinsic physical adsorption/desorption of ions.”® Another important issue is
that the real processes of electrochemical reactions for carbon-based fibers are far
from the theoretic behavior of a single unit, which is due to the assembling mode of
carbon-based fibers. For graphene-based fibers, most graphene-based fibers have an
SSA of only 100-500m?g!, while the theoretical surface area of a single perfect
graphene sheet reaches as high as 2,630m?g~".%° For a single CNT of CNT-based
fibers, the inner structure is normally dense due to compact carbon linkage, and the
surface is too smooth to provide sufficient reaction sites. This structural property
hinders the ion transmission into the nanotube bulk while the number of attached
ions is basically unsatisfactory, commonly showing unideal electrochemical perfor-
mance.® Therefore, the structural and chemical modifications on carbon-based fibers
have been greatly innovated and studied these years, in order to meet the require-
ments of new-generation high-performance supercapacitors.®> To realize the goal of
boosting real active surfaces, researchers have proposed numerous strategies includ-
ing post-treatment activation, fiber-shaping modification, and heteroatom-doping
construction.

The precise process design of fiber shaping has an intrinsic influence on the prop-
erties of obtained carbon-based fibers. Pore size, pore distribution, electrolyte wet-
tability, electronic conductivity, surface roughness, and macroscopic density can be
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determined during this key process. A graphene-based fiber usually has a compact
inner structure due to strong interlayer interactions, which is unfavorable to ion pen-
etration into fiber bulk. Tuning the wet-spinning processes can effectively ameliorate
the limited surface-active sites, which has been realized by delicate introducing pores
into the fiber during the fiber-shaping process. Konstantinov’s group used a slightly
acidified GO aqueous solution as the dope, which still showed liquid-crystal behavior
and can be wet-spun into fibers.®* As shown in Figure 7.5a, after the removal of the
solvent of acetone and the following mild thermal reduction of obtained GO fibers,
a porous inner structure can be achieved and SSA has been greatly enlarged up to
2,605m?g". Due to the rational porosity of this fiber, the resulting CFE has ultrahigh
Cs of 394 F g! at 10mV s~!, which is the result of compromising the mechanical
strength to be only ~48 MPa. Zhang’s group used a mixture of integral and holey GO
sheets as the spinning dope, obtaining flexible graphene-based fibers with hierarchi-
cal inner porous structure after thermal reduction and thus showing robust volumet-
ric Cs (220.1 Fem=3 at 0.1 A cm3) and excellent rate capability (81% at 2.0 A cm3).64
Other carbon-based fibers, especially carbonaceous fibers, should draw support from
an extra pore-forming reagents for the fiber-shaping process to modify the surface
and inner structure. Activating gas, for example, can be added into the fiber-shaping
process to in situ react with pyrolyzed carbons, leaving pores on the surface of carbo-
naceous fibers. Zhao’s group had pumped water vapor into the carbonization furnace
which contained pre-treated waste wood to obtain activated carbonaceous fibers
with numerous pores (SSA of 3,223 m?g"!) containing extra pseudocapacitive sites of
introduced oxygen-containing groups (Cs of 280 F g™' at 0.5 A g7').% Shi’s group had
introduced pore-forming reagents of inorganic (Mg(NO,),) and organic (F127 and
PVP) chemicals into the phenol-formaldehyde resin to make electrospinning dope,
resulting in oriented inner pores parallel to the axial direction of fiber and thus high
performance (186 F g' at 0.1 A g' and 160 F g' at 20 A g1).%

Post treatments on obtained original carbon-based fibers are critical to optimize
related properties for activation of CFE. One of the strategies is to mix activation
reagents with original carbon-based fibers for thermal activation. Carbon skeleton (e.
g. carbon rings of graphene) can be etched by extra chemicals at high temperatures
to create ion-penetrable nanopores, even showing higher SSA (~3,100m2g") than the
theoretical value of a single graphene sheet.®” Based on the fact that water steam can
etch the carbons under high temperatures by generating a large number of pores,®
Kim’s group used water steam to activate carbonaceous nanofibers under selected
temperatures.® KOH, as the most used thermally activating reagent, can react with
C by proceeding as 6KOH+C « 2K+ 3H, +2K,CO;, followed by decomposition
of K,CO, and/or reaction of K/K,CO,/CO, with carbon.”® Lim’s group followed the
structural change of carbon nanofibers under different KOH etching degrees.”! As
shown in Figure 7.5b, they found that the specific surface had a positive correla-
tion with the activation time, while it reached the limit if the time is enough. By
SEM images, mild etching led to ladder-like CNT and the tube-like morphology can
be maintained, while severe activation resulted in total deformation of nanotubes
and the initial nanotube collapsed into graphene-like sheets. This result displayed
that it is hard to endow CNTs with both high-degree structural uniformity and sat-
isfactory surface area, indicating that balancing the performance and the strength
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should be considered carefully for the practical CFE of supercapacitors. In addition,
Bismarck’s group also proved this trade-off design discipline when producing CFE,
finding that moderate thermal activation by KOH rather than CO, acid, or water
can obtain high strength yet high-capacitance CFE.”> By wet-chemistry reactions,
Gao’s group used wet-spun GO fibers to self-assemble nonwoven fabrics, followed
by hydrothermal reactions to reduce GO and enlarge fiber interfaces for the ultra-
high areal capacitance of 1,060 mF cm=2.!"" Chen’s group had used strong oxidants
of KMnO,—NaNO;—H,SO, to generate pores on commercial carbon-fiber tows with
SSA increased from 6 to 92m?g"'.® By electrochemical modification, Peng’s group
introduced controllable pores on the carbonaceous microfibers in a strong acidic solu-
tion, showing an increased surface area and thus boosted Cs (from 133 to 239 F g-1).%
Similar to chemical modifications, some physical techniques have also been used to
conduct modifications.”

The heteroatom-doping strategy has also been developed to boost the limited
performance from neat EDLC of carbon-based materials. As evidenced by Huang’s
group, doping with a heteroatom such as nitrogen can improve the hydrophilicity
and thus supercapacitor performance due to the residual lone-pair electrons.”® With
respect to macroscopic carbon-based self-standing electrodes, Gao’s group used an
N-doping strategy through facile hydrothermal reaction with ammonia solution to
modify GO-based bulk electrode, showing enlarged interlayer distance, and extra
Faradaic reaction sites.”” Nonmetallic elements such as O, N, S, P, and B had been
employed to replace some C atoms of carbon-based fibers, resulting in different
electron distribution on the carbon skeleton within changed lattice and thus higher
activity for aqueous reactions. For inner doping, Béguin’s group used N-containing
polymer (polyacrylonitrile) as the carbonaceous fiber precursor to fabricate nano-
porous carbon nanofiber under condition of CO, and high temperature of 900°C,
showing high Cs of 240 F g! at 0.05 A g''.”® For surface doping, Yu’s group had
used pyrrole-covered carbonaceous mat for following polymerization and annealing,
which displayed enhanced Cs of 202 F ¢! at 1 A g'.” For O-doping, Liu’s group
had used optimized mixture of CNTs and GO as the spinning dope to wet-assemble
carbon-based fibers, showing Cs of 38.8 F cm™ when packed into flexible devices.?
Multi-element co-doping modifications can further change the electronic properties
of the carbon skeleton, and the synergetic function of these heteroatoms can be pur-
posely tuned to optimize the supercapacitive performance of assembled CFE. For
example, Yu’s group immersed bacterial cellulose mats in the aqueous solutions of
NH,H,PO,, which was followed by pyrolyzing in nitrogen gas for high-temperature
carbonization (Figure 7.5¢).8! The obtained carbonaceous fibers were uniformly
doped with N and P, showing higher Cs of 205 F g! and energy density of 7.76 Wh
kg! than reported mono-heteroatom doped CFE and non-doped CFE.

3.3 PERFORMANCE OF CARBON COMPOSITE-FIBER ELECTRODES

Numerous active materials that can trigger reversible redox reactions on or near the
surface of electrodes have been introduced to provide extra capacitance, which are
normally classified as pseudocapacitive materials.®? Conducting polymers possess
conjugated structures that share delocalized electrons, which can be easily oxidized
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FIGURE 7.5 (a) Preparation of porous graphene fibers from modified spinning dope and
coagulation bath, and the corresponding cross-section SEM image and cyclic voltammetry
curves. Reprinted with permission from ref.%3. Copyright 2014 American Chemical Society.
(b) Carbon nanofiber morphology changes by TEM images depending on etching degree, and
the corresponding change in SSA and Cs. Reprinted with permission from ref.”!. Copyright
2004 Elsevier. (c) Preparation of N, P-doped carbon nanofibers, and the corresponding
top-view SEM image and Ragone plots. Reprinted with permission from ref.%!. Copyright
2014 John Wiley and Sons.

or reduced by obtaining extra electrons or losing intrinsic electrons.®* By rational
design with delicate preparation, conducting polymers can be synthesized into shap-
able and soft materials.®* Metal oxides usually contain valence-changeable metal
elements, which can conduct Faradaic reactions reversibly and quickly in the vicin-
ity of the surface.?> Metal oxides recently had also been used in flexible superca-
pacitor devices, for their unique structural preparation approaches.’® Typically, the
pseudocapacitive materials display high performance, while they suffer from low
cycling stability and unsatisfactory mechanical strength. Many carbon-based fibers
from conventional preparations hold dense inner structures, which endow them with
high strength and conductivity but low SSA. Therefore, these materials can be used
as a robust framework to support pseudocapacitive materials for supercapacitor elec-
trodes. Carbon composite-fiber electrode (CCFE) is mainly composed of the host
substrate of carbon-based fibers and the best decoration of pseudocapacitive materi-
als, which takes advantage of both carbon-based fibers (e. g. flexibility, conductivity,
and surface) and pseudocapacitive materials (e. g. activity and reversibility).
Conducting polymers, such as polyaniline (PANi), polypyrrole (PPy), and
polythiophene (PTh), are composed of conjugated structures. Monomers of these
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polymers can be directly in situ polymerized on the surface or in the pores of prepared
carbon-based fibers, which not only introduce pseudocapacitance but also enhance
roughness. As shown in Figure 7.6a, Wei’s group used CNT yarns as the substrate to
deposit nanosized coniform-shaped PANi by dilute polymerization for flexible and
wovenable CCFE, leading to high-performance (Cs of 12 mF cm™ at 1 mA cm™)
twisted CCFEs.?” Also, it is feasible to use the composite of conducting polymer
and carbon precursors to fabricate CCFE by the aforementioned approaches. Wei’s
group used CNT film as the substrate to electrochemical deposit PPy to form twisted
CCFE, showing high Cs of ~69 F g-! at a wide temperature window of —27 to 60°C.%8
Kim’s group used vapor phase polymerization technology to make PTh-coated CNT
nanomembrane for biscrolled CCFE, showing ultrahigh Cs (180 Fem= at 0.01V s,
97Fcm> at 10V s71).%°

Metal oxides can be reversibly reduced and oxidized during the electrochemi-
cal cycling when under a suitable potential window, which advances the progress
of performance improvement of carbon-based fibers as the active gest materials.
MnO,, which holds the unique metal of Mn with numerous changeable valences,
has been greatly explored to make composite with carbon-based fibers to realize
high-performance CCFE. As shown in Figure 7.6b, Zhu’s group used synthesized
MnO, nanowires to combine with GO aqueous solution for wet-spinning prepa-
ration of CCFE.”® The obtained CCFE displayed a crumpled surface and porous
bulk, which were beneficial to electrolyte penetration and redox kinetics, displaying
comparable performance with state-of-the-art commercial energy storage systems.
Huang’s group used prepared CNT sheets for in situ synthesizing amorphous MnO,
coating, and the twisted well-aligned and porously-stacked CCFE showed satisfac-
tory Cs (10.9 F cm™ at 0.1 A cm) with enhanced rate capability (6.9 Fcm= at 5 A
cm™).! In addition, other metal oxides had been applied in CCFE as pseudocapaci-
tive gest materials, such as Bi,0,°> and MoO,,”® which are similar to the preparation
methods and function mechanisms of MnO,.

In convention, the positive and negative electrode materials are set the same
with constant mass loading. According to the theory, the energy density of the
device is proportional to the square of working voltage.”* Therefore, high device
voltage between electrodes can largely improve the delivered energy density of
the whole device. In fact, aqueous electrolyte has its low working potential due to
the water-splitting threat, as well as the restriction of active materials for safe and
reversible cycling.®> However, due to the different working conditions of positive and
negative materials, the supercapacitor device can be asymmetrically manufactured.
To note, the mass ratio of two electrodes should be recalculated as the capacitance of
each side is usually different, which should depend on the charge conservation princi-
ple to realize maximum capacitance.’® Commonly, carbon nanomaterials are usually
used as negative electrode materials due to the intrinsic electrochemical hydrogen
storage ability and the stability at low potential.’” For example, Gao’s group used
wet-spun reduced GO fiber as a substrate to coat the MnO, layer on the surface.”®
By using the MnO,-deposited fiber as the positive electrode and the original fiber
as the anode, the assembled twisted fiber supercapacitor displayed high flexibility
and good electrochemical performance of 11.9mW h cm at a voltage of 1.6 V. Also,
different CCFEs can be applied as both positive and negative electrodes according
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(reduced) porous fiber, and the Ragone plots of assembled flexible fiber-shaped superca-
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to the different stable potential windows from the three-electrode test, which can
further improve the energy density of the whole device. For example, Huang’s group
prepared MnO,-deposited CNT fibers and PPy-deposited CNT films (Figure 7.6¢),
which displayed stable cyclic voltammetry curves at high and low potential windows
(vs. Ag/AgCl) respectively.”® Thus, a helical fiber supercapacitor can be assembled
by a positive electrode of one MnO,-deposited CNT fiber and a negative electrode
of one PPy-deposited CNT film, with the former as the core and the latter as the
sheath. The assembled stretchable fiber supercapacitor displayed a high working volt-
age of 1.5V.

4 CHALLENGES AND PROSPECTS

Now, the explosive research on carbon-based fibers has made them excellent candi-
dates for next-generation supercapacitors. Some of them are of great importance in
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smart electronics and wearable devices, based on the reported performance, flex-
ibility, and stability. However, there remain some key challenges that hinder their
practical applications.

First, the fabrication technologies of carbon-based fibers should be further explored
and promoted, aiming at finding time-saving, cost-effective, scalable, and continuous
preparation methods for industrial applications. Though the origin of carbon-based
fibers can be traced back to two centuries ago, their application on supercapacitors
started a few decades before and is still in its infancy. Traditional technologies mainly
center on the mechanical strength of the obtained carbon-based fibers, while paying
little attention to the requirements of energy storage. Thus, some mature technologies
should be precisely modified and optimized to realize the targeted properties of high
SSA, good conductivity, suitable porosity, and satisfactory strength.

Second, the structural and chemical information of ideal carbon-based fibers
should be further researched and studied by complete theoretical guidance, since
the practical application relies on the overall interdisciplinary of chemistry, elec-
trochemistry, mechanics, ergonomics, and so on. The related theories on all aspects
have to keep up with the experimental developments, even making prior instructions
for superior CFEs and CCFEs. As artificial intelligence is exploding, advanced theo-
ries will make great contributions to the super-performance carbon-based fibers by
finding out the right way to the right material.

Third, the precise and fastidious evaluation standards on supercapacitors with dif-
ferent configurations should be established and executed for all the CFEs and CCFEs.
Fiber-, mat- and bulk-shaped supercapacitors have their own unique constructions,
leading to different quantitative criteria on electrochemical performance. Besides, Cs
calculated by mass, volume, area, and length may lead to different results and conclu-
sions, which makes researchers confused and difficult to compare different devices.
In more detail, the parameters used for calculations (e.g. volume, area, and length)
have always been treated with obfuscation for convenience because they are hard to
be accurately measured, which undoubtedly results in great error. Therefore, they
all should be definitely confirmed to develop a universal and fair assessment system.

In the future, there should be more and more advanced carbon materials dis-
covered and innovated, some of which will be applied in carbon-based fibers for
supercapacitors. Moreover, the boundary between supercapacitors and batteries is
increasingly blurry, since some materials can be used as electrodes of both superca-
pacitors and batteries. Maybe someday, the hybrid energy systems from carbon-based
fibers can deliver both ultrahigh energy density and ultrahigh power density, as well
as a long-working lifespan and all-climate durability. We believe that supercapacitors
from carbon-based fibers will play an important role in clean energy supplying for
our daily life.
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Supercapacitors for
Energy Storage

Fundamentals, Electrode
Materials, and Application

Ruchun Li and Dingsheng Yuan

1 INTRODUCTION

The development of sustainable and clean energy sources, such as solar, wind, and
tidal energy, is urgent due to the continuous consumption of fossil fuels and increas-
ing environmental pollution.'* However, their intermittent, unstable, and regional
features lead to a considerable challenge in the efficient usage of these sustainable
energy sources. The development of advanced energy storage and conversion sys-
tems is of vital significance for efficiently promoting the utilization efficiency of
these sustainable energy sources. Currently, capacitors and rechargeable batteries
represent two important energy storage and conversion devices. On the one hand,
rechargeable batteries (Li/Na/Al/Zn-ion batteries) can provide high-energy density,
but slow diffusion kinetics usually lead to low power density and thus are used in
applications that require long-term energy supply but low power output.*® While
capacitors are more widely used in high-power output applications owing to their
large power density. Recently, supercapacitors, as ideal electrochemical energy stor-
age technologies, have the nature of the simple principle, long cyclic life, high cou-
lombic efficiency, wide operated temperature, and fast charging-discharging rates,
and received a great deal of attention.> 711

Generally, supercapacitors are composed of electrochemical double-layer capaci-
tors (EDLCs) and pseudo-capacitors that store energy by rapidly accumulating
charge at the surface of the electrode materials or by implementing a Faradic charge
transfer process.!® Figure 8.1 shows the relationship between power—energy density
for the typical electrochemical energy storage technologies. It can be clearly seen
that supercapacitors can act as a bridge between batteries and conventional capaci-
tors. In terms of the history of supercapacitors, the earliest capacitor evolved from
a Leiden bottle, as shown in Figure 8.2. The original concept of the EDLCs was
thus established in the middle of the 18th century. Thereafter, in 1853, the elec-
trical charge storage mechanism in capacitors was studied and first proposed by
Helmholz: the electric double-layer model.'”> Meanwhile, some innovative interfa-
cial electrochemists, including Gouy, Chapman, Stern, and so on, have successively
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proposed the modern theories of the EDLCs,'3 which also have gained wide recog-
nition. Although significant progress has been made in the general mechanism of
EDLC:s, the first patent for an electrochemical capacitor was applied by Becker et al.
in 1954 which first discovered the phenomenon of the electrical double layer at the
electrode-electrolyte interface. Subsequently, in 1971, a new electrochemical mecha-
nism, named pseudo-capacitor, was discovered on ruthenium dioxides which involve
Faradaic reaction processes. Since then, a great deal of research related to EDLCs
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and pseudo-capacitors has continuously been reported. 13 4 Currently, supercapaci-
tors have attracted significant attention with a focus on improving their energy den-
sity, cycling stability, and cost-effectiveness. Various supercapacitors (cylindrical,
flexible, fibrous, self-breathing, etc.) have already been used in a wide range of appli-
cations, including transportation, industry, communication, medical devices and life.

2 THE FUNDAMENTALS OF SUPERCAPACITORS

In this section, the fundamentals and charge storage mechanisms of supercapaci-
tors (both EDLCs and pseudo-capacitors) are extensively elaborated. Furthermore,
the differences among supercapacitors, batteries, and intercalative pseudocapacitive
behavior also are summarized and discussed.

2.1 Tue EDLCs

Generally, the charge storage, the electrode material, and the electrochemical
response in EDLCs have apparent differences with that of pseudo-capacitors. The
charge storage of EDLCs is derived from the physical adsorption of electrolyte
ions and a double layer of electric charge at the electrode-electrolyte interface. The
EDLCs model was initially proposed by Hermann von Helmholtz in 1853. Helmholtz
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FIGURE 8.3 (a) The mechanism schematic, (b) cyclic voltammetry curves, and (c) the
charge/discharge curves for EDLCs; (d) the mechanism schematic, (e) cyclic voltammetry
curves, and (f) the charge/discharge curves for pseudo-capacitance; (g) the mechanism sche-
matic, (h) cyclic voltammetry curves, and (i) the charge/discharge curves for intercalation
pseudo-capacitance; (j) the mechanism schematic, (k) cyclic voltammetry curves, and (1) the
charge/discharge curves for batteries.
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claimed that the electrochemical double layer is formed by an electrified electrode
surface accompanied by an adsorbed oppositely charged ion layer from an elec-
trolyte which follows the fundamentals of a classical parallel plate capacitor. And
then, Gouy and Chapman demonstrated the existence of a diffused layer of oppo-
sitely charged ions in the early 1900s, and the ion concentration in the diffused layer
changes exponentially. In 1920, inspired by the above two models, Stern put forward
that the electrochemical double layer contained two different surface charge layers,
where the inner is an adsorbed de-solvated ions layer (Stern Layer, SL) and the outer
is a solvated ions layer (Diffused layer, DL). This avoids the disadvantages of the
model proposed by Gouy and Chapman, which failed in a highly charged surface or
high ion concentration. In 1957, a complete and redefined model of EDL.Cs was pre-
sented by Grahame in two sub-regions: (i) inner Helmholtz plane (IHP) and (ii) outer
Helmholtz plane (OHP) in 1957, as shown in Figure 8.3a. The capacitance value in
EDLCs can be efficiently calculated by the following equation (Eqn 8.1)" 13:

E:&)
C= A 8.1
p 8.1

where ¢, and ¢, are the relative permittivity and the permittivity of vacuum, respectively.
A is the electrode area, and d is the distance of charge separation. The electrochemical
double layers can be formed in a very short time (~10-%s) and can respond immedi-
ately to the change of voltages. Thus, EDLCs usually have a potential-independent
capacitance behavior and thus display rectangular cyclic voltammogram (CV) curves
(Figure 8.3b) with a triangular-shaped charging/discharging curve (Figure 8.3c).

2.2  PSEUDO-CAPACITANCE

In the case of pseudo-capacitors, the charge storage mainly stems from rapid Faradaic
charge transfer or/and reversible redox reaction occurring at/near the surface of the
material (Figure 8.3d). The capacitance in a pseudo-capacitor is determined by
the linear relationship between the amount of charge (AQ) and the voltage change
(AU). Thus, a pseudocapacitive electrode also displays rectangular CV curves
(Figure 8.3e,f) in which the electron-transfers with the change of oxidation state of
metal center ions are responsible for the charge storage rather than the accumulation
of ions in EDLCs. Meanwhile, pseudo-capacitors possess enhanced energy storage
than EDLCs. The RuO,, MnO,, polypyrrole, polyaniline, etc., represent the typical
pseudo-capacitor materials. For instance, Buzzanca and co-authors first reported that
RuO, film as electrode material exhibited a rectangular CV curve, which is a distinc-
tive pseudocapacitive feature in 1971.1 Since then, the pseudo-capacitance became
a new term to distinguish capacitive signatures between charge transfer Faradaic
reactions and the electrochemical double layer. Michael Gratzel demonstrated that
polyaniline as a redox-active material could afford high pseudo-capacitor value.
Afterward, other conducting polymers, such as polypyrrole and polythiophene, also
were explored as electrode materials for pseudo-capacitors.

Recently, the battery-type capacitors as the new supercapacitors have been
proposed.® % ' The electrochemical behaviors showed a clear redox peak and an
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apparent plateau in the CV curve and a charge-discharge curve which is similar to
that of the battery. Although Faradic reactions occur in both pseudocapacitive and
battery-type capacitors, the charge storage mechanism is different. The Faradic reac-
tion in pseudocapacitive materials occurs at the surface/near surface of the electrode
material with shorter ion diffusion paths, faster embedding and disembedding, and
no phase change during the reaction. Moreover, the battery-type materials are mainly
involved in bulk phase reactions accompanied by a phase change, and their energy
density and capacity are higher than those of pseudocapacitive materials. The nickel-
or cobalt-based oxides, hydroxides and sulfides possess the battery-type behaviors.

2.3 THEIR DIFFERENCE BETWEEN BATTERY AND INTERCALATION PSEUDO-CAPACITANCE

Rechargeable batteries have become one of the best energy storage devices due to
their high storage efficiency and satisfactory energy.*-% 17-19 Different from superca-
pacitor, the charge storage mechanism for the rechargeable battery originates from the
intercalation and de-intercalation of cations (such as Li*, Na*, or Mg?*) with the redox
reactions within the crystalline structure of the electrode in the particular voltage, gen-
erally accompanying with an apparent phase change (Figure 8.3j). There are distinct
redox peaks in CV curves with the typical plateaus in the charge/discharge process
(Figure 8.3k,]). These are different from supercapacitor that generally exhibits a rectan-
gular CV shape with a linear voltage versus time plot and has no phase changes during
the charge/discharge process. On the other hand, the performance of the battery was
expressed in terms of specific capacity (mAh g™') instead of the capacitance (F g™') in
the supercapacitor. Compared with batteries, supercapacitors deliver much faster power
density, and more excellent cyclic stability but lower energy density.

Recently, intercalation pseudo-capacitance has emerged as a new type of
energy conversion (Figure 8.3g). The charge storage mechanism of intercalation
pseudo-capacitance arises from the ion intercalation (e.g., Li*, Na*, O> and NH,*)
into the tunnels or layers of the electrode materials with a rapid charge transfer.20-23
The intercalation process occurs in the bulk but instead on the surface of the mate-
rial, but no new phase is generated during the intercalation process. Meanwhile, the
charge/discharge curves display the linear-like profiles with a rectangular-like CV
curve similar to the surface-redox pseudo-capacitance feature (Figure 8.3h,i). These
indicate that the intercalation process is fast, which enables the electrode materials
to offer high-power performance and rate capability like supercapacitors. Thus, the
intercalation pseudo-capacitance can bridge the gap between battery and superca-
pacitor from the aspects of both energy density and power density.

2.4  THE PERFORMANCE EVALUATION FOR SUPERCAPACITORS

2.4.1 Capacitance

The capacitance of supercapacitors can be calculated by the CV and galvanostatic
charge/discharge curves which are typical and essential characterization in the
energy-related fields. Firstly, the CV curves can reflect the charge storage mecha-
nism and assess the mass-specific capacitance (C,,, F g!) according to the following
equation (Eqn 8.2):
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Cm — Qtotal (8 2)
2AVm

where Q.. is the total charge in coulombs based on the integral area from the CV
curve, I is the current (A), m (g) represents the mass of the active materials and AV is
the potential window from low voltage to high voltage. When the potential changes
at a constant sweep rate (v, V/s), Eqn 8.3 can be described as:

— Qtotal — 1
2AVm  2mvAV

1dv 8.3)

m

It can be seen from Eqn (8.3) that the sweep rate plays a pivotal role in the capaci-
tance. Usually, the capacitance from the different sweep rates can reflect the rate
property of the electrode materials. In addition, the specific capacitance (C,) can also
be determined by the galvanostatic charge/discharging curves according to Eqn 8.4:

1At
Con=—— 4
mAV @4

where I (A) is the current during the discharging process, 7 (s) is the discharging time,
m (g) is the mass of the active materials, and V is the potential window during the dis-
charging process. Moreover, the area/volume-specific capacitance also is calculated
similar to the mass-specific capacitance (Eqn 8.5):

Co = IAt 8.5

% )
where A (cm?) is the area/volume of electrodes/capacitors. In many self-supported
electrode materials, it is difficult to calculate the mass of the active materials accu-
rately. Thus, the area/volume-specific capacitance is more appropriate to estimate the
property of electrode materials relative to mass-specific capacitance.

2.4.2 Energy density and power density

The energy density (E, Wh kg!) and power density (P, W kg!) are crucial param-
eters in the supercapacitor devices for practical application, which can be expressed
as the following formulas (Eqns 8.6 and 8.7):

cv?

E= IQ dv = (8.6)

P= 8.7)

E
t
where C denotes the capacitance of the supercapacitor device from the discharging

process, and ¢ and V are the discharging time and the voltage window of the super-
capacitor device, respectively. However, in many actual supercapacitor devices, a
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nonlinear discharging curve usually is acquired, and the energy density should be
assessed by a modified equation (Eqn 8.8):

%)
E= J-Q dv = J-IV(,)dt (8.8)
n

In Eqn 8.8, ¢, is the time after the initial IR drop, ¢, is that when the discharging pro-
cess is finished, and 7 is the constant current at the discharging measurement.

2.4.3 The reaction kinetics for electrode materials

The CV measurement is an efficient instrument for investigating the reaction kinet-
ics of electrode materials. In theory, the current response of the active materials with
different scan rates can be described by the following formula (Eqns 8.9 and 8.10):

I=av’ I=av’ (8.9)
logl =loga+blogv (8.10)

where I and v are the current and the sweep-speed, and both a and b are the tun-
able parameters. The characteristic parameter b can be calculated from the slope
of Eqn 8.10 by the relationship between the CV peak current and the sweep-speed,
which provides feedback for electrochemical kinetic reactions. As shown in
Figure 8.4, when the value of b is 1, it implies the capacitive behavior with fast
surface-controlled processes, including the pseudo-capacitor and the EDLCs in the
supercapacitor. While the value of b is 0.5, it represents the low diffusion-controlled
processes with the Faradaic redox reactions, which usually proceed in the bulk of
electrode materials, such as rechargeable batteries. In addition, the particular tran-
sitional region (0.5 <b < 1) exists in the experiments. Generally, the smaller b value
indicates the dominant diffusion-controlled processes during the charge storage
reactions, and conversely, s is the capacitive contribution with fast surface-controlled
processes dominating the charge storage mechanism.

Capacitive-behavior

iffusion-controlled behavior

FIGURE 8.4 The reaction kinetics of electrode materials for capacitive behavior (b=1.0)
and diffusion-controlled behavior (b=0.5). The transition region represents the existence of
both capacitive and diffusion-controlled behavior (0.5 <b < 1).
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2.4.4 Cyclic stability

Long-term stability is a crucial indicator of the supercapacitor for application in
various fields. Generally, the EDLCs show high long-term stability, but the stability
of the pseudo-capacitor is lowered. This is because the surface-redox reaction in a
pseudo-capacitor could result in irreversibility. However, the storage mechanism of
EDLC:s involves the physical adsorption of electrolyte ions which is highly revers-
ible. In reality, the long-term stability of the supercapacitor relates to many factors,
such as the feature of electrode material, the type of electrolyte, the charge/discharge
rate, and the operated temperature.

3 ELECTRODE MATERIALS FOR SUPERCAPACITORS

Electrode materials play a critical role in the property of supercapacitors. The fea-
tures of electrode materials, such as surface area, structure, morphology, and con-
ductivity, influence the specific capacitance, power/energy density, and cycle life of
supercapacitors, as well as the energy storage mechanisms. The relationship between
the properties of electrode materials and the performance of supercapacitors has
been extensively explored. In this section, recent progress in electrode materials will
be systematically reviewed.

3.1 CARBON MATERIALS

Carbon materials, including carbon nanotubes (CNTs), graphene (GR), activated car-
bon, biomass-derived carbon and others, have been widely studied as electrode mate-
rials for EDLCs.?*2¢ The capacitance performance strongly relies on the specific
surface area and conductivity of carbon materials. At present, great efforts have been
devoted to the design and development of carbon materials with high capacitance
properties.

3.1.1 Carbon nanotubes (CNTs)

CNTs are composed of single-walled carbon nanotubes (SWNTs) and multiwalled
carbon nanotubes (MWNTSs). Due to their unique structure and attractive stability,
both of them have attracted significant attention from EDLCs.?’3¢ Moreover, their
high mechanical stability, excellent conductivity, and network structure make them a
good support to load active materials. The capacitive property of the CNTs is in the
range from 2 F g™! to 200 F g! according to the reported literatures. For instance,
Ma’s group?’ fabricated the electrochemical capacitors using the CNTs materials
that deliver the volume-specific capacitance of 15-25 F cm= in H,SO,. Tennent
et al.?® reported carbon nanotube sheet electrodes with a narrow diameter distribu-
tion of around 80 A which showed a maximum capacitance value of 102 F g-! in 38
wt%H,S0,, accompanied by high power and excellent cyclic stability. In addition,
Lee and co-authors® investigated the main factors affecting the capacitive properties
of the single-walled CNT electrodes. The results found that the BET surface area
of the CNT directly relates to theoretical specific capacitance and the low contact
resistance plays a decisive role in the power density. By optimizing the annealing
temperature of the CN'Ts, a maximum specific capacitance of 180 F g! was obtained.
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Furthermore, the correlation among electrochemical characteristics, the micro-
structure, and the elemental composition of the multiwalled carbon nanotubes also
was built.3! The capacitance values of the multiwalled CNTs varied from 4 to 135 F
g due to the different types of nanotubes and/or different post-treatments. The mes-
opore structure provides easy accessibility of the ions to the surface of the electrode.
The surface functionality of the CNTs with element/functional groups modification
could lead to not only defect structure and enhanced conductivity but also unique
pseudo-Faradaic reactions, and thus improve the capacitance performance.’?-37 First,
many studies have shown that surface oxidation can significantly improve capaci-
tive performance.3¢-38 The functional groups of C—-O-C, —-COOH, C=0, C-OH, and
other bonds existed in the carbon skeleton. Among them, C—OH, C=0, and -COOH
have been proposed to increase capacitance by the following pseudo-Faradaic reac-
tions (Eqns 8.11 and 8.12):

-C-OH & C=0+H*+e- (8.11)
—~COOH +e-&—-COO0-+H* +e¢- (8.12)

Simultaneously, the self-discharge can also be reduced by the surface oxygen func-
tionality and the moderate oxygen functional group would inhibit the self-discharge
process.?*

Besides, the N element has higher electron negativity (3.04) than the C element
(2.55) and similar atomic radii (N: 0.74 A; C: 077 10\), and thus N introduction can
tune the asymmetric valence charge and electronic structure of carbon materials.
The N species is usually composed of four different types (Figure 8.5): pyridinic-N
(N-6), pyrrolic/pyridone-N (N-5), quaternary-N (N-Q) and pyridine-N-oxide
(N-X).3¥-4 Among them, the positively charged N-Q/N-X and the negatively charged
N-5/N-6 could promote electron transfer. Especially the edge pyridinic-N and
pyrrolic-N can provide pseudo-capacitance through Faradaic reactions (Eqns 8.13
and 8.14).#> % Hence, the carbon materials with N-doping usually show much more
excellent supercapacitors than pure carbon materials.’¥-4! Zhuo et al. reported.’® a
N-CNTs with a hierarchical porosity and high specific surface area of 3,253 m?>g"!.
The obtained N-CNTs exhibited high capacitive properties with a capacitive value of
3659 F gt at 0.1 A g'. The excellent capacitive performance could be attributed to

-C-0
N-6: Pyridinic N, N-5(1): Pyrrolic N, N-5(2): Pyridone N,
N-Q: Quaternary N, N-X: Oxidized pyridinic N

FIGURE 8.5 Various N-containing functional groups in carbon materials.?*
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the electrochemical double layer and Faradaic capacitance contributions caused by
high specific surface area and N-doping (Eqns 14.13 and 14.14).

1
Qe — o 8.13)
@4{@ ~—~@+HZO (814)

In addition to N and O, P and S elements are also the ordinary doping atom.*-46
Generally, P (~1.07 A)and S (~1.04 A) elements have much larger atomic radii than C
elements, and P and S-doping could lead to rich defects and distortion in the carbon
skeleton. Meanwhile, P and S-doping often exist in the form of oxidized species
(such as PO, and SO,) in the edge region of the carbon skeleton, which could con-
tribute to Faradic capacitance. Moreover, the electron negativities of P and S ele-
ments are 2.19 and 2.58 respectively, which are lower or close to the C atom (2.55).
Therefore, P and S-doping could not only bring structural distortion and improved
surface wettability but also has the ability to offer electrons, accordingly enhancing
electrochemical capacitive property. Yu’s group® developed a new strategy to syn-
thesize P-doped carbon nanotubes with unstable oxygen species. The P-doping could
effectively enhance the electrons donating ability, and produce the abundant P-O-H
and P=O0 active sites and defective surface for the adsorption of ions, thus giving
rise to a fast Faradaic reaction. The obtained P-doped carbon nanotubes possessed
high specific capacitance and good stability. Additionally, Kim et al.3* demonstrated
S-CNTs as a conducting agent showing high specific capacitance (120.2 F g™!) at a
large current density of 100mA cm2. The charge transfer resistance of the S-CNT
electrode was lowered by S-doping.

3.1.2 Graphene

As a typical two-dimensional material, Graphene was first discovered in 2004 by
Andre Geim and Konstantin Novoselov, which is made up of a single layer of car-
bon atoms with a hexagonal lattice. Graphene has sparked a tremendous amount
of interest in the scientific community due to its unique properties, including high
conductivity, high mechanical strength, and high surface area. Especially, Graphene
has shown great potential as an electrode material for supercapacitors. The large
surface area (theoretical surface area up to 2,630 m?g™") of graphene allows for more
electrochemical reactions to occur at the electrode surface, leading to high capaci-
tance (theoretical capacitance value 540 F g=')*-% much higher than that of other
carbon materials such as activated carbon, CNTs, and fullerenes. The high electrical
conductivity of graphene also allows for efficient charge transfer between the elec-
trode and electrolyte, which is essential for increased power and fast charging and
discharging. For instance, Rao’s group® reported that the exfoliated graphene, as a
good electrode material, displayed a large capacitive value of 117 F g! in an H,SO,
solution. Ruoff’s group® developed a chemically modified graphene with 1-atom
thick sheets of carbon, which delivered the specific capacitances of 135 and 99 F
¢! in aqueous and organic electrolytes, respectively. Afterward, to further improve
the performance, Ruoff et al.’> reported a chemical activation of graphene with an
ultra-high surface area of 3,100 m?g~"' which is even larger than the theoretical value
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of graphene. The high surface area could be attributed to primarily 0.6-—-5-nm-width
pores which led to a maximum specific capacitance of 200 F g-!. In addition, Ma
and co-authors® synthesized mesoporous graphene by scalable self-propagating
high-temperature synthesis methodology, as shown in Figure 8.6a,b. The obtained
graphene (Figure 8.6c—f) not only has monodispersed mesoporous structure but also
possesses high electrical conductivity, thus leading to the high specific capacitance
of 244 F g7 at 2 A g~!. This work opens up a new strategy for scalable synthesis of
graphene materials.

Although 2D graphene has acted as the ideal electrode material for supercapaci-
tors, the restacking of the graphene sheets will lower the electrochemically available
specific surface area and in turn affect the improvement of capacitive performance.
To address this, doping or surface functionalization has been proposed to reduce
the restacking of the graphene and enhance supercapacitor performance.>* Specially,
doping graphene with heteroatoms (such as N, B, S, and P)*>-% reveals unique physi-
cal and electrochemical properties. Liu et al.> reported that N-doped graphene was
constructed by heating graphene oxide and NH,HCO, at low temperatures (150°C).
The capacitance value of the N-doped graphene is 170 F g! at 0.5 A g*!, which is
3.6 times larger than that of RGO (47 F g'). Gryglewicz and co-authors>® prepared
N-doped reduced graphene oxides with a high N content of 13.4 at.% by a facile
hydrothermal reaction. Results confirmed that introducing N can induce pseudoca-
pacitive behavior and promote charge propagation and ion diffusion. The superiority
of the N-doped reduced graphene oxides revealed a very high capacitance value of
250 F g7' at 1 mV s~! and good stability. The pseudocapacitive effect of the N element
was also explored. As shown in Figure 8.7a,b, the CV curves showed the prominent
humps in reduced graphene oxides (at around —0.55V) and N-doped reduced gra-
phene oxides (at around —0.6 V) shows reversible humps (at approximately —0.65V),

A  Schematic of SHS reaction Blectricity T d
(100) m—

¢ (002)

" ? \"\ %
4

—
CO, source
© M ¢ Mo
®c @ o, 100 nm
b Schematic of graphene formation

MgO-guided graphene

FIGURE 8.6 (a) A schematic illustration of the reaction chamber and the self-propagating
high-temperature synthesis process. (b) The dual role of MgO in forming few-layered gra-
phene. (c) TEM, (d) SAED image, and (¢) HR-TEM with an inset demonstrating its few-layer
feature. (f) Spherical aberration-corrected HR-TEM image.>?
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implying the existence of pseudocapacitive contribution. The reduced graphene
oxides contained rich surface oxygen groups in which the reversible redox reactions
of quinone and hydroxyl groups gave rise to pseudocapacitive (Figure 8.7c). In the
case of N-doped reduced graphene oxides, the electrochemically active nitrogen
groups (Figure 8.7d) were responsible for the reversible redox reactions.

Like N-doping, B-doping also shows an enhanced electrochemical capacitive prop-
erty.”®-%0 Manthiram et al.’® reported an effective strategy inspired by the ‘Fried-Ice’
concept to synthesize B-doped graphene. The content of B could be well controlled
by adjusting the reaction temperature. A large gravimetric capacitance of 281 F g~!
was delivered on the B-doped graphene electrode. Kim’s group* also reported a
B-doped graphene nanoplatelet with a tunable boron-doping content. A high boron
concentration of ~6.04 at.% in B-doped graphene nanoplatelets was obtained, which
showed excellent capacitive performance with the highest specific capacitance value
of 448 F g!. This confirmed that B-doping has tremendous potential for capacitive
applications. In addition, S-doping has been evidenced as an efficient method for
the regulation of electronic properties.'-% S-doped reduced graphene oxides were
successfully synthesized using a modified Hummers’ method.®! The electrochemical
performance of S-doped reduced graphene oxides had been obviously enhanced than
reduced graphene oxides. Ning et al.®> developed S-doped nanomesh graphene with a
low-temperature treatment. The S-doped nanomesh graphene possessed a high spe-
cific surface area, excellent conductivity, and good hydrophilicity, and suitable S con-
tent of 5 wt.%. Thus, a specific capacitance of 257 F g-! could be achieved at 0.25 A
¢!, which is 23.6% larger than that of the pristine graphene. Recent research reported
by Bandosz and co-authors® confirmed that the attractive performance was due to the
presence of S element: (1) S-doping gives a positive charge to adsorb anions; (2) the
sulfones, sulfoxides and quinones functional group can produce Faradaic reactions;
(3) S-doping brings good wettability. Furthermore, the P element has been doped
into graphene edges to improve the supercapacitor performance. Sahin’s group®
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FIGURE 8.7 Cyclic voltammograms of reduced graphene oxides (a) and N-doped reduced
graphene oxides (b) in 6 mol L~ KOH. Redox reactions of electrochemically active oxygen (c)
and nitrogen groups (d) in an alkaline solution.>
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synthesized P-doped graphene which contained rich surface functional groups such
as —[(-P,0,)]*~ and —(PO;"). The areal capacitance of 301.3 mF cm~2 at I0mA cm™?
was realized on P-doped graphene. Hulicova-Jurcakova et al. prepared P-doped gra-
phene with the P concentration of 1.30 at.% by the heat treatment of the mixture of
graphene and phosphoric acid. The effect of P introduction had been extensively
explored and the results exhibited that the P-doping in graphene showed a great
enhancement in specific capacitance, IR drop, and cycling stability.

More importantly, dual or multi-element co-doping leads to unexpected elec-
trochemical performance.®®-%° Mullen et al.t” fabricated a B and N co-doped gra-
phene with a remarkable capacitive behavior. The micro-supercapacitors assembled
by B and Nco-doped graphene showed a superior volumetric capacitance of ~488
F cm™ accompanied by an excellent rate capability. Qiu’s group®® prepared N/P
co-doped thermally reduced graphene oxide by using the (NH,),PO, as P and N
sources with high electrochemical capacitive performance. They demonstrated that
P-doping could increase the content of the surface O element due to three possible
P-related O groups (P=0, P—O—Caliphatic, and P—O—Caromatic). They also pro-
posed the basal plane configuration as shown in Figure 8.8, in which the formation
of the out-of-plane P—O—Caliphatic ¢ bonds probably broke the & conjugation of the
graphitic network. Thus, the N and P co-doping contributed to the good capacitive
performance. Moreover, Jia and co-authors® reported the N/S co-doped graphene
and explored the interactions between N/S co-doping and the presence of oxygen.
Compared with N-doped graphene or S-doped graphene, the N/S co-doped graphene
contains much higher N and S concentrations, especially pyrrolic-N groups, which
can enhance pseudocapacitance. Simultaneously, the surface chemistry of carbon
could be tuned by S and N co-doping with the presence of oxygen. The synergetic
effect between N and S occurred through neighboring carbon atoms which induced
a large capacitive value of 566 F ¢! at 0.5 A g\
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FIGURE 8.8 Proposed structural model for P-containing groups.®®
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In the case of graphene, doping can enhance conductivity, surface area, and stability.
Meanwhile, doped graphene has a higher density of states near the Fermi level, which
means that it has more available energy levels for storing and transferring charges. It can
be concluded that the doped advance in graphene for supercapacitors shows excellent
potential for developing high-performance and energy-efficient energy storage devices.

3.1.3 Activated carbon

Activated carbons have become vital capacitive materials for supercapacitors due to
their good conductivity, high surface area and rich porosity. Activated carbon has
been commercialized in supercapacitors, which was the first to be commercialized
among carbon materials. The activated carbon can be synthesized by chemical acti-
vation, physical activation, and template synthesis of carbon precursor materials for
supercapacitor applications. These methods can tune the pore size, surface area, and
pore distribution of the carbon material, which leads to the enhanced energy density
and power density of the supercapacitor. Generally, the chemical activation involves
the mixture of carbon precursor material (coconut shells or wood) with a chemical
reagent (H;PO, or KOH, etc.) to calcine them in the N,/Ar atmosphere for the syn-
thesis of the activated carbon.”®7¢ Lu et al. reported the activated carbon nano-onion
by KOH activation with a large capacitive value of 122 F g-!, which is five-fold as
high as the pristine carbon nano-onion (25 F g-!).”! During the activation process, the
following reaction usually takes place (Eqn 8.15):

KOH+C — K+H2 +K,CO; 8.15)

Chong’s group developed an activated carbon with a high specific surface area derived
from the NaOH activation of rice husks as the electrode material. The specific surface
areas can be controlled by the different annealing temperatures and a specific surface
area of 2,696 m?g! can be reached. The obtained activated carbon exhibited the maxi-
mum specific capacitance of 147 F g'1.7! Geng et al. reported a one-step H,PO, activation
process to treat the cotton stalk for generating pf activated carbon with a large specific
capacitance of 338 F g7 In addition, Elmouwahidi prepared a series of activated car-
bons by KOH and H;PO-activation of olive residues.”” The results pointed out that the
KOH activation provided a high surface area and H;PO, activation created P-containing
functional groups and mesopores. The activated carbon with H,PO, activation showed
more excellent capacitive properties than that with KOH activation, indicating the pres-
ence of P-containing functional groups contributes to a large capacitance value.
Physical activation is usually to activate the precursor materials (coal or coconut
shells) in the presence of the oxidizing gas (steam, carbon dioxide, or nitrogen) for
the synthesis of the activated carbon.”®-% The steam and CO, are the most common
oxidizing gases for physical activation. The CO, activation can increase the surface
oxygen group and porosity of the activated carbon but no apparent change can be
detected during the steam activation process.?? For instance, Wang and co-authors
prepared the microporous activated carbons derived from lignocellulosic biomass by
using CO, activation, which had the maximum specific capacitance of 92.7 F g1.8
Yang’s group prepared apricot shell-derived activated carbons by water vapor and
CO, activation.®? The multistep activation strategy can produce a hierarchical porous
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structure relative to the typical single physical activation. Thus, the as-obtained apri-
cot shell-derived activated carbons displayed superior specific capacitance due to
high specific surface area and pore volume.

The template synthesis method mainly utilizes a sacrificial template material (such as
SiO,, MgO, ZnO, Al,O,, and TiO,) as the template for synthesizing activated carbon.$-%
A well-defined pore size distribution can be obtained accordingly. Simon’s group®’
reported a mesoporous carbon monolith which was prepared using the self-assembled
Na,SiO; salt particles as a template. After the removal of the salt templates, the MCM
sample with a high specific surface area and high mesoporous volume showed the
capacitance property as high as 75 F g! and outstanding rate performance. Among these
templates, SiO, is one of the most common templates for synthesizing activated carbon
which has been commercially produced. As shown in Figure 8.9a, a meso-structure
surfactant/silicate template was used as a direct template for the large-scale prepara-
tion of mesoporous activated carbon [90]. Moreover, the porous MgO templates can be
used to prepare the 3D pillared-porous carbon nanosheets (Figure 8.9b—d) in which the
unique structure endowed the excellent transportation of electrolyte ions, resulting in a
distinguished electrochemical performance (Figure 8.9¢).”!

Overall, activated carbon has been commercialized as a capacitor material. These
recent strategies for the production of activated carbon aim to optimize the properties
of the resulting material, including surface area, porosity, and pore size distribution,
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to improve the energy density and power density of supercapacitors for practical
applications.

3.1.4 Biomass-derived carbon

Biomass is known as an excellent precursor to prepare carbon-based materials because
of its renewability, environmental efficiency, and diversity. Thus, biomass-derived
carbon materials have been widely studied as electrode materials in supercapacitors.
Generally, Biomass-derived carbon is composed of agricultural/forestry residues,
industrial biomass residues, sewage sludge, and algal biomass.””’ Yan’s group”®
reported that the N-doped carbon microspheres (NCSs) were prepared by hydro-
thermal carbonization of oatmeal which showed high capacity and excellent rate
performance. In addition, multistep activated carbonization can further improve the
specific surface area of biomass-derived carbon materials. For example, Ma’s group®®
reported on the fabrication of extremely porous carbon materials using hydrothermal
carbonization and KOH activation of egg protein with GO sheets as templates. The
as-prepared porous carbon materials have a substantial surface area of 1,365 m?g .
As an electrode material for supercapacitors, it exhibits exceptional cycle stability
and a high specific capacitance of 482 F g-' at 0.1 A g-!. Combining hydrothermal car-
bonization and KOH activation, Long’s group® produced the porous graphene-like
carbon compounds from Auricularia (Figure 8.10a,b). Auricularia-derived carbon
possessed a multi-space framework with high specific surface area, high packing
density, and layered interconnections that supply electrolytic ions and abundant stor-
age sites as well as restricted transport routes (Figure 8.10c—g).

Moreover, many plants or vegetables can also be used as precursors for the syn-
thesis of porous carbon.'?'-1%5 E. Kurosaki et al.'”! reported that amorphous porous
carbon materials using wood chips as carbon source were prepared by flash heating
(5°C min') and low-temperature heat treatment (380°C), which exhibited significant
porosity, controllable three-dimensional structure, and large specific surface area. In
particular, Li et al.! prepared nitrogen-doped porous carbon sheets from eggplant
by freezing and then carbonization at a high temperature in one step (Figure 8.11).
The eggplant-derived carbon displayed a complex multilayer pore framework with
950m?g! of specific surface area and 100 F g!' of specific capacity at 0.5 A g\
Biswal et al.'* reported that the carbon material obtained from carbonizing dead
leaves directly by pyrolysis displays a significant specific surface area as well as
a specific capacitance of 400 F g-'at 0.5 A g'. Furthermore, the capacitive perfor-
mance can be improved by introducing transition metal compounds based on the
direct carbonization of biomass-derived carbon materials.

Activation carbonization (chemical or physical activation) is an effective method
to increase the porosity of biomass-derived carbon materials.'%-18 Liu’s group'®’
reported that a 3D porous carbon material using jujube as a carbon source was pre-
pared by KOH active carbonization with a higher particle density (1.06 g cm=3), while
the particle density of the blank sample was only 0.18 g cm3. Zou’s group'® reported
that nitrogen-doped carbon prepared by using sugarcane bagasse as a carbon precur-
sor and KOH as an activation agent has a hierarchical porous structure and high pore
volume of 2.05mL g!. When assembled as a symmetric supercapacitor, it achieves
an ultra-high-energy density of around 40 Wh kg™ in 2M Li,SO, electrolyte. Yang
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FIGURE 8.10 (a) Photograph of naturally abundant fungus; (b) photograph of dried fungus;
(c) SEM image of freeze-dried fungus; (d) SEM image of the obtained porous graphene-like
carbon materials; (e, f) corresponding elemental mapping images of C and O atom in (d); (g)
HR-TEM image of the porous graphene-like carbon materials.”

et al.'%® reported that porous carbon using natural macroporous corn leaf (CL) as
carbon precursor and H;PO, as activation reagents, displayed an ultra-high surface
area (2,507m?g™") and a high specific capacitance of 230 F g*! at 0.1 A g'. At the
same time, it has excellent high-rate performance and good cycle stability. Generally,
H,PO,-activated biomass-derived carbon materials display a smaller specific surface
area and porosity compared to KOH. In addition, water vapor, CO,, and NH; usually
react with carbon atoms or other atoms to produce CO or H,, which are conducive
to pore formation and are often considered as physical activation. Yang’s group'®®
tried to obtain activated carbon from coconut shells using a one-step CO, activa-
tion. The ideal circumstances produced activated carbon with a micropore volume
of 0.8949cm3g! and a BET surface area of 1,667 m?g!. Guo’s group'! reported the
preparation of porous carbon by the CO, activation method, in which the spore pre-
cursor is pretreated, and carbonized for two hours in an Ar gas flow at 700°C, and
then in a CO, gas flow at 900°C. The obtained activated carbon possesses a high
specific surface area of 3,053 m?g! and a sizable pore volume of about 1.43 cm3g".

Overall, biomass-derived carbons are an effective strategy to handle difficult
waste disposal issues and investigate outstanding performance energy storage mate-
rials. Developing biomass-derived porous carbon materials with high performance,
high efficiency, and long lifetime through one or more carbonization processes has
become the next research focus.
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FIGURE 8.11  (a) Schematic of the preparation of nitrogen-doped porous carbon sheets from
eggplant; (b) SEM of the dried eggplant; SEM images (c and d), and TEM images (e and f).!%

3.1.5 Others carbon materials

Other carbon materials including carbon spheres,''*-1?? carbon aerogels,'>3-'2 meso-
porous carbon,'?” 128 and carbon nanofibers'?-!3* have also been studied for super-
capacitor applications. Carbon spheres/microspheres with unique structural and
chemical properties possess a high surface area-to-volume ratio and also have excel-
lent electrical conductivity.!"®-'22 Currently, carbon spheres as electrode materials
have been studied extensively which can be synthesized by carbonization of organic
precursors, template method, and hydrothermal synthesis. For example, Kim et al.!?°
reported an easy approach to preparing pure carbon microspheres by a Friedel-Crafts
reaction. The carbon spheres with hierarchical porous carbon can deliver good elec-
tric double-layer capacitors due to faster ion transport/diffusion and increased sur-
face area. Qiao’s group'' fabricated the double-shelled hollow carbon spheres with
a unique “in situ replicating” strategy (Figure 8.12a,b). After KOH activation, rich
micropores and homogeneously N/O-doping could be introduced. Especially, the
hollow macroporous cavity and inter-shell mesopores (Figure 8.12¢,d) can act as
“ion-buffering reservoirs” to minimize the diffusion distance of ions, providing a
preeminent high-rate performance.'”® Finally, the hollow carbon spheres revealed a
high capacitance value of 270 F g-! at 90 A g!. The method presented by this work
can be propagable for the synthesis of other electrode materials for high-performance
supercapacitors.

Carbon aerogels with unique macro-, meso- and micropores are also promising
electrode material'?3-12> which were first synthesized by R. W. Pekala'?* via a sol-gel
process using resorcinol and formaldehyde.'?¢ Various carbon aerogels including
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FIGURE 8.12 (a) The preparation schematic, (b) model diagram, (c) SEM, and (d) TEM of
the hollow carbon spheres.'"”

CNTs carbon aerogels,'?® graphene carbon aerogels,!? etc., have been applied to
supercapacitor fields and usually provide a superior rate performance. Gogotsi’s
group'?* developed single-walled carbon nanotube aerogels with tunable shapes and
sizes, as shown in Figure 8.13a,b. Electrochemical results (Figure 8.13c,d) indicated
stable capacitive performance with a high-rate capability in common room tempera-
ture ionic liquid electrolyte. Qiao’s group'?’ prepared the graphene aerogels by reduc-
ing self-assembled from graphene oxide. These obtained graphene aerogels also
contributed to the preeminent high-rate property for supercapacitors. In addition,
carbon nanofibers are one-dimensional nanostructures derived from the pyrolysis of
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FIGURE 8.13 (a) Images of single-walled carbon nanotube aerogels in various sizes and
shapes; (b) SEM image of single-walled carbon nanotube aerogels; (c) cyclic voltammograms
and (d) galvanostatic charge/discharge of the single-walled carbon nanotube aerogels cells.!?

organic materials'?’ 1?8 and porous carbons showed an interconnected pore structure
with high surface area and tunable pore size,'?*-3* which also have been widely used
as electrodes in supercapacitors.

3.2  TRANSITION METAL COMPOUNDS

Transition metal compounds have been widely employed as essential electrode
material'33-13° for the application of supercapacitors. The earliest transition metal
oxide for supercapacitors is RuO,. However, the scarcity and expensive price of Ru
limited the practical application. Nowadays, a lot of research has been put toward
developing alternative, low-cost electroactive materials based on transition metal
hydroxides, oxides, sulfides, selenides, and phosphates.

3.2.1 Transition metal hydroxide

Transition metal hydroxide is a typical electrode material with distinctive layered
structures, however, it presents poor conductivity and durability. Up to date, chemical
doping, and structural adjustment have been verified as efficient methods for enhanc-
ing electrical conductivity and stability. For example, Gao’s group'3® found that the
single-layer p-Co(OH), nanosheets had a high surface area (Figure 8.14) which dis-
played a large capacitance of 2,028 Fg!. Additionally, the addition of metal cations
can enhance the cyclic life of the electrode material and stabilize its crystal phase.
Xie et al.'’¥ reported that Mg-Ni(OH), with a stable structure was grown on nickel
foam via Mg(OH), sacrificial substrate and in situ ion exchange. After 10,000 cycles
at 10 A g, the Mg-Ni(OH), preserves 95% of the original specific capacitance,
whereas pure Ni(OH), retains just 51% of the initial specific capacitance.

Compared to other metal hydroxide materials, the layered double hydrox-
ide (LDH) can enhance supercapacitor performance due to the following
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FIGURE 8.14 (a) XRD pattern, (b) TEM image, (c) height profiles derived from the atomic
force microscopy image in (d) of the single-layer p-Co(OH),.13¢

reasons!“0-143: (1) Bimetals effectively stabilize the layered structure to obtain better
cycle durability as well as rate performance; (2) Bimetals have a unique synergistic
effect in improving the performance of supercapacitors. Chen’s group'’ reported a
simple method to grow Ni-Co LDH with ultra-thin nanosheets and porous nanostruc-
tures on nickel foam. The obtained supercapacitor showed an extremely high specific
capacitance of 2,682 F g~! at 3 A g~! and an ultra-high-energy density of 77.3 Wh kg™!
at 623 W kg!. The ratio of nickel/cobalt can affect the thickness and properties of the
nanosheet structure. Moreover, a hierarchically hollow sphere-shaped NiMn-LDH
material was developed by Jai and his colleagues.!! The optimized NiMn-LDH-12
with large surface area demonstrated an exceptional specific capacitance of 1,010.4
Fg'at0.2 A g! and a capacitance loss of only 30% at 5 A g! after 5,000 cycles.

3.2.2 Transition metal oxide

Transition metal oxides including NiO, CoO, Co,0,, and Fe,O; have also been widely
employed as electrode materials. Many endeavors have revealed that transition metal
oxides possess desirable long-term charge-discharge cycles than metal hydroxides. For
example, Ding’s group'*® confirmed that the mesoporous hexagonal nanosheet-based
flower-like Co;0, material showed an excellent stability with capacitance retention
of 96.07% after a 10,000 cyclic test at 5 A g~!. Guan’s group' also reported an excel-
lent cycle stability of 2D MOF-derived Co,;0, with only 14.5% capacitance loss even
after 20,000 cycles. However, the capacitive activity of transition metal oxides is
reduced compared with hydroxides due to the feature of semiconductors or insula-
tors. Interestingly, bimetallic or polymetallic oxides can exhibit higher electrical con-
ductivity and capacitive activity than single-metal oxides.!*3-15! For example, Wu’s
group'® synthesized NiCo,0,@CNTs composite material network, which exhibited
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a high specific capacitance of 1,590 F g! at 0.5 A g!, excellent rate performance
and favorable cycle stability with approximately 137% initial capacitance after 7,500
cycles. Puratchimani’s group'? reported NiMn,O, nanostructures were prepared by
hydrothermal method. The nanostructure NiMn,O, reveals a higher specific capaci-
tance (854.7 F g! at SmV s! in 2M KOH aqueous electrolyte) and cycle stability
(94.6% capacitance retention after 1,000 cycles at 4 A g™).

3.2.3 Transition metal sulfides

Transition metal sulfides are an important material for supercapacitors'>*->° which dis-
play a higher electrical conductivity than transition metal oxides. Huo’s group' syn-
thesized a Ni,;S, nanosheet array grown on nickel foam with a specific capacitance of
1,3704 F g'at 2 A g, which shows a good rate performance and cycle stability. CoS,
hollow structures with adjustable interiors were easily synthesized by Peng’s group
using a simple solution-based approach.!”” The CoS, hollow spheres were obtained and
exhibited an outstanding supercapacitor performance thanks to their high surface area,
strong charge/discharge stability, and extended cycle life. Similar to bimetallic oxides
and hydroxides, the abundance of active redox sites and increased electrical conduc-
tivity of bimetallic sulfides have drawn more interest as a viable electrode material.
A S-vacancy-containing reduced CoNi,S,(r-CoNi,S,) ultra-thin nanosheet was effec-
tively synthesized on nickel foam by Liu et al.'* using a one-step hydrothermal process
(Figure 8.15a—d). The specific capacitance (Figure 8.15¢) of the r-CoNi,S, composites
was higher than that of the CoNi,S, electrode (1,226 F g™!) at a current density of 1 A
g1 (19189 F g). It also exhibits excellent rate performance and excellent cycling sta-
bility (Figure 8.15f), which is attributed to the formation of S-vacancies and ultra-thin
nanostructures, which increase the active site on the surface of the nanostructure, and
reduce the Gibbs free energy of the surface reaction.

Sulphur vacancy
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FIGURE 8.15 (a) The synthetic schematic illustration, (b,c) SEM images and (d) TEM image
of the r-CoNi,S, nanosheets. (e) specific capacity and (f) long-term cycling performance.'>
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3.2.4 Transition metal phosphates and selenides

Transition metal phosphates also store energy through redox reactions and exhibit
high theoretical specific capacitance.'®-1* Gu et al.!®' reported that Ni-doped CoP
(NiCoP) that has been encased in an amorphous carbon skeleton and is then adhered
to CNT (Ni-CoP@C@CNT), which shows a considerable specific surface area, a sig-
nificant amount of internal porosity and a continuous conducting network. Therefore,
the NiCoP@C@CNT electrode showed a high specific capacitance of 708.1 F g-!
at 1 A g! and excellent rate performance (444.1 F ¢! at 20 A g™!). Lan’s group'®?
prepared nickel foam (NF) with porous binary nickel-cobalt phosphide (NiCoP)
nanosheet arrays. Compared with Ni-Co LDH@NF and NiCoO,@NF, the NiCoP
nanosheet arrays exhibited more outstanding electrochemical characteristics, due to
the combination of composition characteristics and the advantages of array architec-
ture, which have exhibited an ultra-high specific capacitance of 2,143 Fg'at 1 A g!
and retains 1,615 F g'at 20 A g!.

The electron negative of selenium is lower than that of oxygen and sulfur and thus
transition metals selenides have better conductivity and are prone to redox reactions
for excellent energy storage performance.'®-197 Co, sSe nanowires were created on
a carbon cloth substrate by Banerjee’s group'®® using a “two-step” hydrothermal
process, which produced an area-specific capacitance of 929.5 mF cm= at a cur-
rent density of I mA cm. Guo et al.'” successfully synthesized Ni-Co-Se nanowire
which showed excellent performance with a maximum energy density of 17 Wh kg™!
obtained at 1,526 W kg

3.3 CONDUCTIVE POLYMERS

Conductive polymers,'3-172 as the typical class of pseudocapacitive materials, pos-
sess high electrical conductivity, which contribute to the fast charge transfer. The
energy storage mechanism of conductive polymers can be described by the following
formulas (Eqns 8.16 and 8.17):

p-doping: conductive polymer—conductive polymer™*(A-),+ne-  (8.16)
n-doping: conductive polymer 4+ ne-—-do*),*conductive polymer-  (8.17)

where A~ and C*is the anion and cation in the electrolyte, respectively. Currently,
many conductive polymers, including polyaniline (PANI),!%® Polypyrrole (PPy),!®
Polythiophene (PTh),!”° and others, have exhibited attractive electrochemical capaci-
tance performances.

3.3.1 Polyaniline

Polyaniline (PANI) exhibits remarkable conductivity, environmental stability, and
cost-effectiveness and has been considered a highly promising electrode material for
pseudocapacitive supercapacitors. Theoretical specific capacitances of PANI are as high
as 2,000 F g.13-1%> However, the limited charge transfer rate of PANI leads to relatively
lower specific capacitances, and the specific capacitances of PANT in the reported litera-
ture range from 200 to 1,000 F g!. 176-183 Currently, the preparation of polyaniline can
be achieved through chemical oxidation, electrochemical synthesis, and biosynthesis.
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Chemical oxidation remains one of the widely adopted techniques for obtaining
PANIL.'34-188 For example, Wen et al.'® successfully achieved the synthesis of clip-like
PANI nanofibers through the incorporation of a mixed surfactant system within a wet
chemical approach. The resultant nanofibers exhibit exceptional electro rheological
properties, owing to their distinctive structural characteristics. Zhao et al.'® synthesized
PANI nanofibers through high gravity chemical oxidative polymerization (HGCOP)
in a rotating packed bed (RPB). The resulting nanofibers exhibited superior specific
capacitance of 667.6 F g*! (Figure 8.16a,b) compared to 375.9 F g of those synthe-
sized in a stirred tank reactor (STR) at 10 A g! (Figure 8.16¢,d). Additionally, the
PANI nanofibers demonstrated excellent capacitance retention over repeated cycling.
Electrochemical synthesis offers several advantages, including rapid reaction speed
and high product purity. Bhandari et al.'®” synthesized polyaniline from aniline sul-
fate (AS) by electrochemical synthesis in an acidic medium. The electrochemical and
supercapacitive behavior of the synthesized PANI showed significant improvement.
Additionally, Navale et al.'®® prepared nodule-like PANI electrodes using the electro-
deposition method, which exhibited excellent specific capacitance of 508 Fg! in acidic
electrolyte and high specific power and specific energy values of 13.39kW kg™! and
32.12 Wh kg!, respectively. In addition, biosynthesis represents a novel preparation
method involving the use of microorganisms or enzymes.'?°-12 For instance, Cholli
et al."’! successfully synthesized conductive PANI nanoparticles using a biocatalytic
method with a simple two-step enzymatic approach. The obtained PANT has electroac-
tive properties and a great potential for electronic applications.

3.3.2 Polypyrrole

Polypyrrole (PPy) has attracted extensive attention due to its low cost, excellent
flexibility, high conductivity, and favorable redox properties.'”>-'%® Yuan et al.'”
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successfully prepared spherical silver-doped conductive PPy composites by oxi-
dation polymerization of pyrrole in aqueous solution containing Ag*. The citrate
produced stable and charged micelles by adjusting the surface polymerization of
pyrrole. Grijalva-Bustamante et al.'* reported the use of the bile salt sodium tau-
rine cholate as a surfactant for the synthesis of electroactive PPy nanoparticles, in
which hydrogen peroxide was used as a green oxidizer. In addition, Zhang et al.'®
synthesized a horn-shaped micro-nano polypyrrole film (GA-hPPy) with high elec-
trical activity by pulsed potentiostatic method. At a scanning rate of 10mV s7!, the
specific capacitance can reach 360 F g!. It has been proved that after 10,000 cycles,
its capacitive value can be maintained at 88.2%, implying excellent cyclic stability.

3.3.3 Polythiophene

Among them, Polythiophene (PTh), as a new type of organic polymer, has high elec-
trical conductivity and good optical properties, and is suitable for electronic devices
and optoelectronic applications.!”*-24 In addition, polythiophene can be prepared
into flexible films for the application of flexible electronics and wearable devices.
However, the complex synthetic process of polythiophene usually requires harsh
techniques and conditions. Recently, a template method with the non-oxidizing
process has been developed which possesses high molecular weight and good con-
ductivity. For instance, Kitao et al.?®® used a porous coordination polymer (PCP) as
a template to achieve a highly ordered chain arrangement of non-substituted PTh.
Due to the extended conjugation system, the PTh particles have higher conductiv-
ity than the PTh obtained by solution polymerization. Moreover, Yoshino et al.?’!
synthesized a conducting polymer using a chemical oxidation method with FeCl,
as a catalyst, resulting in a conductivity of 102 S cm™'. Gok et al.??? prepared poly-
thiophene in a CHCI, system using FeCl; as an oxidant, achieving a conductivity
of 1.7x 107 S cm™. The addition of different surfactants can alter the morphology
and enhance the conductivity. Vijeth et al.?% introduced a novel polythiophene/Al,O,
(PTCA) composite through the process of camphorsulfonic acid-assisted chemical
polymerization of thiophene. The electrochemical investigations revealed that the
PTCA composite with a 50% Al,0O, content (PTCAS) exhibited a remarkable spe-
cific capacitance of 780.40 F g~! at 0.5 A g7!, signifying its superior performance as
an electrode material for energy storage applications.

3.4 CARBON-BASED COMPOSITES

Due to their excellent features, carbon materials including nanocarbon materials,
activated carbon, and graphene were commonly used as substrates to synthesize
carbon-based composites. Many researchers have attempted to explore synergistic
advantages by combining different materials to enhance the overall electrochemical
performance of electrode materials. Here, the CNT-based composites, CNFs-based
composites and graphene-based composites were discussed in detail.

3.4.1 CNTs and their composite materials

CNTs exhibit excellent one-dimensional electrical conductivity, high mechanical sta-
bility, and remarkable catalytic activity, which make them suitable as substrates for
the preparation of electrode composites for supercapacitors. Recently, CNTs-based



172 Porous Carbon Materials for Clean Energy

metal oxides or metal sulfides have shown enhanced electrochemical proper-
ties.20029 Wang et al.?% successfully developed the CNT-MnO, as the electrode
material to construct the stretchable linear supercapacitor, which exhibited remark-
able electrochemical performance. It exhibited a high specific capacitance of 77.83 F
27! (9.03 F cm™) at a current density of 0.689 A g~! (0.08 A cm™) and retained good
capacity even after 8,000 galvanostatic charge-discharge cycles. Furthermore, this
asymmetrical supercapacitor demonstrated a stable output voltage of 1.7V, a power
density of 571.3 W kg~!, and an energy density of 29.84 Wh kg!. Lv et al.?*” prepared
CNT/MoS, materials by chemically adsorbing MoS, solution onto CNT films using
chemical vapor deposition. When used as the electrode for supercapacitors, the CNT/
MoS, material exhibited a high specific capacitance of 13.16 F cm™. Lai et al.?®®
utilized a network structure of conducting CNTs as a support structure and nickel
oxide as the active material of the supercapacitor to prepare CNTs@NiO composites.
It resulted in a synergistic effect and yielded a high specific capacitance of up to
713.9 F/g. Li et al.?!% prepared Co,(CO;)(OH),@CNTs composite material through a
hydrothermal method, which was then converted into CoS, ,,@CNTs-6.1% through
sulfidation treatment. The specific capacitance of the composite carbon nanotube
material reached 99.7 mAh g, benefiting from the enhanced ion diffusion rate due
to the increased specific surface area of carbon nanotubes. The supercapacitors
assembled from this material retained 91.3% of their initial specific capacitance after
2,000 cycles. Hou et al.?!! created a hologram-like y-MnS@CNT nanocomposite by
coating y-MnS nanoparticles on a carbon nanotube (CNT) skeleton (Figure 8.17a,b).
The resulting »-MnS@CNT electrode exhibited excellent electrochemical properties,
showcasing a high specific capacitance of 641.9 F g-! (Figure 8.17c,d) and remarkable
cycle stability.

3.4.2 Carbon nanofibers and their composite materials

Carbon Nanofibers (CNFs) also exhibit superior electrochemical performance
compared to many other carbon materials.?'?-2!'° So far, CNFs have been explored
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FIGURE 8.17 (a) Schematic fabrication mechanism and (b) SEM image of the MnS@CNT;
(c) CV curves at 50mV s~! and (d) GCD curves at 1 A g-1.2!!
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as substrates for the preparation of electrode composites. Levitt et al.?'* prepared
binder-free supercapacitor electrodes by incorporating Ti;C,T, MXene into carbon
nanofibers using electrospinning. This composite achieved a high areal capaci-
tance of up to 244 mF cm™2, which is three times higher than pure carbonized
PAN nanofibers (70 mF cm™2). Liu et al.?'” successfully synthesized flexible and
porous Co,0,-carbon nanofibers (Co;0,-CNFs) using electrospinning, followed by
carbonization. These optimized Co;0,-CNFs, utilized as binder-free electrodes,
demonstrated a specific capacitance of 369 F g-! at a current density of 0.1 A g
Even at a high current density of 2 A g=!, the specific capacitance retained 181 F g,
suggesting an impressive rate property. Xu et al.?!® employed electrospinning tech-
nology to prepare LiMn,0,-modified polyacrylonitrile nanofibers (Figure 8.18a).
Subsequently, the MnO/CNF composites were synthesized by annealing treat-
ment of LiMn,0O,-modified polyacrylonitrile nanofibers. The SEM images in
Figure 8.18b—e showed the uniform CNF structure with a rough surface. The MnO/
CNF composites delivered a high capacitance of 409.7 F g-' at 1 A g-!. Meanwhile,
the MnO/CNF composites were used as the negative electrode and the positive
electrode to assemble the supercapacitor cell (Figure 8.18f). The supercapacitor
achieved a working voltage of 1.8 V and exhibited excellent stability with a capaci-
tance retention of 94.2% after 10,000 cycles (Figure 8.18g) and could power an
LED light (Figure 8.18h).
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FIGURE 8.18 (a) Preparation scheme for MnO/CNF composite. SEM images of CNFs with
(b) low and (c) high magnifications. SEM images of MnO/CNF composite with (d) low and (e)
high magnifications. (f) GCD curves charged to different voltages of an asymmetric superca-
pacitor with MnO/CNF composite as both negative and positive electrodes. (g) Rate capabil-
ity and cyclic stability of the asymmetric supercapacitor. (h) Photo of an LED lightened by
the supercapacitor.”'
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3.4.3 Graphene and their composite materials

Graphene is a 2D hexagonal carbon nanomaterial with a honeycomb lattice structure
comprising sp? hybridized carbon atoms. Its exceptional properties, such as a large
theoretical specific surface area, high electrical conductivity, and remarkable thermal
and chemical stability, make it a promising electrode material for enhancing super-
capacitor performance.??°-?>* Zhang et al.??* successfully prepared a nanocomposite
of reduced graphene oxide/lanthanum oxide (rGO/La,05) through a straightforward
reflux process. This rGO/La,0; composite exhibited an impressive specific capaci-
tance of 156.25 F/g at a current density of 0.1 A/g, as well as an outstanding cycling
stability. Even after 500 charge-discharge cycles, the electrode material retained 78%
of its initial charge-discharge efficiency. Zhao et al.??! reported the preparation of
nanostructured composites consisting of reduced graphene oxide wrapped around
porous disk-like Co,Ni, ,(OH), structures using hydrazine hydrate reduction. The
porous structure significantly enhances the permeation of electrolyte and cycling life
for 20,000 cycles at 20 A g!. Li et al.??® successfully prepared the layered NiCo,O,/
RGO nanocomposite (Figure 8.19a), which showed an ultra-high specific capacity
of 1,388 F g7' at 0.5 A g™! and an ultra-long cycle life with 90.2% capacity retention
after 20,000 cycles at 5 A g-!. They assembled an asymmetric supercapacitor with
the NiCo,0,/RGO composites as the positive electrode and activated carbon as the
negative electrode (Figure 8.19b), which achieved a high-power density of 375 W
kg! and a high-energy density of 57 Wh kg! (Figure 8.19c—f). Additionally, the
NiCo,0,/RGO/AC devices exhibited good stability (Figure 8.19g) and were able to
power LEDs, suggesting potential applications in energy storage. Wang et al.?** intro-
duced a scalable synthesis method for producing mixed-valence manganese oxide
nanoparticles anchored to reduced graphene oxide (rGO/MnO,), which served as a
high-performance electrode material for supercapacitors. The rGO/MnO, displayed
a high capacitive value of 202 F g-! and an impressive areal-specific capacitance of
2.5 F cm™ with exceptional long-term cycling life.

4 THE APPLICATION OF SUPERCAPACITORS

Supercapacitor possesses high-power density and long cyclic stability but low energy
density compared to batteries. Therefore, applications that require a higher burst of
energy in a shorter time and continuous cyclic operations are suited to supercapaci-
tors. Currently, supercapacitors have been used in the fields of transportation, indus-
try, communication, medical devices, and life.

4.1 TRANSPORTATION

In electric vehicles, supercapacitors play a crucial role in starting, acceleration, and
braking. When the vehicle starts, the extra energy stored in the supercapacitor can be
discharged to ensure the acceleration performance of the electric vehicle. The super-
capacitor also can receive more energy during braking for the next start and others. It
can increase the cyclic life of the battery and improve battery performance. The use
of ultracapacitors in railways and buses is another important application in the trans-
port sector. The frequent braking of traditional fuel vehicles is bound to cause energy
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wastage, which not only reduces the economy of the vehicle but also generates more
harmful gases. These problems can be solved by using supercapacitor modules for
the energy storage and power systems of buses. Meanwhile, ultracapacitors are also
used in forklifts and excavators.

4.2 INDUSTRIAL AND MILITARY/AEROSPACE FIELDS

As the rapid development of industrial modernization, the consumption of energy
continuously increases. The usage of supercapacitors can efficiently save energy
and enhance economic efficiency. In lifting cranes, a large amount of gravitational
potential energy is released at the lowering of heavy objects. During the lowering
of heavy things, supercapacitors are ideal as energy recovery devices where the
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recovered energy can be used in the braking period of lifting cranes, resulting in fuel
energy-saving up to 40%.

Supercapacitors can be used in combination with other energy storage devices.
For example, wind/photovoltaic power generation has intermittent and unstable fea-
tures. In combination with supercapacitors and wind/photovoltaic power generation,
supercapacitors can be used as a backup power source to provide transient power
compensation for improving the stability and reliability of power generation. In addi-
tion, stable power output is essential for the safe and economic operation of the power
grid, as well as reducing energy consumption, etc.

Aecronautical equipment requires safe and reliable energy storage units even under
harsh working conditions such as wide operating temperatures, longer cyclic life, and
higher power density. Supercapacitors can meet the needs of aerospace equipment to
a certain extent and can be used as power supply devices and emergency power for
aerospace. In wireless systems, the safety of radio frequencies can be improved by the
application of supercapacitors. Supercapacitors with fast charge-discharge character-
istics can provide instantaneous high-power density for portable electronic devices.
The new high-powered military equipment must combine supercapacitors with con-
ventional high-energy batteries to meet the practical operational requirements. In
addition, military trucks, armored vehicles, and electric vehicles are required to use
a combination of battery and supercapacitor.

4.3 ELECTRONIC COMMUNICATION

In communications applications, supercapacitors are feasible as energy storage
devices for high-power pulse applications such as portable devices for global systems
for mobile communications (GSM) and general packet radio services (GPRS).

4.4 Lire

Now, the supercapacitor has become an essential component in daily life and has been
applied in light/storage lamps, portable electronic devices, warning, and real-time
counters. In many electric toys, the supercapacitor has the advantages of lightweight,
small size, high-power density, and rapid start-up and has attracted more attention.
In addition, supercapacitors are also often used in traffic lights, solar watches, traffic
signals, cameras, etc. Flexible supercapacitors are also gradually being used in new
electronic products such as foldable mobile phones and smart watches. In particular,
printable flexible solid-state supercapacitors are expected to have great potential for
application in the field of wearable electronic devices.

5 CONCLUSIONS AND PROSPECTS

In conclusion, supercapacitors are essential in energy storage systems for a variety of
applications. Recent research advances of supercapacitors in the fundamentals, elec-
trode materials, and applications have been reviewed in this context. The electrode
materials played a significant role in mechanisms, properties, and cyclic stability. In
general, the energy storage of carbon materials is based on the principle of EDLCs,
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where ions in the electrolyte can be adsorbed onto the surface of the carbon electrode
materials, forming a layer of charge on the electrode surface. This process is revers-
ible and occurs rapidly, accordingly exhibiting the ultra-high cyclic stability. Carbon
materials have many unique properties, including high surface area, outstanding con-
ductivity, and structural tunability, which allows for rapid charge transfer between
the electrode and the electrolyte. In addition, to further enhance the performance,
a great deal of effort has been put into the design of various strategies including
increased specific surface area, doping/surface modification with functional groups,
the construction of porous structure, composites, and the introduction of different
electrolytes, etc. Due to the attractive mechanical features, the carbon-based materi-
als also allow for the design of flexible and lightweight supercapacitors.

The energy storage of the transition compounds and conducting polymer is based
on the mechanism of pseudocapacitance, where the redox reactions take place at the
electrode/electrolyte interface, resulting in the transfer of charge between the elec-
trode and the electrolyte. This process provides a much larger capacitance for enhanc-
ing the energy storage capability than the carbon materials. However, some transition
metal compounds have a narrow voltage range which can limit their use in certain
applications. Significantly, the Faradic redox reactions of the transition compounds
and conducting polymer usually give rise to low cyclic stability compared with the
carbon-based materials. The unique morphology, doping, carbon-encapsulated, and
complex effects can efficiently promote the cyclic stability of the transition com-
pounds and conducting polymer.

Based on the above discussion, impressive progress has been reached in the past
decades. Many aspects still need to be further explored to achieve higher electro-
chemical performance. Here, some perspectives and opportunities for future research
directions have been summarized as follows:

1. The charge storage mechanisms with advanced in situ techniques and theo-
retical computational simulation: The fundamental charge storage mecha-
nism is favorable for understanding the reaction disciplines at the electrolyte/
electrode interfaces and enhancing the capacitive performance. Now, in
situ characterization techniques and theoretical computational simulation
have been developed rapidly and applied to various fields in recent years.
Especially, significant achievements in the mechanism research of catalysis
have been reached. Thus, more attention should be paid to the combination
among experimental results, in situ characterization techniques and theo-
retical calculations to achieve new breakthroughs in energy storage mecha-
nisms in the future.

2. The development of new materials for higher energy density: compared to
batteries, supercapacitors have an excellent power density but low energy
density. The development of novel materials with improved energy den-
sity, power density, and stability is crucial for advancing supercapacitors.
Currently, in addition to carbon materials and transition metal compounds,
new materials such as MXenes, metal-organic frameworks, and covalent
organic frameworks have been found and show potential in supercapacitors.
However, the relatively low conductivity in metal-organic frameworks and



178 Porous Carbon Materials for Clean Energy

covalent organic frameworks or the low capacitance in MXenes limits their
further applications. Thus, the design and development of new materials is
crucial for advanced supercapacitors with higher energy density for practi-
cal application.

3. Electrolyte optimization: Electrolytes play a crucial role in the performance
of supercapacitors including ion-conductivity, capacitance, cyclic life, oper-
ated voltage, and product cost. The choice of electrolyte is one of the key
parameters in the efficiency, durability, and cost of high-performance super-
capacitors. So far, aqueous and organic electrolytes are two fundamental
types of electrolytes for supercapacitors. Aqueous electrolytes are sulfuric
acid solutions or potassium hydroxide solutions, which are more corrosive
and the working voltage of the single supercapacitors is only about 1.5 V.
Organic electrolytes are organic solutions of electrolytes such as tetraethyl-
ammonium tetrafluoroborate, and the working voltage of single supercapac-
itors is above 2.5 V. However, there exists the easy volatilization of organic
solvents, potential safety hazards, and environmental pollution, limiting
their application in high-voltage and high-power supercapacitors. Recently,
solid electrolytes are considered as a promising alternative to conventional
liquid electrolytes for supercapacitors. They offer several advantages includ-
ing improved safety, wide operating temperature and voltage ranges, and
long cycle life. Current research on solid electrolytes for supercapacitors
focuses on polymer electrolytes, ionic liquid polymer electrolytes, and inor-
ganic solid electrolytes. However, many challenges remain including low
ionic conductivity, complicated synthesis, and poor interface contact with
electrodes. Solid electrolytes are an important direction for supercapacitor
research and development.
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Preparation,
Structure Control,
and Electrochemical
Performance of
Electrospun Carbon
Nanofiber (CNF)

Yan Song, Xiaodong Tian and Tao Yang

1 INTRODUCTION

The globalization and industrial revolution have remarkably accelerated the consump-
tion speed of fossil fuels and aggravated environmental pollution as well as health
hazards, in order to build a more sustainable and green world, scientists and policy
makers have focused on developing efficacious, clean, and renewable energy sources,
such as solar and wind power to fulfill energy demands. However, given the seasonal
characteristics, regionalism, and discontinuity, it is of vital importance for searching
reliable green energy storage systems to make them favorable to use directly in the
industry. Thereinto, supercapacitors (SCs) and secondary chargeable batteries have
become the fast-growing technologies due to their efficient energy storage capability
for power and energy supply.!2 Taking the increasing demand for higher energy and
power density along with longer lifespan into consideration, tremendous efforts have
been devoted to explore next-generation energy storage devices. As we all know, the
performance of these energy storage systems mainly depends on the characteristics
of the electrode materials.

Carbon materials with various microtextures are widely investigated as electrode
materials in terms of high electrical conductivity, tunable pore structure, controlled
microcrystalline structure, easy availability, nontoxic, stability, and environmental
friendliness.* However, most of the state-of-the-art carbon materials, especially pow-
ders and particles, suffer from limited ion-accessible areas, which restrict the storage
capability under large loads and worsen power output.* Therefore, it is crucial to pre-
pare carbon materials with high ion-accessible areas and charge diffusion pathways
to achieve high capacity at a large charging rate.
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Owing to the large high surface-to-volume ratio, short ion/electron transport
kinetics, and facile stress relaxation processes, one-dimensional (1D) nanomateri-
als, such as nanowires, nanorods, nanofibers, and nanotubes, have attracted much
interest. Among them, carbon nanofibers (CNFs) present a higher aspect ratio, supe-
rior access to electrolytes, better conductivity along the longitudinal direction, and
compatibility with other electrode materials. In this line, various strategies, such
as chemical vapor deposition (CVD),> hydrothermal/solvothermal,® electrospin-
ning,’ self-assembly,® molten-salt method,’ etc., have been adopted to prepare CNFs.
Thereinto, electrospinning is regarded as the most facile and controllable method to
prepare CNFs due to the following advantages: (1) tuneable morphology and func-
tional property; (2) adjustable specific surface area and pore interconnectivity; (3)
unidirectional electron flow and free-standing without the involvement of conductive
agents and insulated binders when used as electrodes for energy storage devices;
(4) easy tuning of properties through post-electrospinning treatments (hydrother-
mal/solvothermal method, CVD, electrodeposition, etc.)'*-!3 In this chapter, we will
introduce how the electrospinning parameters affect the structure of the as-prepared
CNPFs and their applications in typical electrochemical energy storage systems, such
as SCs, lithium-ion batteries (LIBs), sodium-ion batteries (SIBs), potassium ion bat-
teries (PIBs) and other advanced energy systems.

2 THE FACTORS AFFECTING THE PREPARATION
OF ELECTROSPUN CARBON NANOFIBERS

There are many factors that affect the morphology and components of electrospun
fibers. Both the electrospun process and post-processing have effects on the struc-
ture and morphology of electrospun CNFs. The solution parameters, electrospun
operating parameters, and environmental parameters during electrospinning play
an important role in regulating the structure and property of pristine nanofibers,
while post-treatment processes make sense to accommodate the properties of final
CNFs (Figure 9.1). In this section, the impacts of parameters in electrospinning and
post-treatment on morphology and microstructure were fully summarized.

2.1  ELECTROSPINNING PARAMETERS

Given the diverse combinations of spinning precursors and receiving modes dur-
ing the electrospinning process, the morphology and composition of the electrospun
fibers are highly adjustable. Three basic aspects (precursor solution, operating param-
eter, and setup geometries) dominate the nanofiber regulation. For example, various
continuous nanofibers with different surface states and components can be achieved
by blending different components with a certain ratio in electrospinning solutions,
during which polymer type, conductivity, viscosity, and solvent influence the qual-
ity of the as-prepared nanofibers. Most of the soluble polymers including natural
biopolymers and synthetic polymers can be used for electrospinning if the molecular
weight is high enough. These polymer solutions usually have non-Newtonian flow
behavior. Natural biopolymers and synthetic polymers with proper molecular weight,
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FIGURE 9.1 The factors influencing the fiber formation during electrospinning process.

such as silk fibroin," chitosan,'> polyacrylonitrile (PAN),'® poly(vinylidene fluoride)
(PVDF)," etc., have also been electrospun into nanofibers, leading to the diversity
of the structure and properties of the electrospun fibers. However, conductive poly-
mers with relatively low molecular weights and rigid backbones usually cannot be
fibers due to poor solubility and inadequate chain entanglement in the solutions.
Additionally, high solution conductivity makes it difficult to form a stable jet. Thus,
only a limited number of conductive polymers have been electrospun into fibers by
adjusting the parameters.'®-2° The viscosity of the precursor solution, which is related
to the concentration and molecular weight of the polymer, determines the length and
continuity of as-electrospun fibers.?! The continuous fiber cannot be formed if the
viscosity is really low due to the low polymer chain entanglements, while an unstable
flow rate occurs when a very high viscosity of the solution is adopted.> McKee and
his co-workers studied the dependence of the fiber diameter on the zero shear rate
viscosity (1,) and normalized concentration. They found that an increase in 1, indi-
cated a larger number of entanglement couplings, thereby generating larger electros-
pun fibers.?? Yun et al. also demonstrated that the diameter of fibers decreases as the
polymer concentration decreases.??

As for the electrospinning process, the applied voltage, feeding rate, temperature,
humidity, collecting condition, etc., indirectly affect the morphology of these electro-
spun nanofibers because of the fact that these parameters usually have an appropriate
range. To be specific, both high and low voltage can lead to more defects like beads
and inhomogeneity of the as-spun nanofibers due to the mismatch of the interaction
strength between jet and electric field, which could greatly reduce the properties
of nanofibers. Generally, beads will occur in fibers when low voltage is used. Fine
fibers can be achieved when the voltage increases in a certain range. Feeding rate
is an important factor that affects the geometry and diameter of the as-electrospun
fiber. Fiber diameters will be enlarged when the feeding rate increases. However,
when the feeding rate is too high to over a threshold, too much solution is ejected
without enough stretch, and hence nonuniform fiber or beads form. Whereas, when
the feed rate is too low, needle-blocking issues will arise because of the evaporation
of the solvent. Apart from the feeding rate, the distance between the spinneret and
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the collector is another factor which determines the unstable time of the jet before
being deposited on the collector. To ensure full extension and sodiation of the jet,
a long distance is required, resulting in thin fibers. The humidity and temperature
during electrospinning also influence the morphology of the fibers by affecting the
evaporation rate of the solvent, which in turn affects the solidification rate of the
jet. Therefore, they should be controlled in a proper range in order to prepare high-
quality nanofibers. For instance, a high environmental humidity will lead to water
condensation on the fiber surface and generate more pores, which is favorable for ion
adsorption when used as electrodes for energy storage devices.?*-?¢ Thin fibers with
rapid ion efficiency and short ion/electron transport pathways can be fabricated when
cutting down the humidity. However, the extension of the jet will be hindered if the
humidity is too low due to the quick evaporation of the solvent solution. Similarly,
the temperature should also be in a reasonable range. Although high temperature is
beneficial to reduce the viscosity of the spinning precursor solution, it accelerates
solvent evaporation and limits jet extension.

Except for the factors mentioned above, the needle and shape of the collector can
also tailor the morphology and arranged state of nanofibers. Hollow and multichan-
nel nanofibers instead of solid fibers can be fabricated by altering the needle tip
design, and the mechanism of channel formation will be discussed in the following
part (Figure 9.2a,b).2” 28 By changing the collectors, nanofibers with different orien-
tations and configurations can be obtained. Several spinneret collectors including
metal plates, rotating drums, wheel-like bobbins, etc. are used to collect the fiber
mats (Figure 9.2¢).”” Low-cost metal foil collector is mostly used to get the disor-
dered mats.’? Electrospun fibers could be aligned parallel to each other with high
density when a drum rotating at a high speed or a rotating wheel-like bobbin is
used as the collector.?® Liquid solution can also be used as a collector to collect the
as-electrospun nanofibers. As shown in Figure 9.2d, liquid nitrogen was used as a
collector to gather the nanofibers. By regulating the post-treatment after electrospin-
ning, fibers with different surfaces could be obained.®® In addition to the use of a
rotating drum and wheel-like bobbin, the combined use of conductors and insulators
as collectors can also achieve the adjustment of the fiber arrangement. As illustrated
in Figure 9.2e, two parallel gold electrodes are separated by an insulating gap of vari-
able width.3! It can be found that electrospun nanofibers are lined up across the gap.
The uniaxially aligned array can also be achieved by changing the substrate with
different bulk resistivity.

2.2  POST-TREATMENT PARAMETERS

To further improve the properties of electrospun fibers in some features, the
as-obtained electrospun fibers usually go through some thermal modifications.
Various atmospheres such as air,* Ar,3?> N,,% C,H,, H,,* or the mixture of them?’
have been applied to prepare CNFs with different structures and components during
which the decomposition of polymer and metallic precursor conversion has occurred.
At the same time, the crystallization, surface functionalization, and structural devel-
opment could be adjusted, resulting in various electrochemical performances. For
example, the blending solution of polyureasilazane (PSN)/polyvinylpyrrolidone
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FIGURE 9.2 (a) SEM image of a uniaxially aligned array of anatase hollow fibers,”’
Reproduced with permission from ref.””. Copyright 2004, American Chemical Society; (b)
SEM images of multichannel tubes with variable diameter and channel number,?® repro-
duced with permission from ref.?8. Copyright 2007, American Chemical Society; (c) types
of nanofiber-collecting devices,” reproduced with permission from ref.”. Copyright 2007,
Mary Ann Liebert, Inc.; (d) the electrospinning setup with the liquid nitrogen bath collector
and the corresponding nanofibers,* reproduced with permission from ref.?°. Copyright 2006,
American Chemical Society; (e) schematic illustration of a test pattern that comprised two
gold electrodes and nanofibers deposited on different insulating solid substrates of quartz
wafer, polystyrene sheet and glass slide,? reproduced with permission from ref.?. Copyright
2004, John Wiley and Sons.

(PVP) was electrospun into nanofibers first. Afterwards, the as-electrospun fibers
were cured in air at 200°C for 2 h followed by pyrolyzed under N, at 800°C to obtain
porous hollow CNFs. In this work, PVP was used as a sacrificial template and pora-
tor. The gas release during the decomposition of PSN also contributes to the pore gen-
eration.’® Chen and co-workers fabricated N-doped hollow carbon nanotube-carbon
nanofiber (CNT-CNF) hybrid material by using poly(methyl methacrylate) (PMMA)
solution as the inner fluid and a mixture of nickel acetate (Ni(Ac),-4H,0O and PAN as
the outer fluid via co-electrospinning technique. A mixture gas of Ar/H, was used
to form CNTs on the surface of CNFs, during which Ni acted as the catalyst for the
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growth of CNTs.* Similar to this work, Yu et al. fabricated root-whisker structured
CNTs-CNFs network by altering PMMA as PVP.37

Apart from CVD, other technologies such as the hydrothermal method, sol-gel, and
microwave were also combined with electrospinning to tailor the structural and com-
positional feature of the as-obtained materials. For example, hydrothermal-assisted
electrospinning strategy was used to prepare worm-like NiMoO, decorated CNFs
for SC and LIB appilication.*® Porous TiO, nanofibers with good photocatalytic
activities could be fabricated by collaborating sol-gel with electrospinning method.
Microwave-assisted oxidation was introduced to regulate the surface state of electro-
spun CNFs. By changing the microwave treatment parameters, the structure, elec-
tron, and electrochemical properties of as-obtained CNFs could be adjusted.*!

Clearly, as a basic technology, electrospinning can be easily integrated with other
techniques to achieve competitive hybrid composites with unique structure and com-
position for energy storage applications. Notably, the electrospun CNFs can not only
be directly used as electrodes but also can be used as a substrate for other materi-
als’ decoration, leading to composites with adjustable electrical, chemical, photonic,
magnetic properties. In other words, there will be thousands of methods and means
that can be used to regulate the performance of electrospun CNF-based materials. In
the following section, the methods of electrospun CNF’s structural regulation will
be summarized.

3 THE METHODS FOR ELECTROSPUN CARBON
NANOFIBERS” STRUCTURAL REGULATION

Briefly, novel strategies and design rules have been explored to boost CNFs’ electro-
chemical performance via pore regulation, microcrystalline modulation, and surface
chemistry adjustment (Figure 9.3). Pore size and distribution influence the electro-
chemical performance most via changing effective ion-accessible areas for energy
storage. Generally, the materials with similar pore size to that of solvated ion of the
used electrolyte and a hierarchically porous structure can maximize the energy stor-
age performance.*? As for microcrystalline, it mainly affects the electrical conductiv-
ity, which is an important factor for high power output. The ion-accessible area can
also be influenced by wettability. Proper surface chemical composition is favorable
for the enhancement of wettability as well as extra capacity contribution. In this sec-
tion, we refine the structural regulation into three parts: pore structure modulation,
microcrystalline structure modulation, and surface chemical structure adjustment.

3.1 POROUS STRUCTURE

Ion diffusion, adsorption, and insertion are really important factors during energy
storage. Proper porous structure, especially multi-scale pore structure, is highly
desired due to the potential of the enhancement of effective ion-accessible area. In
this part, we will examine some representative approaches, including the etching
approach, template method, and compounding method, to create different types of
pores and their incorporation into electrospun CNFs for enhanced charge storage
performance will be examined.
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FIGURE 9.3 The factors influencing the electrochemical performance of the as-obtained
CNFs.

3.1.1 Etching approach

In most cases, the surface area generated directly by the dehydration and dehydro-
genation of organic compounds during the pyrolysis process is too low for efficient
energy storage. To increase the specific surface area, an etching approach is usu-
ally adopted. Various carbon corrosion reagents, such as oxidizing gases (air, CO,,
and H,O steam), acids, and alkalis, are frequently implemented to augment the ion-
accessible surface area and capacity. It is known to all, a well-controlled etching
treatment can give rise to a hierarchical porous structure. Herein, typically used etch-
ing approaches were summarized.

The etching reaction of electrospun CNFs using air, CO,, and H,O steam is usu-
ally regarded as a physical process during which carbon atoms are partially oxidized
by these oxidants at high temperatures to release gases and generate pores. The acti-
vation effect of N,, H,O, and CO, on PAN-based CNFs has been deeply studied by
Kim. The specific surface area and pore volume along with average diameter of
the activated CNFs (ACNFs) are heavily dependent on the activation condition. The
results show that the oxidation reactivity with the carbon of these activation agents
follows in the order of H,O>CO,>N,. Compared with the inert N, and CO,, the
diameter activated by H,O reduced the most. Pore size could be tailored from 0.64 to
0.81 nm and the specific surface area ranged from 404 to 1,624 m?>g-'.#3

Electrospun-activated CNFs with hollow core/highly mesoporous shell structures
were fabricated by combining the use of co-electrospinning and H,O steam activa-
tion. By changing preparation parameters, a tri-modal pore distribution with three
distinctive peaks at 4, 25, and 38 nm was achieved. The total specific surface, pore
volume, average pore diameter, and mesopore average diameter are 1,191 m?g!,
0.99cm?g™!, 3.3nm, and 17.9nm.** Porous CNFs with a suitable pore size and
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porosity were also produced by electrospinning PAN/PVP blending followed by
phase separation, carbonization, and CO, activation treatments. The specific surface
area, total pore capacity, and meso/macropore capacity increased from 355.2m?g",
0.134cm3g™, 0.112cm?*g™! to 1,256.2m2g™, 0.232cm?g™!, and 0.197cm3g!, respec-
tively, indicating the positive role of CO, activation in enlarging porosity.*

As another important etching approach, chemical activation is often performed by
immersing the as-spun polymer fibers or CNFs into an aqueous solution of activating
agents, followed by carbonization and washing treatment.? In order to achieve simi-
lar porosity with low-dosage activating agents, a one-step carbonization/activation
strategy was also explored. In this means, a small dose of activating agent was intro-
duced into electrospinning solution, and activated CNFs could be obtained through
pyrolysis during which activation takes place synchronously.’> KOH is extensively
used among various chemical reagents, the activation mechanism by KOH is complex
and dependent on both the reactivity of carbon sources and the experimental param-
eters.** A commonly acknowledged understanding is the expansion of the carbon
lattice caused by the metallic K intercalation, which originates from the dehydration
and reduction of KOH. Ma et al. investigated the influence of the amount and mode
of KOH addition (i.e. adding KOH into electrospinning solution directly, immersing
the as-spun polymer fibers into KOH solution) on the development of pore structure
evolution of CNFs.#48 They discovered that when the concentration of KOH solution
increased from 0 to 20 wt%, the specific surface area and total pore volume improved
greatly no matter which KOH addition mode was chosen. Compared with the method
of adding KOH into precursor solution (ACNF), the immersion mode (ICNF) affect
the porosity better. Specifically, the specific surface area and total pore volume of the
activated CNFs enlarged from 597m2g! and 0.27cm3g! for ACNF to 1,317m2g""!
and 0.69cm?g! for ICNF, respectively. As a result, ICNF delivers superior overall
electrochemical performance than ACNF when used as SC electrode. Similarly, the
electrochemical property of the porous CNFs can also be optimized via activating by
NaOH,3¥ NaHCO,,* ZnCl,,° H,PO,," etc.

As outlined above, physical activation can flourish the porosity effectively.
However, this strategy is usually plagued by low carbon yield and high energy
consumption, while chemical activation is associated with issues of special equip-
ment with strong corrosion resistance and extra cost for the removal of aggressive
chemical reagents, thus limiting the widespread applications. Besides, only using the
etching method to regulate the pore structure, the prepared CNFs tend to be mostly
microporous, and it is difficult to achieve the precise regulation of the pore structure.
Therefore, it is necessary to develop new pore-forming approaches to realize the
directional design and regulation of the pore structure.

3.1.2 Template approaches

In comparison with the activation approach, the template method is perceived as
one of the most popular strategies to precisely control the pore structure of CNFs,
through tailoring either the type or the dosage of templates. Typically, a template in
powder form is mixed evenly into the polymer solution used for electrospinning and
the porous CNFs can then be obtained via the carbonization treatment, followed by
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removing the templates. The commonly used templates can be divided into inorganic
and organic species.

Silica (SiO,) is often selected as the inorganic template for fabricating hierarchical
porous carbon nanostructures, owing to its wide availability, low cost in large quan-
tity, and facile regulation to various morphologies and sizes.3> 33 Hierarchical porous
PAN-based CNFs were prepared by using a SiO, template and KOH-activated agent.
Mesoporous volume changes ranging from 0.10 to 0.93cm3g™! and total volume
increases from 0.84 to 1.53cm3g! when the mass ratio of SiO, and PAN increases
from 0% to 50%. Nevertheless, the removal of SiO, templates usually needs HF
or hot concentrated alkaline solutions with acute toxicity and strong corrosivity. In
comparison, many inorganic salts can be dissolved in the polymer precursor solu-
tions, they are more versatile than SiO, templates for the engineering of porous
CNPFs. Based on the reaction types during the pyrolysis process, inorganic salt tem-
plates can be divided into stable templates and decomposable templates. NaCl, KCl,
and K,S with high thermal stability are typical stable templates.>*¢ For the latter,
Mg(NO,),,%” Fe(NO,);,%® NaHCO,,* etc., have been used as decomposable metal salt
templates prepare CNF with mesoporous structure. Taking NaHCO; as an example,
it decomposes into Na,CO;, CO,, and H,O at low temperatures, Na,O occurs along
with the increasing temperature (800°C). The mesoporous CNFs were obtained by
immersing the carbonized nanofibers into water to remove the soluble Na,O.# A high
specific surface area of 724 m?g! can be achieved. N-doped CNFs were fabricated
by using an Mg(OH),/PAN precursor solution. During carbonization, Mg(OH), was
transferred into MgO, and the as-formed MgO template can be easily removed by
HCI. The pore size of the resultant CNFs is mainly located at 2—4nm, and the spe-
cific surface area can reach up to 926.4m?g-!, which was 4.5 times higher than that
of the pristine CNFs without the addition of Mg(OH),.* g-C;N, can also be used as
a sacrificial template to prepare CNFs with mesoporous structure.®

Unlike inorganic hard templates, most of the organic templates not only play the
performing role but also serve as the carbon resources. Till now, numerous polymer
hybrids with different carbon yields, such as PAN/PMMA, chitosan/PEO (poly-
ethylene oxide),"” PEA (poly(ether amide))/PVP,%> PAN/pitch,® phenolic resin/PVA
(polyvinyl alcohol), etc., have been used to prepare porous CNFs, during which the
polymer with low carbon yield severed as sacrifice template. As a special polymer,
PVP can not only be used as porogen but also as a carbon source. Since PVP can
be dissolved in water, expect for pyrolyzation, hydrothermal, immersion in water
can also be utilized to convert as-spun nanofibers into CNFs with controlled porous
structures. Figure 9.4 illustrates the CNFs with different morphologies prepared by
changing the emission way of PVP. As shown in Figure 9.4a, N,F co-doped meso-
porous CNFs (NFMCNFs) were prepared by combining the use of electrospinning,
hydrothermal, carbonization, and vacuum plasma treatment.®* The relative content
of PVP plays an important role in the pore structure evolution. The basic polymer
frame of the PAN fibers swelled up during the PVP extraction and a lot of porous
structures formed. As the content of PVP increases, the surface modification pro-
gresses more efficiently and dynamically. However, partial collapse occurred when
the PVP ratio against PAN was increased to above 3. The PVP in as-spun PAN/PVP
nanofibers was extracted by immersing into the deionized water with the assistant
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of ultrasonic-assisted vibration before carbonization. As depicted in Figure 9.4b, no
intra-fiber pores can be detected from PAN and PAN/PVP electrospun nanofibers.
However, after removing PVP, the PAN porous nanofibers with pore sizes ranging
from several nm to hundred nm in diameter were obtained. The agglomeration of
PVP in PAN/PVP blends should be the response to the enlarged pore size. Liu et al.
prepared porous hollow CNFs by directly carbonizing the as-spun PSN/PVP nano-
fibers at 800°C (HCF800) followed by NaOH activation. The formation mechanism
can be explained as follows: (i) A core-shell structure was formed in the PSN/PVP
precursor nanofibers due to the difference of conductivity, in which PSN is mainly in
the core, whereas the shell is PVP. (ii) Si in the PSN core can be removed by NaOH
in the activation process. Besides, the NaOH activation can also introduce micro/
mesopores into the fiber shell owing to its strong corrosion® (Figure 9.4c).

Nowadays, some fossil/biomass polymers, such as pitch,% lignin,®® have been
used to prepare CNFs, which can be regarded as an effective waste management
approach. However, the spinnability and complicated pretreatments should be taken
into consideration due to the low molecular weight. In this regard, some other organic
compounds, such as terephthalic acid (TPA), have been explored as an additive for
the maintaining of fibrous morphology. For example, cross-linked CNFs with good
flexibility were fabricated by using TPA as a multi-functional additive. In this work,
TPA can not only act as template to in situ create pores on/in the electrospun CNFs
but also plays an important role in accelerating the polymerization of the pitch. When
adopted as supercapacitor electrodes, the as-obtained porous CNFs exhibit high spe-
cific capacitance of 267 F g! at 0.2 A g! and outstanding rate capability (178 F g~!
at 100 A g).%7

Except for organic polymers, decomposable Zn(Ac),,%® Cu(Ac),,* Ni(Ac),,”
Co(Ac),,”! VO(acac),,”” etc., are frequently used as organic salt templates. Their
pore-forming mechanism is quite similar to that of decomposable inorganic salts.
Taking Zn(Ac), as an example, the foldable CNFs could be produced by using
Zn(Ac),—assisted electrospinning—preoxidation—carbonization strategy. ZnO was
generated in situ during the decomposition of Zn(Ac), in the carbonization process.
The newly formed ZnO could oxidize the local carbon to form pores and defects,
accompanied by the removal of ZnO itself though the formula of ZnO + C — Zn + CO,.
Additionally, the utilization of Zn(Ac), could enhance the mechanical flexibility of
CNFs by relieving the stress concentration and creating porous structures.5

Metal-organic frameworks (MOFs) have been widely applied as organic templates
for the construction of porous structures due to the controllable structure, and pore
type since they were invented.”> ™ Generally, MOFs can be used in two main syn-
thesis approaches: (i) MOFs are deposited in situ or by polarity induction on the
electrospun polymer nanofibers™; (ii) polymer/MOF solution is electrospun to form
nanofibers followed by the carbonization and subsequent removal of templates.’
For example, porous N-doped CNF assembled with interconnected carbon hollow
nanoparticles was designed by carbonizing the electrospun zeolitic imidazolate
framework (ZIF-8)/PAN composite precursor.” The majority of the pores fall in the
range of 3—4nm. Besides, the corresponding specific surface area can reach up to
4179 m?g!, which is larger than that of the N-doped carbon materials derived from
ZIF-8 (223.1m?g™") and electrospun PAN nanofibers (8.7m?g"). More recently, a



202 Porous Carbon Materials for Clean Energy

1 PAN/PVP electrospun fibers
a b eax Precursor
M'ﬁ’-mul
— -
actrospun AN/ VP MPNFs DM => =
S L

Stabilzation
Sabltzaton .5. Electrospinning

arbon il Phﬂsesepamlmnﬂ
mmmmm ro
== P
NFMCNFs NMCNFs 20 0o Tonic liquid electrolyte
<
Lokl Carbonization
<
Expanded PAN core

i) During i) MPNFs.

Porous fibers

®
Supercapacitor
Porous carbon fibers

%’I

PVP/PSN fiber SICNO fiber:

cumd at200 c pymum: at800°C
PVP+PSN+CH,OH

Sodium hydroxide activation

oooooooooo

[eR—

FIGURE 9.4 (a) Schematic illustration of the overall preparation process of NFMCNFs and
SEM images of the MPNFs fabricated with various PAN/PVP mixed ratios in the sequence
of 2:1, 1:1, 1:2 and 1:3, respectively,** reproduced with permission from ref.%, Copyright 2017,
Royal Society of Chemistry; (b) schematic diagrams of PAN-derived nanofiber supercapaci-
tor and the corresponding SEM images of as-spun and carbonized nanofibers with different
of PAN/PVP ratios (10:0, 10:1, 10:5 and 10:10),* reproduced with permission from ref.*>,
Copyright 2018, Elsevier; (c) schematic illustration of the preparation of porous hollow car-
bon nanofibers and typical SEM images of the activated products of HCF800 under differ-
ent magnifications and the associating textural structure,®® reproduced with permission from
ref.®, Copyright 2020, American Chemical Society.

monolayer sheath of MOFs was decorated on the electrospun polymer nanofibers
by Gong and co-workers.”” Compared with PVA and polylactic acid (PLA), PAN
nanofibers were more favorable for the formation of the monolayer sheath of MOF
particles with excellent uniformity in size and morphology owing to the existence
of a superior polar side group (~CN). This general approach could also be expanded
to the growth of other types of MOFs on the electrospun PAN nanofibers, such as
Cu-BTC (trimesic acid), Ni-2-MIM (2-methylimidazole), Ni-BTC, and Mn-BTC.
Excellent electrochemical performance could be achieved after transforming these
PAN@ZIF-8 nanofibers into N-doped porous CNFs with a conductive carbon core
and a monolayer coating of hollow carbon frames.

3.1.3 Other special approaches

It has been demonstrated that designing the nanostructure of materials could greatly
expand their application. As mentioned in Section 2.1, coaxial electrospinning is
widely used to prepare hollow micro/nanofibers. In general, the hollow fibers can be
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obtained either by core extration® or by core decomposition.”” The former approach
uses special solvents to selectively dissolve only the core materials, just like He’s
work.® While the other method uses heat to remove the core materials. Based on
a similar mechanism, multichanneled structure®® could be achieved by altering the
number of capillaries in the spinneret. For example, as shown in Figure 9.2b, a mixed
solution of Ti(OiPr), and PVP and commercially available paraffin oil served as an
outer liquid and inner liquid, respectively. A spinneret with different numbers of cap-
illaries was used to prepare fibers with various channels. By removing the organics
of as-spun products through calcination, multichanneled TiO, was obtained.?®

Except for the multichannel structures, more complex nanostructures, including
fiber-in-tube,’® tube-in-tube,”® and even modified fiber-in-tube,®® were also fabricated
afterward. The fibers with fiber-in-tube structures were prepared by using tricoaxial
electrospinning. In this work, the paraffin oil emulsion serves as the sacrificial phase
that separates the core and shell fluids (Ti(OBu), sol) during spinning and results in
as-spun nanofibers with a sandwich-like structure. After calcinating, fiber-in-tube
structure was fabricated. The flow rate of the fluid plays an important role in struc-
ture regulation. As illustrated in Figure 9.5a, the diameter of the fiber inside the
tube was enlarged when the flow rate of the inner fluid increased from 0.5 to 1.0mL
h-!. By altering the flow rate of the middle fluid, the diameter of the channel could
be changed.®! Interestingly, such channels can also be filled with other substances.
For instance, Si nanoparticles were filled into the fiber-in-tube structure by using
styrene-co-acrylonitrile as the sacrificial carrier of Si nanoparticles.® In this work,
a distinctive tri-layered structure consisting of a carbon cylindrical core, Si nanopar-
ticles, and a carbon tubular shell was achieved. The average C-shell thickness and
C-core diameter were 127.0nm and 315.8 nm, respectively (Figure 9.5b). For energy
storage applications, ion-accessible area is quite an important factor that influences
the electrochemical property, and the nanofibers with tube-in-tube have attracted
strong interest due to their abundant inner surface, which is a benefit for extra contact
between the electrolyte and electrode, thus providing higher capacity (Figure 9.5¢).

Compared with the solid or hollow nanofibers, although nanofibers with multi-
channel structure, or any other complex nanostructures have considerable advan-
tages, such as larger surface-to-volume, independent channels for ion transfer or for
functionalization, superior mechanical stability, etc., such complex structures were
hard to practical control, which in turn impedes their extensive application.

3.2  SURFACE CHEMISTRY

Chemical doping of carbon skeletons with heteroatoms, including but not limited
to nitrogen (N),® sulfur (S),” oxygen (0),* phosphorous (P),** boron (B),® fluorine
(F),%* etc., by which the electronic structure, porosity, interlayer spacing and surface
chemistry of the host CNFs could be manipulated, is regarded as another powerful
strategy to enhance their electrochemical activity.? 108

Basically, N/B-doping is commonly identified as substitutional doping by the way
of replacing carbon atoms in the sp? lattice with newcome atoms.?” To be specific, the
three valence electrons of B could result in higher charge carrier concentration and
density of states at the Fermi level, acting as an electron acceptor. Given the lower
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FIGURE 9.5 (a) The influence of the inner flow rate (up) and middle flow rate (down) on
the size distribution and morphology regulation.®! Reproduced with permission from ref.’!,
Copyright 2010, American Chemical Society; (b) schematic diagram (up) and SEM image
(down) of the well-prepared tri-layered C-core/Si-medium/C-shell nanofiber.®® Reproduced
with permission from ref.?°, Copyright 2014, Royal Society of Chemistry; (c) the nanofibers
with tube-in-tube structure under different magnifications.’?> Reproduced with permission
from ref.%2, Copyright 2014, IOP Publishing.

electronegativity of B (2.04) compared with C (2.55), B—C bond can be formed more
easily than that of C—C bond. Besides, when B is doped into the carbon matrix, the
7 electrons will be redistributed. As a result, the C—C bonds will be softened and the
C-0 bond will be strengthened.® It is also demonstrated that the functional groups
formed by N with C are more electrochemically stable than the C—O group and can
serve as electron donors. The higher electronegativity of N (3.04) results in better
electrolyte ion adsorption.?® 3 F goes the similar way with N and B, and it can also
lead to the charge redistribution among carbon atoms due to the electronegativity dif-
ference between them.”® However, given the specificity of F sources and low doping
level, there is an evident shortage of research on F-doped CNFs.”! Compared with F,
and HF, polyvinylidene fluoride (PVDF) is considered a stable and safe F-containing
precursor. Gong et al. prepared N,F-co-doped microporous CNFs by electrospin-
ning the mixture of PAN/PVP/PVDF (mass ratio=1:1:1) followed by hydrothermal
removal of PVP and carbonization. The maximum F content was only 2.81% by
changing the PVDF dosage.”! Therefore, more studies should be needed to regu-
late the F-doping concentration. As for P and S, there is no unified conclusion as to
whether their doping is a substitution mechanism.”> %> However, there’s no doubt that
they play a vital role in adjusting the electrochemical properties of carbon materi-
als.”* % It has been reported that P-doping can enhance the structural/interfacial sta-
bility, facilitate the adsorption of alkali metal ions and improve the electrochemical
reactivity of carbon.”*-%8 Wu and his co-workers prepared P-doped hard carbon nano-
fibers by using PAN and H;PO, blend as electrospinning solution. The homogenous
distribution of P and the unique 1D nanofibers with macroporous morphology endow
the as-obtained P-doped hard carbon nanofibers with excellent electrochemical per-
formance when adopted as anode for sodium-ion storage.®* Due to the large covalent
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radius of S, carbon skeleton formed cannot maintain the planar structure when the
substitution of S occurs in the sp? carbon framework.”” The —C-S—C- group and
S=0 group could affect the 7 electronic structure and provide extra pseudocapaci-
tive performance. Additionally, S-doping can also enlarge the interlayer spacing,
which is good for the accommodation of more electrolyte ions. And the reduced spe-
cific surface area is also essential for the optimization of the coulombic efficiency.!?
Thiourea,!*! (NH,),S0,,% KS,,>* sublimed sulfur'® have been adopted as S precur-
sor. Unfortunately, the doping of S is accompanied by a pungent odor, which limits
the applied studies to some extent. Additionally, compared with single-heteroatom
doping, multi-heteroatom doping in CNFs could generate a synergistic effect of dif-
ferent dopants, leading to an enhanced performance.

Generally, there are two methods for producing nonmetallic element-doped CNFs:
in situ method®? and ex-situ method (post-thermal treatment method).?* The in situ
modulation approach can also be regarded as a self-doping strategy, where the precur-
sors containing both carbon and heteroatom elements, such as PAN,* polybenzimid-
azol (PBI),'? are used in the synthesis process. Another situation, i.e., carbon and
heteroatom precursors are subjected together to prepare heteroatom-doped carbon,
should also be considered as in situ method. In this approach, the type and content
of heteroatoms are more influenced by the precursor. Thus, to achieve a high doping
level, some precursors with high heteroatom content like g-C;N, ,%° melamine,'** red
phosphorus (Red P),'%* etc., were incorporated into the electrospinning process. For
example, the N content in g-C;N, involved CNF (NMCNFs) is about 8.6 wt.%, which
is much higher than that in pure PAN-based CNFs (1.0 wt.%). The results show that
NMCNFs have much more pyridinic N and quaternary/graphitic N than pyrrolic N
and pyridinic N oxide, which is beneficial for the improvement of the electrical con-
ductivity of the CNFs.®® Unlike in situ doping, ex-situ doping is usually used to intro-
duce heteroatoms into the existing carbon skeleton by post-treatment of the already
obtained carbon materials, including but not least, chemical etching,® microwave
irradiation,*! plasma treatment,'% etc. Our group increases N content in as-obtained
NCNFs by post NH; activation.®® Pitifully, NH; gas with a pungent smell is chem-
ically aggressive and poisonous, which would need extra control as far as safety
is concerned. Vacuum plasma approach was adopted by using C,F; as F source to
fabricate F-doped CNFs (NFMCNFs). The F content in CNFs can achieve up to
10.9%, semi-ionic and covalent C—F bonds could be deconvoluted.®* Recently, the
hydrothermal method was also applied to make high F-doping levels possible. For
example, NH,F'% and NaBF,'%7 were used as F sources to decorate graphene and car-
bon nanotube fiber bundles via hydrothermal strategy. High F content as well as good
overall performance can be achieved. These works pave the way to explore unique
F-doped CNFs with more safe, effective method and F sources.

3.3  MICROCRYSTALLINE STRUCTURE

A high conductivity is another important factor for the application of CNFs in
energy storage devices. Although conventional CNFs are conductive, they are not
conductive enough for high-performance devices. It is well known that conductiv-
ity is closely related to the microcrystalline structure, in order words, the degree
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of graphitization, which is related to the ratio of G and D band intensity (/5/I)
calculated from Raman spectra. To enhance the conductivity of carbon materials,
high-temperature carbonization and graphitization are usually needed, which is very
energy-consuming. Furthermore, high-temperature treatment is not conducive to the
maintenance of fiber film flexibility and high heteroatom doping levels. Therefore,
it is of great importance to find a feasible way to improve the conductivity of CNFs
under relatively low temperatures.

Alternatively, incorporating carbon materials or specific metals, nonmetals, and
their compounds into electrospinning solution, constructing unique cross-linking
structured CNFs have been acclaimed as effective methods to improve the conduc-
tivity of CNFs prepared under mild thermal conditions. In this part, various strate-
gies that can increase ordered structure in CNFs will be introduced.

3.3.1 Integration with conductive materials

The introduction of CNTSs,!%® graphene,'® graphene oxide,'° carbon black (CB), and
other types of conductive materials'!! into the electrospun CNFs can not only promote
the electrical conductivity but can also affect the overall architecture, hence boosting
the electrochemical properties. They can be added directly into the electrospinning
solution with the help of proper solvent or through post-modification of the CNFs.
Typically, the PAN/CB blend complex was electrospun into CNFs by combining the
use of air stabilization and carbonization process. The results demonstrated that the
introduction of CB additives increased the electrical conductivity over 4.5 times.!?
CNTs were also introduced into the electrospinning solution with the help of sodium
dodecyl sulfate. About two times increase in the electrical conductivity was achieved
due to the induction effect of the transition of amorphous to a graphitic structure. The
Iy/I ratio decreased from 1.39 to 0.97. Deng confirmed that multiwalled CNFs could
help reduce the activation energy of the oxidative stabilization of cellulose nanofi-
bers. They could also increase the crystallite site, structural order, and electrical con-
ductivity of the activated CNFs. The positive role in the formation of highly ordered
graphitic interphase around the embedded CNTs was also evidenced by Cai et al.!'3
Recently, Zhao et al. reported a simple strategy to integrate a continuous conduc-
tive network and a well-developed porous structure into CNFs by adding graphene
quantum dots (GQDs).""* The uniformly embedded GQDs play a crucial bifunctional
role in constructing an entire reinforcing phase and conductive network. Compared
with the pristine CNFs, the GQD-reinforced activated CNF exhibits a significantly
improved conductivity and strength of 5.5 and 2.5 times, respectively. Despite some
gratifying progress that has been made during the past years, a higher content of
additives usually leads to a poor electrospinnability of the precursor solution. Thus,
proper post-chemical modification of electrospun CNFs is highly needed.

In this line, 3D-activated carbon nanowhisker-wrapped graphitized CNFs were
fabricated by He et al. Thanks to the optimized 3D electrical conductivity network
(5.4 S cm™), the SC based on the as-prepared CNFs displays excellent rate perfor-
mance and power density.'"> Vertically aligned CNTs (VACNTSs) were directly grown
on the electrospun CNF by using Ni(Ac), as a catalyst.!'® The structure and mor-
phology of VACNTSs/CNFs could be precisely tuned and controlled by adjusting the
percentage of reactants. Besides, the desired VACNTs/CNFs could not only possess



Electrochemical Performance of Electrospun Carbon Nanofiber 207

high electric conductivity for efficient charge transport but could also increase sur-
face area for accessing more electrolyte ions.

3.3.2 Catalytic graphitization

Catalytic graphitization is another effective strategy for the preparation of car-
bon materials with a high degree of graphitization under mild thermal conditions.
Till now, there are two major graphitization mechanisms, namely the dissolution—
precipitation mechanism and the carbide conversion mechanism."”-'"® The former
always relates to transition metals, such as Fe, Co, and Ni. During high-temperature
treatment, they can dissolve amorphous carbon to generate solid solutions, and then
the catalytic graphitization reactions tend to take place according to the dissolution—
precipitation mechanism. The other one always takes place between high-valence
metals (such as Ti, V, and Mo) and carbon based on the formation of carbides, which
will then decompose into metal vapors and graphitic carbons at high temperatures.®’

Hollow-tunneled graphitic CNFs through Ni-diffusion-induced graphitization
were prepared by Chen and his co-workers.” In this work, Ni(Ac), was used as Ni
source. Ni formed by the decomposition of Ni(Ac),. The Ni-induced graphitization
by diffusing Ni nanoparticles from graphitic carbon spheres into N-doped amor-
phous carbon nanofibers, thereby turning amorphous carbon into graphitic carbon
and producing a hollow-tunnel structure in electrospun carbon/Ni nanofibers. After
being treated with acid, a novel architecture of hollow-tunneled graphitic CNFs was
created. The low interlayer spacing (0.34nm) and high ratio of /5/I, (1.84) compared
with controlling CNFs (0.43nm and 0.97) indicate a great increase in the degree of
graphitic crystalline structure owing to the use of Ni catalyst. FeCl,'?° and iron (IIT)
acetylacetonate'?! can also be added to the polymer solution. The catalytic effects of
the Fe species accelerate the graphitization of CNFs at a relatively low temperature
as evidenced by the larger I /I, values. As a consequence, the CNFs with satisfactory
electrical conductivity can be obtained.

In addition to the above metal-based species, some nonmetals have also been
demonstrated to be graphitization catalysts for CNFs. For example, B and Si are the
canonical candidates to improve the electrical conductivity via the typical carbide
conversion mechanism.?> "7 Given that a high temperature of over 2,000°C is needed
when they are expected to improve the degree graphitization effectively, which in
turn hinders their further research, especially in the field that flexibly is needed.
However, B-doping under mild temperatures can also give rise to the strengthening
in overall electrochemical performance by extra pseudocapacitance.

3.3.3 Construction of the cross-linked structure

As we all known, the electrical conductivity of carbon materials is related to the
arrangement of carbon atoms in microcrystalline structure. Therefore, the strate-
gies that can regulate microcrystalline structure could be used to adjust electrical
conductivity. Cross-linked CNF (CLCF), in which no interface between two adja-
cent nanofibers could be found, was obtained by controlling the evaporation rate
of the solvent. The CLCF electrode shows smaller internal resistance drops than
that of conventional CNFs at the given current density, indicating a faster electronic
response.'?? This work opens a new view to modulate the electrical conductivity of
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CNFs by constructing cross-linked structures. Inspired by this study, more litera-
tures had been made to obtain CNFs with proper cross-linked structures via alter-
ing pre-oxidation parameters of PAN, and some positive results were achieved.!?3 124
However, the state-of-the-art of the as-obtained cross-linked CNFs suffer from the
low specific surface area, and thus, further improvement is encouraged.

Guo prepared CLCFs by taking advantage of the strong coordination of PVP
with Cu(NO;),, which acts as a cross-linking agent. The lower electrical resistiv-
ity of CLCFs (19 Q cm) in comparison with traditional CNFs (52 © cm) indicates
that the cross-linked structure is helpful to improve the conductivity of the film.!?
The researchers from Institute of Coal Chemistry (Chinese Academy of Sciences)
use HNO; and TPA to intervene in the pre-oxidation process and the CNFs with
well-balanced cross-linked structure and good flexibility could be achieved. When
used as electrodes for energy storage, attractive rate performances and power output
can be achieved.% 126. 127

4 THE ELECTROCHEMICAL APPLICATION OF
ELECTROSPUN CARBON NANOFIBERS

Energy issues and environmental pollution problems have become one of the most
prominent global dilemmas, in contrast to upgrading the existing coal chemical
system, pioneering impactful electrochemical energy storage systems hold great
promise toward a sustainable energy world. As mentioned before, by changing the
component of the precursor solution or structural design strategy, CNFs with vari-
ous nanostructures and compounds could provide a more efficient ion-accessible
area, short ion/electron transport length, and tunable surface state for energy storage.
Owing to the versatility of electrospinning, this technique has been widely used to
fabricate important components of SCs, LIBs, SIBs, etc., to realize improvements in
electrochemical activity. In this section, we review the progress of the application of
CNFs in some typical energy storage devices.

4.1 SUPERCAPACITOR APPLICATION

As one of the most promising energy storage devices, especially in fields that need
prompt energy, SCs have gathered tremendous interest for their impressive power
density, excellent rate capability, as well as long lifespan. More importantly, the
adaptability of SCs to the wide temperature range has also further expanded their
applications. The commonly used CNF-based materials include pure CNFs and
CNF-based composites (such as CNF/metal compounds, CNF/conductive polymers),
which follow the electrostatic absorbance mechanism and the Faradic electrochemi-
cal storage mechanism.

As typical carbonaceous materials based on the electrostatic absorbance mech-
anism, the ion-accessible area for ion adsorption is essential. Therefore, various
activated CNFs with high specific surface area, good electronic channels had been
fabricated by adjusting preparation strategy. Ma et al. studied the influence of the
effective electrochemical surface area caused by KOH activation approach on the
electrochemical performance. In their works, certain amount of KOH was introduced
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into the solution*’ or coated on the as-spun fiber’s surface,*® and then one-step car-
bonization/activation was conducted. Under the same dosage of KOH utilization,
the specific surface areas and specific capacity of the activated CNFs were 597 vs.
1,317m?g™! and 256 vs. 362 F g, respectively. The improved ion-accessible area
should be responsible for the enhancement of specific capacitance. Nevertheless,
the capacity under high current load was quite unsatisfied. Thus, heteroatom dop-
ing, hierarchical porous construction, and conductivity regulation were carried out
to optimize the overall performance.?®13 And some remarkable results had been
achieved. However, due to the energy storage mechanism of electrostatic adsorp-
tion, the energy density of the CNF electrode is difficult to continue to increase
significantly, and for this reason, the researchers combined it with the pseudoca-
pacitive material aiming to further improvement of energy density. For example,
bi-metallic MOF-generated phosphides within and outside the hollow CNF electrode
shows a high specific capacitance of 1,392 F g' at 1 A g! and good cycling stability,
with capacitance retention of approximately 89% at 25 A g-'. The enhanced electro-
chemical performance should be ascribed to the combination of Faradic reaction and
electrostatic adsorption. Based on similar concept, metal oxide, sulfide, and conduc-
tive polymers were also cooperated with CNFs and the energy density of the as-
assembled SCs improved signicantly.!!- 12.40

Inspired by the aforementioned works, one can conclude that in order to improve
the electrochemical performance of the SCs, the electrospun CNFs should be designed
according to the following fundamental requirements: (1) well-developed pore chan-
nel structures with abundant electrochemical active sites ensure the well-infiltration
as well as diffusion and adsorption of electrolyte; (2) continuous conductive networks
for fast electron transport; (3) chemical stable fiber skeleton with good mechanical
strength and richful adsorption sites for pseudocapacitive materials loading and vol-
ume change.

4.2 BATTERY APPLICATION

Compared with SC, secondary batteries are widely studied in portable electronics
and electric vehicle applications due to the merits of high energy density, no memory
effect, and relatively slow self-discharge rate.’! Due to the development process of
the technology, various kinds of batteries, such as LIBs, SIBs, PIBs, etc., have been
explored. The conventional micrometer-sized powder materials suffer from long ion
diffusion distance, limited electronic transport efficiency and insufficient accommo-
dation room for releasing strain, resulting in unsatisfied rate performance and cycling
lifetime.'3? To address these issues, one of the promising strategy is optimizing the
structure design and component via nano engineering. Electrospun CNFs can pro-
vide enough electrode-electrolyte interface, and short ion/electron transport length
along the longitudinal direction. Moreover, by changing fabrication parameters,
CNFs with various kinds of components and microstructures could be achieved. To
be specific, the microstructure of CNFs could be easily regulated from amorphous
to partially graphitic, which could provide more voids and adjustable interlayer spac-
ing for capacitive metal ion storage and reversible plating/striping of metal clusters.
Furthermore, heteroatom doping and compounding can also improve the overall
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performance. In the case of metal compounds or alloy-type materials, CNF is also a
promising choice to solve many problems (huge volume change, unstable SEI, severe
aggregation, etc.) facing them during cycling. In this section, CNF-based anode and
cathode materials will be discussed, focusing on the effects of the structure design
and component regulation on the electrochemical performance.

4.2.1 Cathode materials

Similar to EDLC application, CNF with high specific surface area is essential for
battery cathode application. However, the utilization of CNF-based materials in cath-
ode is afflicted by the unsatisfied capacity despite their good rate performance and
long lifespan due to the adsorption mechanism. For example, activated CNF with
abundant micropores displays no capacity fading even after 1,000 cycles at 2 A g/,
pitifully, only a low discharge capacity of 80 mAh g! at 0.1 A g! was achieved in
Li*-storage.'** Therefore, to further enlarge the application of CNF, a CNT/C/LiFePO,
hybrid nanofibers were obtained. Owing to the conductive network and short Li* dif-
fusion pathways provided by CNFs, the composite cathode delivers a high capacity
of 169 mAh g! and good rate capability.'** Similar results can also be found in other
cathode materials (such as LiCoO,, LiMn,0,, LiNi,sMn, ;O,, V,0s, etc.).!*3-137 For
SIBs, the mostly studied cathode materials are phosphate-based materials.'3® Like the
cathode materials of LIBs, the cathode materials used for SIBs also face the problems
of low conductivity, structural instability, and slow ion dynamics. Liu et al. reported
electrospun Na,V,(PO,),/C nanofibers as stable cathode materials for SIBs. In this
work, Na,V,(PO,), nanoparticles with 20-30nm were uniformly encapsulated into
CNFs. The unique 1D morphology connected with efficient electrochemical coupling
and conductive network leads to superior rate capability. However, only 101 mAh g-!
could be achieved at 0.1C in its initial cycle.”*® Reasonable structure design and
microcrystalline regulation may be the breakthrough to improve the properties of
Na,V,(PO,), cathode. In this line, budding willow branches shaped Na;V,(PO,),/C
nanofibers were synthesized with the help of PVP, in which Na,V,(PO,); was the
preferential growth along the (113) plane. Such unique metrics played a vital role in
improving the capacity, cycling stability, and rate performance due to improved active
sites. The cathode exhibited an initial specific capacity of 106.8 mAh g at 0.2C,
still stabling at 107.2 mAh g after 125 cycles. Moreover, a high capacity retention
of 95.7% was obtained when it cycled stepwise from 0.2 to 2C.1° The high theoreti-
cal specific capacity also make Nag ,,Fe, 4(P,0,), (1174 mAh g)"*' and NaVPO,F
(143 mAh g")*? a competitive cathode candidate for SIBs. Except for the directly
Li/Na-storage application, CNFs can also be used as scaffold or host to support S or
modification layer or used as a scaffold for metal compounds deposition to further
enhancing the energy density. 143-146

The larger ionic radius of K*, compared with Li* and Na*, causes significant chal-
lenges for PIB cathode development. The currently researched cathodes are layered
transition metal oxides, Prussian blue analogs, polyanionics, and organic materi-
als.'47-14 Poor interfacial stability is one of the most critical issues for the utilization
of these cathodes and various modifications have been done to address this problem.
Unfortunately, few attentions have been paid to the composites of CNF and these
cathodes.
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4.2.2 Anode materials

Compared with cathode, CNFs with tunable ordered structure have been widely used
as anodes. For instance, by the introduction of air into the Ar flow during carbon-
ization, flexible highly porous electrospun CNFs (HPCNFs) with a large number
of micro/mesopores and higher disorder degrees were created. The as-obtained
HPCNFs deliver high reversible capacity (1,780 mAh g after 40 cycles at 50mA
g™, ultralong cycle life (1,550 mAh g! after 600 cycles at 0.5 A g™') and good rate
performance (200 mAh g! at 25 A g') when adopted as anode materials for LIBs.
The outstanding overall electrochemical performance can be ascribed to the unique
architecture, in which, pores provide good access to the electrolyte of the electrode
surface and facilitate fast charge transfer across the electrode/electrolyte interface.
3D interconnected network decreases the connect resistance obviously.”*° Due to the
larger ionic radius of Na*, the electrode materials suffer from more serious volume
fluctuation and sluggish kinetics as well as inferior cycling life in comparison with
LIBs. Thus, the electrospun CNFs with large interlayer spacing are really needed.
The flexible multichannel CNF film with a dilated interlayer spacing of 0.398 nm
delivers a reversible and high specific capacity of 222 mAh g at 0.1 A g! after 100
cycles. A high capacity of 139 mAh g! could be remained even after 700 cycles
at a current density of 0.5 A g1.1! To further improve the electrochemical perfor-
mance of CNFs, a cross-linking strategy was proposed.'> In this work, the strong
coordination of PVP with Cu(NOs;), should be responsible for the formation of the
cross-linked structure. Compared with the CNF without cross-linked structure, the
cross-linked CNF exhibited an excellent rate performance and long cycle stability
when used as a binder-free anode for SIBs. The enhanced rate capability raised from
cross-linked structure could also be found in LIB and PIB applications.'?”

It is well accepted that heteroatom doping is an effective way to regulate the
electrical conductivity and increase lithium capacity via heteroatomic defects.!!
P-doped carbon nanosheets/nanofibers interwoven paper shows enhanced specific
capacity, excellent rate capability, as well as superior cycling stability compared to
the undoped sample.'>?> An imidization strategy was introduced to prepare intercon-
nected N-doped CNF. Thanks to the high N-doping level and the uniformly distrib-
uted microporous materials along with excellent structural stability, the as-prepared
presented a stable capacity of 377 mAh g at 0.1 A g! after 100 cycles and retained
154 mAh g!' when the current load was up to 15 A g-'. Additionally, a high capac-
ity of 210 mAh g! could be maintained even after 7,000 cycles at 5 A g!. Taking
advantage of the stability and good conductivity, CNFs were also incorporated with
S1,3 CoSn0,,%? Fe,0,,'? titania'>* to solve the volume expansion and short lifetime
issues facing in their application.

Recently, PIBs have also attracted great attention due to the following reasons:
(1) The lowest reduction potential of K/K* redox couple in propylene carbonate (PC)
compared to Li/Li* and Na/Na*, endow PIB cell with a wider potential window,
which is good for high energy density.'> (2) The weaker Lewis acidity of K*, result-
ing in smaller solvated ions, endowing solvated K* with higher conductivity and
mobility."*®* CNFs, which are composed of short, randomly oriented and cross-linked
turbostratic structure with an interlayer spacing of 0.375nm, are prepared and
applied as anode for PIBs. Due to the 3D conductive network, turbostratic structure
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as well as large interlayer spacing, the CNF electrode delivers an impressive rate and
discernible cycling performance.’?” Adams et al. compared the effect of O-doping
and N-doping on the K-storage performance. The results demonstrated that oxygen
functionalization did not significantly increase the specific capacity as compared
to N-doped CNE."*7 Liu and her co-workers confirmed that the extra capacity in
N-doped CNFs was mainly generated in the whole voltage window range, which
corresponded to both surface/interface K* adsorption due to the pyridinic N and pyr-
rolic N-induced atomic vacancies and layer-by-layer intercalation due to the effects
of graphitic N.1*® Moreover, N-doping into CNF is favorable for the adsorption of
P atoms into the CNF, which provide a promising way to further enhancement of
K-storage by P-doping into N-doped CNF. And the results shows that unprecedented
long cycle life with high reversible capacity (465 mAh g™ at 2A g! after 800 cycles)
as well as outstanding rate capability (342 mAh g! at 5 A g) is realized.” Apart
from heteroatom-doped CNF, the composites composed of CNF and other types of
anode materials, such as Sb and its derivative,'® transition metal compounds,¢!-165
etc., were also explored and great progresses had been made due to the synergistic
reaction between them.

The results mentioned above demonstrates that when CNFs are adopted as SC
electrodes and battery cathodes, a well-balanced conductivity and defective structure
with high specific surface area is essential for achieving high ion-accessible area,
which is an important index for energy storage. When they are applied as the battery
anode electrodes, the following mechanism are usually obeyed: (1) the rich defective
sites improve the capacitive adsorption of metal ions, leading to improved capacity;
(2) highly porous 1D morphology provides a short transport distance, benefiting to
good rate performance; (3) the turbostratic and graphitic structure in CNFs can be
used to store metal ions via intercalation, while microporous and voids are useful to
capture metal clusters by reversible plating/striping; (4) the free-standing skeleton is
favorable to further modification.

4.2.3 Interlayer materials

In addition to the conventional application in cathode and anode, the CNFs with high
conductivity and surface area could be used as interlayer between electrodes and
separator to immensely improve as-assembled battery performance by suppressing
the transfer of polysulfides within the S cathode side and/or to inhibiting metal den-
drites, which are of vital importance for the commercial production of metal-sulfur
batteries and metal anode batteries. Given the fact that for the research and develop-
ment of Na-S battery and K-S battery, Na/K metal anode systems are really limited,
and in this section, Li-S and Li anode cells are introduced.

The activated CNF (ACNF)-filter-coated separator with tunable micropores have
been developed and investigated as interlayer to inhibit the migrating polysulfides
by taking advantage of the physical absorption and excellent ionic conductivity.
Compared with conventional separator, the modified separator endows the Li-S cell
with high electrochemical utilization with amazing polysulfide retention (capacity
fade rate: 0.13% per cycle after 200 cycles at C/5 rate).' Inspired by this work, our
group introduced oxygen-doped CNF nonwovens as interlayer to further accelerate
the performance of the battery cell. Even at 2C, the cell achieved an ultralow capacity



Electrochemical Performance of Electrospun Carbon Nanofiber 213

decay rate of 0.06%, demonstrating hydrophilic interlayers which are favorable for
anchoring and accelerating reutilization of the trapped polysulfides.®* Apart from
pure CNF interlayer, CNFs with hybrid structure is also used to optimize the cycling
stability of metal- sulfur batteries. Fe-embedded N-doped porous CNF (Fe-N-C)
is obtained as interlayer between separator and S cathode by using Fe(acac),/SiO,/
GO/PAN as electrospinning precursor.'®” This unique layer has not only displayed a
rapid Li-ion transport rate but is also regarded as current collector to reutilize cap-
tured S species due to the porous intercalated structure, excellent electrical conduc-
tivity and robust LiPS capture ability of the Fe-N-C. The Li-S battery displayed an
excellent cycling stability of 0.053% capacity decay per cycle over 500 cycles. Even
though ameliorated cycle stability could be achieved, the slow kinetics which might
be caused by low porosity of interlayer leads to low reversible capacity at high cur-
rent load. A bioinspired ZnO/PAN-based CNF interlayer achieved a high capacity
of 776 mAh g after 200 cycles at 1C, obtaining a 0.05% average capacity loss per
cycle.'®® In this work, the well-organized ZnO nanowire assembled brush-like struc-
ture acted well in entrapping migrating polysulfides due to the robust chemical bond-
ing. Ultrafine TiO, nanoparticles-decorated CNFs (CNF-T) provided abundant room
to adjust the volume expansion of active substance as well as richful anchoring points
for dissolved polysulfides, resulting in high initial reversible capacity of 935 mAh g~!
at 1C with a reverse capacity of 74.2% after 500 cycles.'®

Owing to the superhigh energy density of Li anode, Li metal battery has aroused
particular attention in recent years. However, the practical application of Li metal
anode is hindered by the formation of Li dendrites, instable Li metal interface,
and inevitable volume change.”” Therefore, how to passivate lithium metal and
realize controllable uniform lithium deposition is crucial. Various carbon-based
materials have been used as host or protection layer to suppress Li dendrites.!”!-174
Among them, free-standing CNF mats have captured particular attention due to the
polymer-binder-free feature along with suitable internal and external radius ratios,
which is pivotal to induce the uniform deposition of the lithium metal, leading to
safe and long-life lithium metal batteries. Man et al. used PAN-based CNF as inter-
layer covering lithium metal anode to regulate the lithium plating/stripping behav-
ior."”? The results demonstrated that the CNF interlayer could be used as a reservoir
with excellent electrolyte uptake ability to optimize the redistribution of Li* flux
near Li metal anode, therefore prolonging dendrite-free Li plating/stripping pro-
cess with low initial nucleation overpotential (30mV) even at the current density
of 1mA cm™. Benefiting from these, the symmetrical cell of Li metal anode pro-
tected by CNF delivered long duration time (>1,200h) at 1 mA cm=. Lithiophilic
Co, N co-doped porous CNFs were achieved through pyrolysis of self-assembled
Co/Zn MOF nanosheets on CNFs.!”> The synergistic effect between the simultane-
ously introduced Co and N defects not only boosts the Li affinity of pyridinic and
pyrrolic N but also transfers the graphitic N into lithiophilic, providing crucial roles
for uniform plating of Li. Meanwhile, the porous structure formed by Zn sublima-
tion provides sufficient buffer space for internal stress caused by Li plating/stripping.
As a result, the PCNF-Co/N@Li anode delivers a long lifespan over 1,400h with a
low voltage hysteresis. Ag nanoparticles,'””® MnS and MnF,!7” were also anchored on
CNFs to guide the uniform generation of smooth Li with low overpotential. Inspired
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by these works, Yang et al. used Cu nanoparticles-modified CNFs as interlayer to
construct a stable Zn anode and promising results were achieved.!”® Therefore, elec-
trospun CNF-based materials could also be regarded as a tempting option used as a
host or interlayer in other battery systems with similar problems.

From the aforementioned studies, we can find that an effective CNF-based inter-
layer should have plentiful conductive pathways along with controlled porous archi-
tecture for efficient electron/ion transport and confinement of polysulfides or lithium
dendrites. To be more exact, to minimize the interlayer thickness, the integration of
the interlayer with the separator is urgently required.

5 DEVELOPMENT AND APPLICATION OF ELECTROSPUN CARBON
NANOFIBERS IN FLEXIBLE ENERGY STORAGE DEVICES

Currently, the demands for energy storage devices have grown significantly with the
thriving development of flexible and wearable electronics. One of the most important
challenges lies in designing light weighted, thin, and flexible energy storage devices.
During the past decade, many efforts have been made to realize mechanical flex-
ibility of these energy storage devices by making each component more flexible. In
other words, mechanical robustness and flexibility are the essential key parameters.
That is, on the one hand, mechanical properties must meet the requirements for flex-
ible device assembly and operation, increasing the interfacial stability; On the other
hand, the mechanical properties of CNFs need to adapt to the dynamic bending and
stretching behavior to certain strength, preventing the propagation of mechanical
fractures and cracks during usage.

Similar to the commercial carbon fibers, the tensile modulus of electrospun CNFs
is mainly related to the degree of graphitization, the size and configuration of gra-
phitic domains, crystallite orientation, and is immediately or indirectly impacted by
fiber diameter, orientation, and porosity.8” 1”° Therefore, to some extent, the regula-
tion of pore structure, heteroatom doping and microcrystalline structure (conduc-
tivity) can be linked to the mechanical properties of the electrospun CNFs, either
directly or indirectly. In comparison with the numerous endeavors that have been
devoted to regulating energy storage performance, few attention was focused on the
mechanical performances of the as-prepared CNFs.

In most cases, the as-spun mats produced by electrospinning process have good
flexibility and bendability. After post-treatment, the organic fibers transform into
CNPFs, ceramic fibers, metal fibers, or the mix of them, which may decrease the
mechanical robustness and flexibility to some extent. Such flexibility and bendability
change are normally demonstrated in many works.%% - 126 Therefore, the compre-
hensive regulation of the spinning parameters and the post-processing process are
important for balancing the mechanical and electrochemical properties. It is well
accepted that a good mechanical property could be achieved when the fiber displays
a smaller diameter, good crystallinity, and less surface defect.’® However, some oth-
ers hold the view that the porous structure provides a room for stress release and
makes it easy for CNFs to restore their original shape during the folding process.!8"
182 Thus, the effect of the porosity on the mechanical performance of CNFs needs
further research. More recently, some reports pointed out that the introduction of
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CNTs to induce the generation of highly ordered graphitic structure could enhance
the mechanical stability.!%% 183 By adding 1 wt.% CNTs to CNFs, the tensile strength
increased from 50kPa to 100kPa.’®* The construction of the cross-linked structure
via adjusting pre-oxidation was also confirmed as a practical method to boost the
mechanical performance of CNFs due to the successful regulation of the crystallin-
ity.5” 126 GQDs could also be used to create CNF with high mechanical performance
based on the cross-linking reinforcing mechanism."'* 85 Improving treated tempera-
ture is another way to augment the crystallinity. Zhou et al. found that the tensile
strength and the Young’s modulus of CNFs were improved by 67% and 45% when
the temperature increased from 1,000 to 2,200°C.!3¢

Although CNFs with appropriate designs have indeed shown a certain mechani-
cal stability, there remains a long way to put them into practical application in large
scales, more deeper insights of the regulation of CNFs’ mechanical performance
is still needed. Most of the state-of-the-art works present the mechanical perfor-
mance by folding and bending, lacking stretching and elastic behavior. Moreover,
quantitative characterizations of flexibility and bendability are still largely lacking.
Tensile performances, including tensile strength, Young’s modulus, and elongation,
are really encouraged to be used widely.

6 SUMMARY AND PROSPECT

As a simple, versatile, efficient, and low-cost technique, electrospinning can pro-
duce various interesting continuous nanostructures to be applied as functional mate-
rials used in energy storage devices. By adjusting electrospinning parameters and
proper post-treatment, composite nanofibers with unique structures, components,
and robustness can be obtained. In this chapter, we have systematically summa-
rized the recent innovative and significant strategies for morphology/microstructure/
component controlled CNF-based materials for energy storage applications. What’s
more, the requirements of mechanical performance of these CNF-based materials for
flexible and free-standing electrode are also highlighted. This review can enlighten
readers about the methods and the corresponding mechanisms of the geometry and
functionality of CNFs and promote the understanding of “structure-performance”
relationship of them in energy storage application.

There’s no doubt that great progresses have been made during the past years,
and many newly emerged opportunities and challenges still remain to be overcome
before commercialization of electrospun CNF-based materials:

1. The low production rate is the main block in view of industrial manufac-
ture and commercial application. To date, multi-spinnerets and non-needle
electrospinning systems have been realized to the large-scale production
of electrospun nanofibers. However, these new machines are too expensive
compared with conventional devices.

2. There is a long way to regulate the structure of the final CNF-based materi-
als accurately and steadily for industrial production due to the multi-step
control process. To achieve this goal, trade-off among the key perfor-
mance parameters is really needed. From the perspective of the precise
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pore controlling, heteroatom doping and microcrystalline regulation, more
innovative strategies are necessary. Maybe integrating the electrospinning
machine with artificial intelligence along with in situ and real-time obser-
vation and characterization will be a good choice. This way may allow the
production process to focus on fine-tuning the synthesis and structural con-
trol with reduced carbon emission and tiny carbon footprints.

3. Another key issue lies in how to prepare the target CNF-based materials

with mechanical robustness. As abovementioned, to obtain CNFs with
good tensile, bending, shear properties, a trade-off between the physical
properties of CNF and mechanical properties is necessary. Integrating with
self-healing materials or conductive elastic polymers in the porous fiber
skeletons might be effective for enhancing the mechanical performance.

4. The aim of scientific research is to be used in practice. In this regard, pack-

ing issue and actual working environments must be considered in studies,
such as the simultaneous occurrence of bending, twisting, and stretching
in real wearing states. Additionally, washability, breathability, waterproof,
and safety of these products should also be fully considered. However, these
issues do not gain much attention at present.

Despite these challenges, electrospinning still shows bright opportunities to produce
nanofibers with designed structure and compositions to achieve high-performance
advanced energy storage devices. Electrospinning is emerging as a powerful and
versatile technique from an industrial perspective for the synthesis of nanofibers.

We
age

believe that with the rapid development of electrospinning, flexible energy stor-
devices with low-cost and long-life-span will be industrially used for large-scale

applications in the foreseeable future.
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1 INTRODUCTION

The increasing world population, rapid urbanization, and industrialization have
resulted in a significant rise in energy demand, which simultaneously could bring
about several environmental issues including climate change and air pollution.!
Securing environmentally friendly green energies to complement a portion of fossil
fuels has attracted great interest all over the world in recent decades.” Green energy
storage/conversion devices such as batteries, supercapacitors, solar cells, and fuel
cells have been vigorously precipitated to prevail the challenges from environmental
pollution and excessive consumption of fossil fuels.3

Supercapacitors (SCs) can store and deliver charges within a much shorter time
and over longer cycles than batteries owing to different operating mechanisms and
constituting materials’ properties. However, SCs provide less energy than batteries,
which restricts industrial applications. Therefore, it is necessary to resolve the per-
formance and stability issues of existing SCs by improving the properties of the
energy storage materials.*

The surge in consumption of fossil fuel stipulates research to switch from
petroleum-derived fuels to renewable resources, such as biomass. Biomass has been
exploited for various applications such as catalysis, gas separation, dye-sensitized
solar cells, optical devices, medicine and bioscience, energy storage, and conver-
sion.? Importantly, biomass is abundantly available currently, providing over 10% of
the global energy supply, which has been reckoned the world’s fourth energy source
(about 10-14%) after conventional fossil oil, coal, and natural gas.’ In addition, the
International Energy Agency (IEA) evaluates that almost half of the energy demand
by 2,050 should be produced from biomass.® Moreover, large-scale recycling of bio-
mass can help achieve the goal of “carbon neutrality.”’

2 CARBON MATERIALS DERIVED FROM BIOMASS

At present, most nanocarbon materials are mainly derived from conventional
non-renewable resources under the conditions of high-pressure and harsh chemi-
cals. Although the yield of activated carbon produced from fossil fuels is very
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high, the methods associated with its production lead to polluting environment and
expensiveness.’

Biomass resources as a carbon precursor could not only refrain from the release
of harmful substances in the synthesis process but also effectively overcome envi-
ronmental and energy problems. Moreover, the natural and interconnected structure
presenting in biomass improves the porous properties of activated carbons, and fur-
ther contributes to the dual benefits of economy and environmental protection and to
the sustainable development of mankind.’

2.1  CLASSIFICATION OF BIOMASS PRECURSORS

Biomass for the preparation of porous carbons is usually classified as forest mate-
rials and residues, agricultural crops and residues, industrial biowastes, marine
wastes, and domestic biowastes!? (Figure 10.1). The following sections provide
multiple biomasses that are produced in each classification and their general
compositions.

2.1.1 Forest materials and residues

Biomass derived from trees (logs and timbers) and their residues (barks, saw-timber,
and wood chips) contribute to the major sources of forestry biomass. Energy crops as
another source of forest biomasses comprise forestry (Poplar, Willow), herbaceous
(Switch grass, Sorghum, and Jatropha), and aquatic (Water hyacinth, Algae)."! Forest
resources have several applications including wood production, soil conservation,
and water resources as well as social or recreational requirements.'” For instance,

Plant based biomass

Animal based biomas:

Microorgamsms
based biomass

FIGURE 10.1 Schematic diagram of different types of biomass resources.'
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Yu et al. has fabricated wood-derived porous carbon and employed as an electrode
material for supercapacitors.!!

2.1.2  Agricultural crops and residues

Energy crops as the plant-based agricultural biomass are specifically cultivated to
provide feedstock for bioenergy and biomaterial production, including timothy grass,
switch grass, elephant grass, and Miscanthus. Moreover, energy crops possess advan-
tages such as superior energy density, fast growth, low maintenance cost, easily feed-
ing, which is beneficial to biofuels and green chemicals production.® Additionally,
agricultural residues have been classified as crops and processing residues. Crop
residue refers to the materials left behind on cultivated land after harvesting the
crops, such as wheat straw, soybean straw, corn straw, canola hull, canola straw,
etc. And then, processing residues represent materials or by-products generated in
the procedure of harvested crops to usable forms, including bran, husks, citrus peel,
onion peel, garlic peel, shells, etc.* Several studies have reported the thermochemi-
cal and biological conversion of crop residues into biochart and activated carbon for
industrial applications such as wastewater treatment, soil remediation and catalysis,
energy, and energy carriers."” For instance, Biswal et al. have utilized dead neem
leaves to fabricate carbon material with naturally exposed pores in the presence of
minimal amount of calcium and magnesium as porogens.'¢

2.1.3 Industrial biowastes

Biowastes from the industries ground on the biosources, including food waste, wood
processing waste, pulp industries etc. Peels, seeds, and sacks as biowaste produced
in the process of juice or pulp processing industries, are naturally full of elements
including calcium, magnesium, phosphorous, potassium and phenolic compounds.
Additionally, a great deal of animal biomasses such as animal skin and bones, waste
leather, and fish scales are rich source of collagen proteins, which could be acted
as self-templates and source of nitrogen to prepare nitrogen-doped porous carbona-
ceous materials.”” Wang et al. have utilized fish scale as precursor to fabricate thin
layered carbon doped with multiple heteroatom (N, O, S), which indicates the porous
nanosheet framework (thickness of 3—5nm) with large micropore ratio, and further
are exploited as the electrodes for supercapacitors.'®

2.1.4 Microorganism-based biomass

The microorganisms are classified as bacteria, algae, and fungus, which are com-
posed of proteins, lipids, carbohydrates, nucleic, and amino acids. As the major
microorganism-based biomass, the fruiting part of the mushroom is more often uti-
lized to fabricate active carbons owing to the presence of rich nitrogen content.!”
Ping Cheng et al. have reported a hierarchically porous carbon with natural shiitake
mushroom as precursor, which demonstrates a specific surface area of 2,988 m2g!
and pore volume of 1.76 cm?3g~!.2 Bacterial cellulose (BC) derived from fermentation
has drawn much attention owing to its wide availability, cost-effective, renewabil-
ity, and porous nature. Bingjun Zhu et al. have fabricated value-added carbons with
algae biomass as precursor, which have been used as a high-performance “green”
carbon-based supercapacitor electrode material.?!
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2.1.5 Municipal waste

Municipal waste refers to garbage, which are solid materials and classified as organic
and inorganic waste on account of their chemical and biological properties. And
then, municipal waste could be further subdivided into food residue, paper-based
residue, textile, wood waste, glass, trash cans, metal scraps, etc. The organic solid
waste as a resource could be employed to generate energy in view of waste-to-energy
concept through several procedure such as incineration and carbonization.?? Yu
et al. have utilized human urine as precursor to prepare porous heteroatom-doped
carbon for the supercapacitors.?® Polyethylene Terephthalate (PET) as the plastic
waste is non-biodegradable and rich in carbon content (62.5 wt%), which could be
re-processed into carbon material for energy storage.>*

2.2  TYPES OF POROUS CARBON MATERIALS FROM BIOMASS

2.2.1 Activated porous carbon

Although the conventional carbon materials such as CNT and graphene as well as
the AC derived from MOFs indicate comparable or superior electrochemical per-
formance to activated carbon, the intricate preparation process and non-renewable
precursors hinder their wide application. Researchers shift toward biomass-derived
activated carbon owing to its abundance and eco-friendliness, cost-effectiveness
(Table 10.1).

Biomass-derived active carbon can indicate multiple dimensions for frame-
works, such as spherical, tubular, honeycomb, or graphene-like carbon.
Pore framework including porosity and size distribution play an important role
on energy storage power of active carbon materials for supercapacitors. The
multi-scale pores are desirable, owing to macropores (larger than 50 nm) for the
ion-buffering reservoir, mesopores (2-50nm) for ion transportation, and micro-
pores (less than 2 nm) for the enhancement of charge storage. Recently, researches
have paid attention to fabricate hierarchical porous carbon with different dimen-
sion via adjusting experimental conditions such as the type of active reagent, the
temperature of activation.?6-28

2.2.2 Carbon fibers

Carbon fibers/carbon nanofibers (CFs/CNFs) with small size (<100nm) are catego-
rized into platelet, fishbone, ribbon, stacked cup, and thickened CNFs in view of
the structural arrangement of their graphitic planes? (Figure 10.2). CNFs have been
intensely utilized as conductive support matrices for energy storage devices owing
to high electrical conductivity, mechanical stability, light weight, and large-scale
synthesis at low cost.’® Generally, biomass-derived carbon nanofibers are fabricated
through immersing in reagents and then mixing with polymer solution. Researchers
have demonstrated that the blending biomass with polymer contributes to the syn-
thesis of carbon nanofibers with cross-linked porous framework and further the
enhancement of electrochemical performance. Tao et al. have utilized walnut shell
as biomass precursor to fabricate carbon nanofiber with small diameter about 280 nm
through electrospinning process.?!
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TABLE 10.1
Comparison of various biowaste derived activated carbon as an electrode
material?>

Surface Specific
Source of biowaste  Activation  area of AC capacitance Cycle
derived AC method (m2g™") (Fg™ Electrolyte stability
Coconut shell Steam 1,532 228 at 5mV s™! 6M KOH 93% after
3,000 cycles
Peanut shell ZnCl, 1,549 340at 1 A g™ IM H,SO, 95.3% after
10,000
cycles
Palm kernel shell KOH 462.1 210at0.5A g! 1M KOH 95% after
1,000
cycles
Watermelon rind KOH 2,277 333.4at1Ag! 6M KOH 96.8% after
10,000
cycles
Tea leaves KOH 2,841 330at 1 A g! 2M KOH 92% after
2,000 cycles
Tea waste buds KOH 1,610 332at1 Ag! 6M KOH 97.8% after
10,0000
cycles
Sugarcane bagasse KOH 1,939.9 298 at 1 A g! 1M H,SO, 94.5% after
5,000 cycles
Withered rose KOH/KNO;, 1,980 350at1A g 6M KOH 96.5% after
flower 15,000
cycles
Jujube fruit NaOH 1,135 460 at 1 A g! 6M KOH 92.2% after
130,000 cycles
American Poplar KOH 942 423 at 1A g! 6M KOH 97% after
fruit waste 200,000 cycles
Corncob KOH 800 390at0.5A g™ IMH,SO, 94% after
5,000 cycles
Plastic waste KOH 2,326 169 at 0.2 A g! 6M KOH 90.6% after
(polyethylene 5,000 cycles
terephthalate)
Rice husk KOH 3,145 367 at 5SmV s~! 6M KOH ~100% after
30,000
Soybean pods NaOH 2,612 352.6at0.5A g' 1M Na,SO, 94.2% after
50,000
Orange peel KOH 2,160 460 at 1 A g™! IM H,SO, 98% after
10,000 cycles
Mangosteen peels NaOH 2,623 357at1 Ag! 6M KOH 94.5% after
130,000

cycles
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FIGURE 10.2 Schematic diagram of the synthesis of carbon nanofibers based on different
lignin for supercapacitor.?

2.2.3 Carbon dots

The CDs (carbon-dots) are a class of carbon particles with nanoscale structure
(<10nm), which are composed of a nanocrystalline core and an amorphous shell with
versatile surface functional groups. On account of the carbon cores, CDs could be
classified as graphene quantum dots (GQDs), carbon nanodots (CNDs), and polymer
dots (PDs)* (Figure 10.3). The diversity of CDs is mainly ascribed to the diversity
of carbon precursors and synthetic strategies.* Based on the defects of conventional
approaches such as low quantum yield and limited solubility, researchers have paid
attention to developing carbon quantum dots derived from green carbon precursors.
Biomass and their wastes have been applied to prepare the scalable, cost-effective
carbon-based QDs (quantum dots) with superior optical feature, which have been
applied in various optoelectronic fields, such as LEDs, solar cells, energy conver-
sion, and photodetectors. For instance, Huang et al. have utilized sugarcane molasses
as the precursor to fabricate biocompatible blue luminescent C-QDs (QY of 5.8%),
which are employed as bioimaging agents and sensor for Sunset Yellow.3*

2.2.4 Carbon-based gels

Carbon aerogels are a special type of low-density microcellular foams, which consist
of interconnected carbon particles. Generally, carbon aerogels are provided with the
advantages, such as high surface area assembly, good graphitized texture, control-
lable pore size, interconnected fibrous structure, rapid charge transport pathways,
and excellent thermal conductivity, which are suitable for energy storage devices,
electromagnetic shielding materials, and absorbers.® Li et al. have fabricated carbon
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FIGURE 10.4 Schematic diagram showing carbon-based hydrogels.?”

aerogels from various types of melon (winter melon, watermelon, and pumpkin) via a
hydrothermal carbonization and post-pyrolysis, followed by introducing PW (paraf-
fin wax) into the carbon aerogels.

Hydrogels are a class of materials which are strongly hydrophilic, water-filled,
three-dimensional, and cross-linked networks?’ (Figure 10.4). Carbon-based hydro-
gels have been broadly classified into three types: graphene-based, polymer-based,
and biomass-derived hydrogels. The conductive framework contributes to creating
low-resistance pathways for electron mobility and the porous structure facilitates ion
diffusion freely.’® Wu et al. have employed watermelon to prepare spongy hydrogels
composed of carbon nanospheres and nanofibers via hydrothermal reaction.®

2.3  PREPARATION METHODS

Porous carbons derived from non-renewable fossil feedstock sources are usually
fabricated under harsh reaction conditions, which is environmental unfriendly and
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uneconomical. Therefore, it is a crucial topic of research to develop versatile func-
tional biomass-derived carbons under cost-effective, sustainable conditions, such
as carbonization, templating, activation, doping, and mechanochemically assisted
syntheses.*°

2.3.1 Carbonization

Carbonization refers to the treatment of carbonaceous precursor at high tempera-
ture in the presence of inert medium (such as N,, argon) that gets rid of the volatile
organics to fabricate pure carbon structure with small amount of heteroatoms and
hydrogen. Pyrolysis and hydrothermal carbonization (HTC) are two predominant
approaches to transform biomass into carbon.*

2.3.1.1 Pyrolysis

Pyrolysis refers to the conversion of biomass into carbonaceous products via thermal
degradation of the chemical components in an inert medium at elevated temperatures.
During the conversion of biomass into porous carbons, several reactions are involved
such as dehydration, condensation, cross-linking depolymerization, fragmentation,
and isomerization reactions. The ultimate products of the pyrolysis include gases,
bio-oil, and biochar. Every product proportions will rely on the pyrolysis conditions,
such as temperature, pressure, residence time, etc.*?

Panmand et al. have reported the perforated grapheme (PG) with bougainvillea
flower as raw material for supercapacitor via a simple carbonization step, which dem-
onstrates high specific capacitance of 316.2 F g! at 2.28 A g!, and 93% of capaci-
tance retention over 10,000 cycles.*?

Liu et al. have utilized perilla frutescens (PF) leaves as precursor to fabricate
O/N-co-doped porous carbon nanosheet through direct pyrolysis, which exhibits
the surface area of 655m?g! and the pore volume of 0.44cm?g!. In addition, the
assembled symmetric supercapacitor indicates a high volumetric energy density of
14.8 Wh L~ at 490 W L-! and a high stability of 96.1% capacitance retention over
10,000 cycles.**

2.3.1.2 Hydrothermal carbonization

Hydrothermal carbonization (HTC) as a thermochemical process represents wet
pyrolysis for the conversion of biomass precursors to a solid biochar or a structured
carbon, which is usually carried out in a pressured liquid medium at a relatively
mild temperature (100-240°C).» During the procedure of HTC, pretreated biomass
dispersed in a liquid medium in a pressure-tight container (such as Teflon autoclave)
would go through one of the following (or combined) stages: hydrolysis, dehydra-
tion, decarboxylation, polymerization, and aromatization.*¢ Simultaneously, liquid
medium usually serves as a solvent and a catalyst that contribute to the hydrolysis and
cleavage of the chemical component of biomass.*’

Currently, abundant porous carbon have been fabricated through HTC with ver-
satile biomass as precursors, such as saccharides (glucose, sucrose, and starch), cel-
lulose, algae, peanut shell, and camphor leaves.*® However, HTC-derived porous
carbon materials usually demonstrate a low specific surface and poor porosity as well
as unordered structure in nature, which involve further activation or carbonization



236 Porous Carbon Materials for Clean Energy

and graphitization to modify its chemical and physical properties.** Yong-Qing Zhao
et al. have synthesized electrode porous carbon derived from tobacco rods via HTC
and KOH activation, which demonstrates high capacitance of 286.6 F g-' at 0.5 A g/,
superior rate performance of 212.1 F g~' at 30 A g/, and excellent cyclic stability of
96% capacitance retention over 10,000 cycles.>

2.3.2 Physical activation

Physical activation refers to carbonization at high temperature with gaseous activa-
tors such as CO,, steam, air, O,, water vapor, and the mixed atmosphere.’! In the
process of physical activation, three stages are involved: Firstly, the activated gas
reacts with the biomass precursor to open the closed pores and expose crystallites’
surface; Secondly, the original pores are enlarged; Thirdly, new active sites formed
on the surface proceed to react with the activated gas to produce new pores.

The corresponding chemical reactions are demonstrated as follows
(Eqns 10.1-10.4):

C+2H,0 — 2H,+CO, (10.1)
C+H,0 —» H,+CO (10.2)
C+CO, —» CO (10.3)
C+0, - CO, (10.4)

Although the effect of physical activation seems not very well such as the relatively
low SSA according to chemical activation, physical activation is still more popular
and effective for large-scale production owing to the developed porosity together
with the environmental benign nature and cost-effective.>?

Jiang et al. have reported the porous carbon with willow as precursor and CO, as
activator, which indicates well-developed channels and SSA of 750.7m?g~!. Yu et al.
have utilized CO, as the activator to prepare cattail-derived porous carbon, which
demonstrates SSA of 441.12m?g™! and pore volume of 0.33cm3g™" as well as the
specific capacitance of 126.5 F g at 0.5 A g3

2.3.3 Chemical activation

Chemical activation is denoted as approach for fabricating porous carbon with chem-
ical reagents as the activator, including ZnCl,, KOH, NaOH, H,PO,, KCl, and HNO,.
Generally, chemical activation indicates many superiority factors, such as low-energy
consumption, flexible control of the porosity, short activation time, high specific sur-
face area, and high yield. However, the disadvantages of chemical activation are also
obvious, including the special equipment for corrosion resistance, and the expensive
activators and the treatment of wastewater and gas in the synthetic process.>*

2.3.3.1 Alkaline activation

The activation of biomass with KOH is divided into two categories: the first is
one-step carbonization activation and the second is step-by-step carbonization acti-
vation. The one-step carbonization activation refers to high temperature activation
after directly mixing the biomass precursor and KOH. The step-by-step
activation means pre-treating the biomass precursor before carbonization activation.
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The pre-treatment of biomass precursor materials comprises hydrothermal car-
bonization, swelling, pre-carbonization, etc.>> Currently, one commonly accepted
assumption is that the expansion of the carbon lattice caused by the metallic K inter-
calation, which originates from the strong reaction ability of K and C. The mainly
involving chemical reactions equations are below (Eqns 10.5-10.10)%:

2KOH=K,0+H,0 (10.5)
C+H,0=CO+H, (10.6)
CO+H,0=C0,+H, 10.7)
CO,+K,0=K,CO, (10.8)
K,0+H,=2K +H,0 (10.9)
K,0+C=2K+CO (10.10)

Quan-Hong Yang et al. have reported a novel 3D honeycomb-like porous carbon
(HLPC) with pomelo peels as the precursor and KOH as activation agent. The
as-prepared HLPC demonstrates a specific surface area of 2,725 m?g"!, and high spe-
cific capacitance of 342 F g' at 0.2 A g! as well as good stability with 98% retention
over 1,000 cycles.’

Jing Huang et al. have utilized pomelo seeds as precursor to produce porous
carbon through the activation of KOH, which exhibits a high specific capacitance
of ~845 F g' at 1 A g! and an ultrahigh stability of ~93.8% even after 10,000
cycles.®

In general, the alkaline activation agents such as KOH and NaOH possess the
advantages of high efficiency and simple experimental procedure. However, the
usage of alkaline activation agents results in high corrosion of the equipment and
the activation process are usually carried out at high temperature, which is not in
consistent with the concept of green economy.>

2.3.3.2 Salt activation

Salt as an activation agent not only agrees well with the concept of green chemis-
try owing to low corrosion of equipment and environmental friendliness but also
indicates comparable performance to alkaline activator. Presently, the salt activators
that are used commonly with superior properties as follows: K,CO;, KHCO;, ZnCl,,
Na,CO;, FeCl,, etc.

K,CO; with similar activation mechanism to KOH demonstrates a catalytic
graphitization effect on the material. Xia et al. have utilized coconut shell as a pre-
cursor to prepare three-dimensional porous graphene sheets (3DPGLS) with K,CO,
as activation agent, which indicate the specific surface area of 1,506.19m?>g! and
high conductivity of 32.14 S cm~'.%°

Vediyappan Veeramani’s group have fabricated grapheme sheet like porous car-
bon derived from Bougainvillea spectabilis with ZnCl, as activator, which indicates
high surface area of 1, 197 m?g-'and the specific capacitance of 233 Fg'at 1.6 A g™\
However, the application of ZnCl, activation is strictly restricted owing to a severe
environment problem of waste water treatment.°!

Zhang and his coworkers have reported highly porous graphene with K,FeO,
as activator and biomass-loofah as precursor, which demonstrates a high specific
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capacitance of 1308.2 F g' at 1 A g! and excellent cycling stability of 91.6% reten-
tion over 10,000 cycles.®

Wang et al. have utilized waste pine bark as precursor to fabricate ultrathin
graphene-like PCNs with potassium formate as activation agent for supercapacitor
electrode, which displays superior energy densities of 22.8 Wh kg! at an ultrahigh
power density of 30.375 kW kg! and high rate performance with specific capacitance
retention of 76.3% at 40 Ag'.%3

2.3.3.3 Acid activation

The activation process of H;PO, involves five categories as follows: hydrolysis, dehydra-
tion, aromatization, cross-linking with biopolymers, and pore formation. In the process
of activation, H,PO, cross-link with lignocellulosic structures in the form of phosphate
ester to refrain from cell wall shrinking and further leave abundant voids. Generally,
the biomass-derived porous carbons with H;PO, as activation agent possess the specific
surface area lower 1,500m?g!, and mesoporous texture as well as a large pore volume
in the range of 1-1.5cm3g!, which are suitable for OEB, LIB, and EDLC.%

Chen and coworkers has reported the new activated carbon derived from cotton stalk
via HyPO, activation, which displays the specific surface area of 1,481 m?>g!. The assem-
bled supercapacitor demonstrates the specific capacitance of 114 F g'at 0.5 A g! and
cycling stability of 4.7% capacitance loss over 500 cycles in 1 M Et,NBF, electrolyte.5

Jing Huang et al. have prepared porous carbon from pomelo valves by the hydro-
thermal activation with H;PO, and simple carbonization, which exhibits a high spe-
cific capacitance of 966.4 F g! at 1 A g! and an ultrahigh stability of 95.6% even
after 10,000 cycles.®®

2.3.4 Template methods

The template method represents the fabrication of multifunctional nanomaterials
with adjustable structure such as morphologies and pore size distribution in the pres-
ence of sacrificial templates with specific features. Template methods are generally
classified as hard and soft templating strategies.®’

2.3.4.1 Hard template method

Hard templates (HT) refer to a kind of rigid material with a defined nanoporous
structure, such as silicas, zeolites, and metal oxides (e.g., MgO, Fe, 05, and ZnO) to be
used for the synthesis of highly porous ordered or disordered carbons (Figure 10.5).%%
Typically, the method includes the following steps: synthesis of the template, com-
bination of the carbon precursor with the template, pyrolysis of the composite, and
finally removal of the template.®

Zhang et al. have produced a porous carbon foam with chitosan as the raw mate-
rial and silica as the template, which demonstrates the specific surface area of
2,905m?g! and excellent gravimetric capacitance of 374.7+7.7F g'at1 A g and
rate performance of 60% capacitance retention (235.9+7.5 F g ' at 500 A g1).0

Sanchez-Sanchez et al. have utilized gallic acid as precursor to fabricate ordered
mesoporous carbons (OMCs) through a hard-templating strategy, which indicate the
highest surface area of ~1,000m?g-!, and the high specific capacitance of 277 F g!
at 1 A g!, a high rate capability of 60.6% capacitance retention at 12 A g-!, and good
cycling stability of 80.6% over 5,000 cycles.”!
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FIGURE 10.5 Schematic diagram of the synthesis of honey-derived OMC.%8
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FIGURE 10.6 Schematic diagram of the synthesis of ordered mesoporous polymers and
carbons derived from tannins.’?

However, the drawbacks for the hard template method involve its time-consuming
nature, high cost, and the use of highly toxic chemicals (such as HF and NaOH)
owing to the purification of the product, which have limited the product’s application
for large-scale production.

2.3.4.2 Soft template method

The soft templating (ST) strategy involves the cooperative self-assembly of amphi-
philic molecules and carbon precursors, which is broadly applied to the fabrication
of hollow-structured nanomaterials (Figure 10.6).7?

Wen et al. have utilized organic modified montmorillonite (OMMT) as template
and waste poly (ethylene terephthalate) (PET) beverage bottles as precursor to pre-
pare porous carbon nanosheets (PCNS). The PCNS reveals the specific capacitance
of 121 Fg~'in IM TEATFB/PC as well as the superior stability of 90.6% capacitance
retention over 5,000 cycles.”

Chen et al. have utilized ribose as precursor and oleic acid nano-emulsions as soft
template to fabricate flask-like carbonaceous materials, which indicate the specific
surface area of 2,335m? g-! and the specific capacitance of 222 F g~ at 1 A g*! and
no decrease in capacitance over 10,000 cycles.™

Soft template method is a relatively eco-friendly strategy from the view point of
green chemistry owing to the removal of the template accomplished in non-toxic or
non-corrosive process. Moreover, soft template presents more flexible morphological
control and inferior stability than HT.

In brief, although the template method can control the pore size distribution and
micro-morphology relatively accurately, it also leads to an increased product cost and
complex synthetic procedure, which constraints the widespread application.
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Alternatively, the self-template can facilitate the blending of the template and
the carbon source, which contributes to overcoming the heterogeneous shortcom-
ings of solid mixing and the complicated operation of liquid mixing. Additionally,
template-free approach is a direct strategy to prepare carbon materials without the
aid of any structure-guiding agent or metal-based growth catalyst (such as Fe/Ni/Co/
Cr) in the synthetic process, which is eco-friendly in the absence of toxic reagents.
However, the template-free method is somewhat not skilled in adjusting the morphol-
ogy and porosity of carbon materials.”

2.3.5 Doping of heteroatoms

Heteroatom-doping strategies refer to the introduction of heteroatoms (B, N, O, P,
and S) into carbon skeletons usually through pyrolysis and hydrothermal synthesis,
which could manipulate the electronic structure and surface chemistry of materials.
Heteroatom-doping are generally divided into two strategies: in situ doping and post
doping. In situ doping is conducted by the direct pyrolysis of biomass precursors or
carbonization/activation of pretreated biomass sources. While for post doping, it is
implemented by the post-treatment of electrospun carbon materials in the presence
of targeted heteroatom sources.”

G. A. Ferrero et al. have utilized soybean waste residue as precursor to develop
N-doped microporous carbon of 1.6 at%, which delivers the specific surface area of
2,130m?g!, and the specific capacitance of 258 F g! at 0.2 A g! as well as good rate
capability of 170 F gt at40 A g7’

Han et al. have reported S-doping carbon materials with bamboo shoot shells as
carbon resource and 3,4-Ethylenedioxythiophene (EDOT) as sulfur source, which
indicates a high S content of 1.66 at% , SSA of 1,032m?g! and the capacitance of
3025Fgtat0.5 Ag!?®

Xiandong Yue et al. have utilized cornstalk to prepare porous carbon co-doped
with N (1.3 at%), B (2.97 at%), and P (0.38 at%), which indicates the specific surface
area of 3,123.5m?g™!, a high specific capacitance of 342.5 F g! at 0.5 A g7!, and
energy density of up to 26.18 W h kg-1.7

3 SUPERCAPACITOR

The decreasing supply of non-renewable energy sources such as fossil fuels and the
intensification of the environmental pollution have prompted the search for low cost
and renewable energy sources to replace fossil energy. Supercapacitors, as a type
of dominant energy conversion/storage devices, have the advantages of fast charge/
discharge rate, ultra-long cycling life, high-power density, and strong environmen-
tal adaptability, which bridge the energy/power gap between conventional dielectric
capacitors and high energy storage batteries. Generally, supercapacitors can satisfy
the diverse energy storage needs, such as hybrid vehicles, urban public transporta-
tion, military applications, and portable electronic devices.®

3.1  BRIEF HISTORY OF SUPERCAPACITOR

As for supercapacitor research/industry to today’s commercially viable product
over this decade, the first original idea of capacitor is proposed by Lyden Jar in
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the 18th century. The first nonaqueous electrolyte-based electrochemical capaci-
tor is invented by Robert Rightmire at the Standard OilCo. of Ohio (SOHIO).
Raghavendra et al. has reported that the first supercapacitor (EDLC supercapacitor)
has been fabricated by General Electric in 1957. In 1971, a new class of electro-
chemical capacitor (pseudocapacitor) is produced on the basis of RuO,, followed by
extensive research on RuO, as a pseudocapacitor material in 1975-1980. In 1989,
the U.S. Department of Energy (DOE) starts to support a long-term supercapaci-
tor research on high energy density supercapacitors for application in the Electric
and Hybrid Vehicle Program. Afterward, a world-leading supercapacitor manufac-
turing company, Maxwell Technologies Inc., cooperates with the DOE to develop
high-performance supercapacitors, which involve EDLCs, pseudocapacitors, and
asymmetric supercapacitors. Supercapacitor companies from all around the world
such as Nesscap (Korea), ELTON (Russia), Nippon Chemicon (Japan), and CAP-XX
(Australia) have been developing and delivering different types of supercapacitors for
various applications. Since 2000, the amount of researches on supercapacitors has
continuously and significantly scaled up with respect to the emerging requirement
for high-power, high-reliability, and safe energy storage devices. In 2006, the first
electric double layer supercapacitor-based buses have been launched in Shanghai
(China). In 2016, the researchers at VTT Technical Research center at Finland have
developed a hybrid nanoelectrode consisting of porous silicon coated with titanium
nitride. Global supercapacitor market has been valuated to be 887 million dollars in
the year 2020.3!

3.2  MECHANISMS AND TYPES OF SUPERCAPACITOR

SC (supercapacitor) devices with different materials and configurations have been
extensively studied. On account of energy storage mechanism, SCs could be classi-
fied as electric double layer capacitors (EDLCs), pseudocapacitor, and hybrid super-
capacitors (Figure 10.7).81-82

EDLC mechanism of supercapacitors: the electrical double layer capacitance
is generated physically by the pure electrostatic attraction between ions and the
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Electrostatic
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FIGURE 10.7 Charge Storage Mechanism in (a) EDLCs, (b) pseudocapacitor, (c) asym-
metric hybrid.%!
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charged electrode surface (e.g., carbon materials). The specific capacitance of EDLC
is strongly dependent on the accessible surface area and the surface properties of the
electrode materials. The process of charge/discharge of EDLCs only involves charge
rearrangement, without any Faradaic reactions. As a result, the electric double layer
capacitor can respond immediately to potential changes. Experimentally, EDLCs not
only feature high-power density and superb charging-discharging stability but also
usually suffer from low-energy density.®?

According to pseudocapacitor, the pseudocapacitance involves a rapid reversible
oxidation/reduction (redox) or Faradaic charge transfer reaction, which is produced
by the electroactive substances on the surface of the electrode such as metal oxides
(like NiO, Co;0,, and RuO,, conducting polymers (like PPy, PANi, and PTh) and
some metal hydroxides (Co(OH),, Ni(OH),). Accordingly, fast surface or near-surface
reactions with high reversibility contribute to large power density. There are gener-
ally two mechanisms for the charge storage taking place in pseudocapacitance. One
is redox pseudocapacitance that occurs on the surface of metal oxides and the other
is intercalation pseudocapacitance. The redox process is surface limited in pseudoca-
pacitors and the intercalation is diffusion limited in battery type electrodes.®*

Hybrid supercapacitor combines capacitive type nature with Faradic type to
achieve the higher energy density along with its power density. The hybrid capacitors
can be further subdivided into three categories. The first category is the asymmetric
capacitor, which consists of one EDLC electrode (negative) and another pseudoca-
pacitive electrode (positive). The second category is battery type capacitor, which
is composed of one Faradic electrodes and another capacitive electrode. The third
category is a composite, which possess the combination of EDLC materials with
pseudocapacitor materials.®

4 POROUS CARBON MATERIALS FROM
BIOMASS IN SUPERCAPACITORS

4.1 ACTIVATED CARBON

Activated carbon materials are the most utilized low-cost electrode materials for
EDLC electrodes, which indicate a hierarchical permeable structure involving
micropores, mesopores, and macropores.

Taniya Purkait et al. have prepared graphene-like nanosheet derived from peanut
shells through the activation of KOH and the mechanical exfoliation, which indicates
high specific surface area of 2,070m?g~! and 186 F g-'at 0.5 A g~' as well as the high-
est energy 58.13 Wh kg at 375 W kg1.8¢

Shijiao Song et al. have reported 3D hierarchical porous carbon (3D HPCs)
derived from corn husks. The symmetric supercapacitor based on CHHPCs demon-
strates a high energy density of 21 W h kg~! at 875 W kg! and retains as high as 11
W h kg at 5,600 W kg=1.87

Dong Zhou et al. have reported the interconnected open-channel carbon nanosheets
derived from reeds. The assembled supercapacitor indicates the specific capacitance
of 147 F g'at 1 A g'and energy density of 45.5 W h kg-'at ~750kW kg! and the
outstanding cycle stability of 90% initial capacitance retention over 10,000 cycles.®
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4.2 CARBON FIBERS

Cellulose as biomass fiber on Earth has been provided with many advantages such
as high carbon content, abundant surface chemical properties, superior mechanical
properties, high specific surface areas, thermal stability, and ease of processing.

Jie Cai et al. have fabricated carbon nanofibers derived from cellulose acetate
nanofibers for supercapacitor, which indicates the specific capacitance of ~241.4 F
g'at 1 A g''and excellent cycling stability of negligible 0.1% capacitance reduction
over 10,000 cycles and maximum power density of ~84.1 kW kg%

Cheng-Meng Chen et al. have reported the supercapacitor based on nanocarbon
fibers (HCMT-650) prepared with kapok as biomass precursor, which indicates the
specific capacitance of 140 F g at 1.0 A g and high energy density of 48.3 Wh kg!
at 450 W kg 1.0

4.3 CARBON AEROGELS

Carbon aerogels could provide open channels for continuous unimpeded transporta-
tion of electrolyte ions, which could contribute to the performance of carbon aero-
gels, such as high rate capability and enhanced charge transportation.

Pin Hao et al. have assembled the solid symmetric supercapacitor based on hier-
archical porous carbon aerogels derived from bagasse, which delivers the specific
capacitance of 142.1 F g™ at 0.5 A g!, and energy density of ~19.74 Wh kg at
0.5kW kg'as well as excellent cyclability of 93.9% capacitance retention after 5,000
cycles.”!

Zhibin Lei et al. have reported the supercapacitor based on aerogels derived from
natural cotton, which indicates the high specific capacitance of ~251 F g'at 0.1 A
g ' and superior rate performance of 77% initial capacitance retention as well as a
cycling stability of ~3% capacitance decay over 20,000 cycles.”

4.4 CARBON QUANTUM DOT

CDs-derived carbon materials are conductive to the electrochemical performance of
symmetrical supercapacitors, owing to the large specific surface area of CDs that pro-
vides more surface active sites and edges accessible for the ion adsorption-desorption
process.

Zhang et al. have prepared supercapacitor electrode (PWC/MnO,/GQDs) based
on porous wood carbon (PWC) decorated with MnO, and GQDs, which indicates a
specific capacitance of 188.4 F g-' at 1 A g and good rate capability (74.7 F g-! at 20
A g') and the cycling stability with 95.3% retention after 2,000 cycles.”

Kaner et al. have developed a simple route to prepare 3D turbostratic graphene
(3D-ts-graphene) via CDs derived from biomolecule (citric acid and urea), which
delivers the specific surface area of 1,405m?g™!' and the volumetric capacitance of
27.5 mF L'at the current density of 560 A L' as well as 94.6% capacitance retention
over 20,000 cycles. The supercapacitor indicates an energy density of 17.7 Wh kg™!
at a power density of 2.55 kW kg! and fast charge-discharge cycling rate with a time
constant of 3.44 ms.**
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4.5 OTHER BIOMASS-BASED COMPOSITE CARBON

Nanocomposite-based carbon materials refers to the carbon-based materials incor-
porated along with a conducting polymer (CP) or a metal oxide (MO) or both, which
could be provided with high specific surface area and superior capacitance composed
of pseudocapacitance and EDL capacitance.

Zhang et al. have fabricated NiCo LDH/IPC composite through NiCo-LDHs
sheets grown on interconnected PC (IPC) derived from poplar catkins, which exhib-
its the specific capacitance of 209.7 mAh g at 1 Ag!. The hybrid supercapacitor
based on NiCo LDH/IPC//IPC delivers 29.6 Wh kg-'at 744 W kg! and good cyclic
life with 88% capacitance retention after 4,000 cycles.®

Wang et al. have produced graphene/silk fibroin-based carbon nanocomposites
(GCN-S), which indicates the specific capacitance of 256 F g-! at 0.5 A g! and supe-
rior rate performance of 188 F g! at 50 A g'as well as high stability with 96.3%
capacitance retention over 10,000 cycles. The supercapacitor based on GCN-S has
achieved high energy density of 22.8 Wh kg=! at 200 W kg! and still reaches 14.4
Wh kg'at a high-power density of 40,000 W kg~'.%

Peixin Zhang et al. have reported hybrid symmetric supercapacitor based on
C/MnO with litchi shell as the carbon source and KMnO, as Mn source, which
achieves high specific capacitance of 162.7 F g! at 0.5 A g!, energy density of 57.7
Wh kg at 400 W kg! and excellent reusability of 93.5% capacitance retention after
5,000 cycles.”’

5 SUMMARY AND PROSPECT

In summary, we have brought together the current advances of the synthetic
approaches and mechanisms of porous carbons (PCs) derived from biomass over the
years, and demonstrate the effects of different synthesis methods on the nanostruc-
ture and properties of the resulting carbon materials as well as the electrochemical
performance of the supercapacitors. Although regarded as one of the most potential
candidates for energy storage devices in the coming era of pure electric vehicles, the
weakness of the supercapacitor such as low-energy density still restricts their wide
application in the energy storage market.

The global market size of cellulose-based materials is USD 219.53 billion, which
was recorded in 2018, and it is expected to increase up to USD 305.08 billion by
2026. Lignin’s global market size exceeds USD730 million in 2018 and the industry
anticipates expenses to achieve beyond 1.7 million tons by 2025. The global market
size of nanocellulose approached to USD 146.7 million in 2019 and looked forward
to grow at a compound annual growth rate (CAGR) of 21.4% from 2020 to 2026.

Advances in PCs based on biomass for high-performance supercapacitors have been
made in recent years, but there are still some issues that need to be further developed.

1. Exploiting the relationship between biomass types and synthetic methods.
The diversity of biomass composition and structures greatly affect the
reproducibility of the PCs. We should rationally deal with the biomass on
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account of essential properties such as different composition, nanostructure,
and surface properties in the processes of precursor selection, carboniza-
tion, and activation.

2. Optimizing the preparation method to achieve cost-effective biomass-derived
PCs with controllable structure. Currently, the development of PCs derived
from biomass lacks a scalable production method for accurately and effec-
tively controlling the microstructure of PCs with desirable structures (such
as size, crystallinity, layer, shape, and location of defects). In addition, the
self-template method and the self-activation technique provide new ideas
for the synthesis of biomass carbon materials.

3. Exploring PCs derived from biomass with the focus on utilizing and opti-
mizing their natural structure. Natural biomass with a precise structure acts
as not only a brilliant carbon resource but also a bio-template for the syn-
thesis of valuable carbon materials. And then, the valuable guidance for the
fabrication of PCs should concentrate on the conversion mechanism of the
complicated processes in the future work.

4. Optimizing the loading and interfacial interactions to make full use of the
synergistic effects between the individual components. The gravimetric and
volumetric performances of the biomass-based carbon electrodes are lim-
ited to some extent due to their intrinsically low specific capacitance and
energy density.

5. Developing proper theoretical model and establishing record files through
machine learning or artificial intelligence for calculating physical and
structural parameters of biomass. The diversity of biomass resources
as a sophisticated criterion is beneficial to select appropriate method to
achieve PCs and to predict the capacitive properties of biomass precursor
and PCs.

6. Exploring methodical engineering of the PCs from their lab-scale to the
pilot-scale with retaining their properties is a necessary task. Extrapolating
the specific characteristics of PCs while retaining the electrochemical prop-
erties with appropriate preparatory methods would be a formidable task for
the future research.

7. Biomass raw materials rarely contain heavy metals or other toxic, harmful
substances that lead to environmental hazards, but organic or inorganic pol-
lutants generated in the synthetic process of PCs and their damage to the
environmental cannot be neglected.

8. Although PCs derived from natural abundant biomass for supercapacitor is
green, cost-saving and sustainable, there are also some obstacles hindering
their application, such as (1) Lower efficiency of biomass energy than fossil
fuels; (2) Not completely clean; (3) Ecological Devastation; (4) Broad space
for biomass plants. Abundant interdisciplinary researches over various sci-
ence streams need concentrating on the detailed reaction mechanisms to
explore new novel sustainable materials to deliver better applications in the
domain of sustainable energy and environment. Further studies are vital to
minimize the prevailing knowledge gaps.
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Yueming Li

1 INTRODUCTION

1.1  BRIEF HISTORY OF SUPERCAPACITOR

Itis generally thought that the capacitor was firstinvented by Pieter van Musschenbroek
in University of Leyden in 1746." Later, Faraday constructed the variable capacitors
and introduced the concept of dielectric constant. The unit of capacitance was named
Faraday in order to commemorate him. Supercapacitor was proposed by Nippon
Electric Company (NEC) of Japan in 1978. Later, there are continued progresses
achieved by companies and scientist in this field. The detailed development can
be referred in the related reviews.'* Supercapacitor, also named ultracapacitor, or
electrochemical capacitor, have an energy density greater than conventional capaci-
tors. In general, supercapacitors are composed of two electrodes, electrolyte, and a
separator. Supercapacitors have several advantages such as high-power density and
long cycling lives. However, the energy density of supercapacitor (generally less than
10 Wh kg!) should be enhanced. In recent years, hybrid supercapacitor has been
proposed including Li-ion hybrid supercapacitor proposed by Amatucci in 2001,*
Na-ion hybrid supercapacitor,>” K-ion hybrid supercapacitor,® °* Mg-ion hybrid super
capacitor,'® and Zn-ion hybrid supercapacitor.'- 12

1.2  MECHANISM OF SUPERCAPACITOR

The energy storage mechanism of supercapacitor has not been fully clarified up to
now. In general, the storage mechanism can be divided into two categories. One is the
storage mechanism by electric double layer (EDL) capacitance, the other is the pseu-
docapacitance storage mechanism. There are roughly three bilayer models. They are
the Helmholtz model (1853-1879),"3 the Gouy-Chapman model (1910-1913),' 15 and
the Gouy-Chapman-Stern model (1924)'® which were refined step by step as time
progressed (Figure 11.1).

For EDL storage mechanism, the oriented dipoles are formed to store charge
electrostatically at the interface between electrolyte and electrode upon polarization.
Notably, no charge transfer takes place between electrolyte and electrode in theory.
Thus, EDL-based supercapacitors have a high theoretical cycling stability.

252 DOI: 10.1201/9781003387831-11
This chapter has been made available under a CC-BY-NC-ND 4.0 license.
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FIGURE 11.1  Schematics of the electric double layer structure showing the arrangement of
solvated anions and cations near the electrode/electrolyte interface in the Stern layer and the
diffuse layer. (a) Helmholtz model, (b) Gouy-Chapman model, and (c) Gouy-Chapman-Stern
model. (Reproduced by permission, copyright of RSC)."”

The capacitance for an EDL-type parallel-plate supercapacitor can be evaluated
based on the following equation (Eqn 11.1):

_ E:&p
d

C A (11.1)
The capacitance of electrical double layer capacitor (EDLC) is much higher than that
of a conventional dielectric capacitor because the very high specific surface areas
(SSA) of porous carbon materials as well as the short distance (serval Angstroms) of
double layer.

Pseudocapacitors are generally considered as a kind of energy storage mecha-
nism between battery type and capacitor type. For pseudocapacitance mechanism,
this process involves the fast charge transfer and reversible redox reactions of
electroactive species on the electrode surface, which is Faradic.'®-2° In general; the
pseudocapacitance is much higher than EDL capacitance. The typical electrode
material with pseudocapacitance is ruthenium dioxide. The continuous change
in pseudocapacitance electrode materials may lead to a poor cycling stability for
supercapacitor. The conducting polymers such as polypyrrole and polyaniline
can also display high pseudocapacitance, while the cycling stability should be
further improved. The electrochemical redox reaction at the electrode materials
promote a Faradic charge transfer similar to that occurring in a battery. Hence,
the capacitance in a pseudocapacitor is much higher than that in an EDLC. On
the other hand, the redox reactions compromise the power performance of the
pseudocapacitor.

As shown in Figure 11.2, pseudocapacitors can be subdivided into three main
categories based on electrochemical reaction, such as under-potential deposition,?! 13
redox pseudocapacitors,'® and intercalation pseudocapacitors.??
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FIGURE 11.2 Different types of reversible redox mechanisms that give rise to pseudoca-
pacitance: (a) underpotential deposition, (b) redox pseudocapacitance, and (c) intercalation
pseudocapacitance.?? (Reproduced by permission, copyright of RSC).

Unlike battery systems, the maximum energy of a capacitor is proportional to
the square of the capacitance multiplied by the operating voltage. The voltage of
supercapacitor is mainly dependent on the voltage of electrolyte decomposition.?*
25 In general; aqueous electrolyte and organic liquid electrolytes have been used in
commercial supercapacitor. Ionic liquids have a larger potential window, while their
ionic conductivity is lower than those of aqueous and organic liquid electrolytes.?®
27 The maximum voltage window of symmetrical supercapacitor is generally less
than the 1.23 V (the voltage of water decomposition). The commercial supercapacitor
using organic electrolyte can provide a voltage of 2.7 V.28.2

1.3  THE DIFFERENT TYPES OF SUPERCAPACITOR

Based on the mechanisms, supercapacitor can be divided into EDLC, pseudocapaci-
tance supercapacitors, and hybrid supercapacitors. To combine both advantages of
EDL and pseudocapacitance capacitors, hybrid supercapacitor has been proposed to
store energy using both EDL and Faradaic capacitance. The hybrid supercapacitor
has gained more attention due to the higher energy density and excellent rate perfor-
mance in recent years. Supercapacitor can also be divided into symmetrical superca-
pacitor and asymmetric supercapacitor based on whether the two electrodes are the
same. Due to the low energy density of the conventional supercapacitor, the novel
supercapacitors with high energy density such as Li-ion capacitor,® Na-ion capaci-
tor,3 K-ion capacitor,’! and Zn-hybrid supercapacitors’? has gained more attention.
Furthermore, the introduction of redox electrolyte to supercapacitor has shown cer-
tain advantages

2 POROUS CARBON IN SUPERCAPACITOR

The porous carbonaceous materials have been extensively used as electrode materi-
als in supercapacitors due to the large SSA, good chemical stability, fair electrical
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conductivity, and abundance of carbon sources. The electrochemical performance
of carbon materials has a close relationship with SSA, pore size distribution, surface
functional groups, doping of heteroatoms and morphology. Thus, carbon materials
with high accessible SSA to electrolyte, high electronic conductivity, suitable pore
structure, high density, and low cost are needed. It is difficult that one electrode
material has all the merits required by supercapacitor.

2.1  ACTIVATED CARBON

Activated carbons as amorphous carbon are most frequently used electrode materi-
als in supercapacitor, especially in EDLC. Some carbon can be transformed into
highly ordered graphite through high-temperature, which was called as soft car-
bon. In contrast, some carbon will keep a rigid amorphous structure containing
randomly-oriented graphene layer, and these carbons are referred as hard carbon.
The graphitizing or non-graphitizing of carbon was largely dependent on carbon
precursors. For example, the use of biomass and thermosetting polymer will pro-
duce non-graphitizable carbons, which contains porous structure with no need of
activation.?

Activated carbons have advantages including high SSA (up to 3,000m?2g"), abun-
dant micropores (pore size less than 2nm), and low cost. However, the common acti-
vated carbons have a low electronic conductivity. There are a lot of methods which
can be used to prepare activated carbon. Among these methods, the preparation of
activated carbon by activating biomass-derived porous carbon is an economical,
simple, and efficient way. Biomass precursors can be obtained from a wide range of
sources including agricultural and forestry residues,?* industrial biomass residues,*
and algal biomass.*® The carbonization of biomass is commonly achieved by pyroly-
sis,” hydrothermal carbonization,’®: ¥ and microwave-assisted pyrolysis.**-*> To
achieve a suitable pore structure and a large SSA, the activation toward the pyrolyzed
carbon is often necessary.®3

Activation can be divided into physical activation and chemical activation. In gen-
eral, physical activation is implanted by heating carbon precursor under oxidizing
atmospheres including air, CO,, and H,O stream. For comparison, chemical activa-
tion is carried out by heating carbon precursor with certain reagents such as alkaline
hydroxide, phosphoric acid, and zinc chloride. Compared with physical activation,
chemical activation usually has the characteristics of a lower activation temperature,
a shorter activation time, relatively high yields, higher tap density, wider pore sizes,
and higher SSA.#** In addition; chemical activation may increase additional steps to
remove activation reagent and handling costs. From the view of industrial produc-
tions, physical activation is more favorable while chemical activation is the exten-
sively used in lab-scale research.®

SSA and pore structure play a vital role in affecting the electrochemical perfor-
mance of activated carbon however, while there is no liner relationship between SSA
and capacitance. Some activated carbon materials have very high SSA, while their
capacitance is not as high as expected because not all the pores are available to
electrolyte. It is generally accepted that the presence of macropores and large mes-
opores facilitates ion diffusion, while small mesopores and micropores increase
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the ion-accessible SSA and thus contribute significantly to capacitance. In recent
years, the concept of hierarchical porous carbon materials, which have multiscale
pores interconnected and assembled into component layers, were proposed and
prepared.**-*® Template method has been frequently used to prepare templated
porous carbons with hierarchical structure.*->!

The porous structure of activated carbon can provide a large interface to store
charges, however, the well-developed porous structure significantly decreases the
electrical conductivity of the activated carbons due to the destroying of the con-
ductive networks.’> Thus, materials with high electrical conductivity are needed to
combine with activated carbon to enhance the power density. Graphene nanosheets,
carbon nanotube, and graphene quantum dots, etc. have been proposed as conduc-
tive materials to enhance the electron transfer on activated carbon.’3-3¢ For exam-
ple, Li et al. reported a self-supporting activated carbon/carbon nanotube/graphene
nanosheets as electrode materials in supercapacitor, in which CNT and graphene
were used to overcome the low conductivity of activated carbon. Thus, the compos-
ites showed an enhanced electrochemical performance.’’

Doping is an effective strategy to modify the electrochemical performance of
activated carbon. The doping to activated carbon can tailor the properties of porous
carbon including wettability to electrolyte, functional groups, and interlayer spac-
ing, resulting in modified electrochemical performance. The doping by different
elements may play a different effect, and N-doping is most popular among the het-
eroatoms.*® In recent years, many elements such as N, P, B, S, O, Si as doping het-
eroatoms to activated carbon have been studied. As P is in the same group with N,
phosphorus-doping (P-doping) is found can enhance the wettability of carbon mate-
rial as well as widen the working voltage of carbon electrode due to its increased
antioxidant capacity of the phosphorus group.”® ® For example, the P doped porous
carbon prepared by Wang et al. has shown that there is improvement in the areal and
volumetric capacitance.®

The morphology of activated carbon plays an important role in their packing den-
sity on the surface of current collector. There are multiple morphologies for activated
carbon, either in non-regular or regular ones. For the common activated carbons,
they have a non-regular morphology. In contrast, for activated carbon with regu-
lar morphology, the activated carbon with spherical morphology is common. It is
proposed that activated carbon with the spherical particle is favorable to achieve a
high packing density on the current collector compared with activated carbon with
irregular morphology because spheres tend to form close packing.** Thus, spheri-
cal activated carbon can be thought as one ideal electrode material in supercapaci-
tor. Wickramaratne et al. prepared N-doped porous carbon spheres using resorcinol/
formaldehyde as carbon precursors and ethylenediamine (EDA) as doping reagent.
The electrochemical measurements showed that high capacitance as well high rate
capability can be achieved.®!

Besides solid carbon microsphere, hollow carbon sphere (HCS) consisting of a
carbon shell with adjustable shell thickness and a unique internal cavity, can also
be used as electrode materials in supercapacitor because of their special properties,
such as regular structure, low density, large specific SSA, and stable physicochemi-
cal stability.®> %3 HCS can be prepared via template method, as shown in Figure 11.3.64
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FIGURE 11.3 The preparation route of one hollow carbon sphere® (Reproduced by permis-
sion, Copyright of Elsevier).
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As is known, the power density of supercapacitor is inversely proportional to inter-
nal resistance of supercapacitor. The electrical conductivity of activated carbon can
play a dominant role on the internal resistance of supercapacitor. The electrical conduc-
tivity of activated carbon is related to many factors (such as texture, surface chemistry,
and graphitization degree of carbonaceous materials).®> The total electrical conductiv-
ity of powdered carbonaceous materials is the result of comprehensive factors includ-
ing the intrinsic conductivity of the single carbon particles (intraparticle conductivity),
the contact resistance between particles, as well as the volume density of the latter.®® In
general; carbonaceous materials with more perfect structure have higher intraparticle
conductivity.%® In other words, a larger size of graphite like crystallites (or increasing
proportion of conjugated carbon in the sp2), less structural defects as well as less poros-
ity for carbon particles will lead to a high electronic conductivity.®” The larger the total
pore volume in activated carbon, the lower its intrinsic electrical conductivity.®® In most
cases, the presence of oxygen heteroatoms in carbonaceous materials is detrimental to
carbonaceous materials, while N-doping can enhance the electronic conductivity.53-"!
Notably, the presence of oxygen-containing functional group does not always result to
a decrease of electrical conductivity for carbonaceous materials,’” and N-doping does
not always lead to an increase because the conductivity was not solely dependent on
functional groups.”® On the other side, the morphology, particle size, heteroatoms dop-
ing as well as external pressure will affect the contact resistance.®

2.2 CARBON NANOFIBER

One-dimensional (1D) carbon fibers have been taken as one potential electrode materi-
als in supercapacitor especially in wearable devices because of their high mechanical
stability and high electrical conductivity.”* However, there are still some disadvantages
for carbon nanofiber as electrode materials in supercapacitor. Compared to activated
carbon, the SSA of carbon nano fiber is much lower and the porosity is not as rich
as that in activated carbon.”” Thus, modifications of carbon fiber such as chemical
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FIGURE 11.4 A brief history of the development of one-dimensional fibrous supercapaci-
tors.”* (Reproduced with permission, Copyright of Wiley)

activation, physical activation, and heteroatoms doping are frequently applied to
improve their electrochemical performance. The detailed development of 1D superca-
pacitors has been summarized in Figure 11.4.

Carbon nanofiber can be prepared via multiple methods. Howbeit, the SSA of
carbon fiber is low compared with activated carbon, and carbon nanofiber has a
fair electronic conductivity. Thus, necessary modifications to carbon nanofiber are
frequently needed to achieve a suitable pore structure and high electronic conduc-
tivity. Heteroatom doping and activation including chemical activation and physi-
cal activation are very efficient method to tailor the properties of carbon nanofiber.
Electrospinning is one feasible method to prepare carbon nanofiber. Nie et al. have
reviewed the recent progress in modifying strategies for carbon nanofiber and their
application in supercapacitor.”® As is known, the power density of supercapacitor is
proportional to electrical conductivity of carbon materials in supercapacitor. The
graphitization of carbon materials plays a critical role in affecting their electronic
conductivity. To achieve a high graphitization, a high treating temperature is needed,
resulting in large energy consumption. It is found that some metal species can play a
catalytic role during the graphitization process for carbon materials. Some transition
metals (Fe, Co, Ni, and Cu) can improve the graphitization at a relatively low tem-
perature. These metals can form solid solution with amorphous carbon, and catalytic
graphitization reactions happen during the dissolution—precipitation process. The
other graphitization mechanism for high-valence metals is related to metal carbide
conversion, in which metals will form metal carbides and metal carbides decom-
pose into graphitic carbon and metal vapor.”> 77 To increase the electric conductiv-
ity of non-graphitic carbon, partly graphitic domains can be introduced through
metal-induced graphitization. For example, Chen et al. prepared the N-doped nano-
porous graphic carbon fiber by Ni-induced graphitization. First, the electrospun car-
bon/Ni nanofibers were prepared through transforming the amorphous carbon in to
a graphitic carbon with the help of Ni catalysis.”® The excessive graphitization will
decrease the pores and heteroatoms in carbon materials, resulting to a low specific
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capacitance. Thus, a balance between graphitization degree and pore structure should
be achieved to obtain a good electrochemical performance.

The pore structure and SSA play a key role in determining the specific capaci-
tance of carbon materials. For carbon nanofiber, the SSA of conventional carbon
nanofiber is considerably lower than those of activated carbon. It is very important
to introduce more pores and enlarge the SSA of carbon nanofiber. To create pores in
carbon nanofiber, template method is frequently used. The templates can be metal
oxide, metal hydroxide such as Mg(OH),,”” non-metal oxide such as SiO,,*® organic
and polymer materials,3° metal organic frameworks (MOFs),8! NaCl,32 and ZnO.33-%

Polyacrylonitrile (PAN) is one of the most frequently used polymer to prepare
carbon nanofiber because the carbon yield using PAN is high compared most poly-
mers. To produce special pore structure, the second polymer can be introduced into
electrospinning precursors. The pore structure can form because the different poly-
mers have different thermal stability, molecular weight, and cross-linking degree.
Many polymers such as Poly(vinylpyrrolidone) (PVP), PS, polyvinylidene fluoride,
polyethylene oxide, Nafion, polysulfone, pitch, poly(methyl methacrylate) (PMMA),
poly(m-aminophenol), pluronic F127 can be combined with PAN to form electros-
pinning solvents.”

2.3  GRAPHENE NANOSHEETS

Graphene nanosheets, as one-layer or few-layer graphite with two dimensional (2D)
structures, have become a hot spot because of their special properties such as high
conductivity, 2D structure, and high theoretical SSA (2,630 m?>g~"). Notably, the actual
SSA of graphene nanosheets is often much lower than that of theoretical value due
to the restack of graphene nanosheets, and thus the electrochemical performance of
graphene as electrode materials in supercapacitor is not ideal as expected. Thus, acti-
vation or doping are often used to modify the microstructure of graphene nanosheets
to enhance the electrochemical performance of graphene nanosheets.? In addition,
another drawback of graphene is that graphene nanosheets prepared via conventional
method such as the reduction of graphene oxide show a low packing density, which
will decrease the volumetric density of supercapacitor. Thus, it is very important
to develop graphene-based electrode with high packing density because volumetric
energy density is more important from the point view of practical application.?”

Although graphene nanosheets have a large SSA in theory, their pore structures
are not as rich as those in activated carbon. To increase the in-plane pores, H,0O,
was used to further oxidize graphene oxide to obtain defective sites and vacancies.
Using this strategy, holey graphene was obtained proposed by Duan and his col-
legaue.®® The nanopores or nanoholes on graphene flakes are helpful for the vertical
transportation of the electrolyte ions between the graphene layers, which can shorten
the ion pathway as well as to enlarge the ion adsorption surface. The prepared holey
graphene nanosheets have displayed better electrochemical performance because of
increased contact area between electrolyte and graphene compared with graphene
prepared by routine method.

When used as electrode materials, graphene can be fabricated in multiple struc-
tures: including graphene nanosheets powder (0 dimensional), one-dimensional fiber
or graphene yarn, graphene nanosheets film, and three dimensional (3D) freestanding
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graphene.?® %0 And the different structures show their own advantages in superca-
pacitor. For instance, 1D graphene yarns and 2D graphene nanosheets have shown
great potential to be applied in wearable devices considering their freestanding mer-
its.”" 92 Various methods can be used to assemble 1D graphene-based fibers, and
wet-spinning method is most frequently used method. Kou et al. reported a coaxial
polyelectrolyte coated graphene-CNT core-sheath fiber via wet-spinning method.
The prepared composites showed a high capacitance in length (5.3 mF cm™), area
(177 mF cm™) as well as volume (158 F cm~3).”3 Notably, there are also disadvantages
for wet-spinning method, such as post treatment to reduce GO to graphene and the
possible introduction of impurity.”* Another strategy to obtain graphene nanofiber
is hydrothermal treatment. Graphene oxide suspension was put into a glass pipeline
under hydrothermal treatment at 230°C for 2 h, yielding a flexible graphene fiber with
strong mechanical strength and high electrical conductivity.”” Yu et al. reported a car-
bon fiber consisted of aligned single-walled carbon nanotubes and N-doped graphene
nanosheets with silica capillary column functioning as a hydrothermal microreactor.”
The prepared carbon fibers display a medium SSA, and high electrical conductivity.
As electrode materials in micro-supercapacitor, the prepared carbon fibers exhibited a
high volumetric capacity in both H,SO, and polyvinyl alcohol (PVA)/H,PO, electro-
lytes. Furthermore, the assembled supercapacitor showed high-power density as well
as long cycle lives.”

The 2D graphene film has shown great potential in flexible thin film superca-
pacitor because their large SSA, high conductivity, strong mechanical stability, and
good chemical stability.”” Thus, quite a number of strategies such as layer-by-layer
doping,®? soft interfacial self-assembly,’® vacuum filtration,’ 1°° and electrophoretic
deposition method!®" have been developed to fabricate 2 D graphene structure includ-
ing graphene films and graphene membrane. This 2D graphene film can be used in
flexible solid-state supercapacitor. For example, Wu et al. prepared a freestanding
graphene film via vacuum filtration of graphene oxide suspension. Electrochemical
results disclose that a flexible supercapacitor using such the fabricated films as elec-
trodes shows a high volumetric energy density (14.8 Wh L' at 53.6W L), and excel-
lent capacitance retention.!0?

To prevent the restack of graphene nanosheets, constructing graphene with
three-dimensional (3D) structure was proposed to achieve a high SSA and suitable
pore structure. As electrode materials in supercapacitor, the 3D structure helps more
inner layer of graphene nanosheets available to the electrolyte ions, resulting to an
enhanced electrochemical performance. Hard templates such as polymer micro-
spheres or soft template such as surfactants can be used to construct 3D graphene
nanosheets.'”® Graphene foam (GF) belongs to 3D graphene architecture assembled
by graphene nanosheets building block. GF can be obtained by chemical vapor depo-
sition using metal form as template.'®* Graphene foams have shown some special
properties such as ultralow density, high mechanical strength and compressibility,
high electronic conductivity, and a large SSA and abundant pore structure.! Several
groups have summarized systemically the progress in the synthesis, characterization,
properties, and applications of 3D graphene nanosheets in the past few years.!95-19
There have been a lot of reports on the preparation of 3D graphene. For example: (i)
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FIGURE 11.5 The preparation of B,N-doped 3D graphene and the corresponding charac-
terization (Reproduced with permission, Copyright of Wiley).!!!

template-assisted method (ii) self-assembly method, (iii) 3D printing method,'® and
hydrothermal method,''! shown in Figure 11.5.

Porous metal substrates are often used as hard template as well as catalyst via chem-
ical vapor deposition.!®* The metal templates can be easily removed by acid etching.
Self-assembly without templates is another method to prepare 3D graphene nanosheets.
The self-assembly of graphene nanosheets can be carried out via hydrothermal or sol-
vothermal treatment of graphene oxide suspension with or without template.!'> The
templates using this method can be silica microsphere,''* Poly(styrene) (PS) spheres,
ice crystal,'*and PMMA spheres.!'> 16 3D printing can also be used as one efficient
method to produce 3D graphene materials in a large scale. For example, 3D aerogel
with macroscopic structure has been fabricated using 3D printing method.'”

3D graphene nanosheets have been used as electrode materials in supercapacitor.
For example, a 120 pum thick 3D graphene hydrogel thin film can be obtained via
hydrothermal method, which shows superior performance including high gravimet-
ric and areal capacitance, high cycling stability, and good mechanical flexibility.'!8

Although 3D graphene nanosheets have shown unique advantages as electrode
material in supercapacitor, their low density will lower the volumetric density. Thus,
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the devolving graphene nanosheet with high density is very important. Li et al. pre-
pared reduced graphene oxide with a high density with the help of inorganic zinc
compounds, thus the volumetric capacitance of the as-prepared graphene oxide is
high.3

2.4 OTHER CARBON FORMS

MOFs with high SSA and large pore volume have been investigated for many years,
and recently, great efforts have been made to use MOFs for electrochemical applica-
tions.!'® However, their low electrical conductivity and poor stability still pose signif-
icant challenges for their practical application in supercapacitors.'?-122 MOFs can be
used as precursors for the preparation of high porosity nanoporous carbons (NPCs).
Their parent MOFs can be prepared by simple coordination chemistry with an infi-
nite combination of organic and inorganic components, and their porous structure,
pore volume, SSA, etc. can be controlled.'?* These unique properties of MOF-derived
NPCs make them useful for many technical applications. Compared to carbonaceous
materials prepared using conventional precursors, MOF-derived carbon offers sig-
nificant advantages in terms of simple synthesis and inherent diversity, allowing pre-
cise control of porous structure, pore volume, and SSA.'?> Wang et al.'** prepared
ZIF-8/PAN fibers by electrostatic spinning of ZIF-8/PAN/N,N-Dimethylformamide
(DMF) hybrid solution, and then carbonized in nitrogen atmosphere to obtain nano-
porous carbon fiber (NPCF) materials. On the one hand, this one-dimensional (1D)
nitrogen-doped carbon material has high electrical conductivity, which facilitates
the transfer of electrons and charges during charging and discharging; on the other
hand, the porous carbon from ZIF-8 is uniformly distributed in the nitrogen-doped
carbon from PAN, which makes full use of the large SSA of the MOFs-derived car-
bon material. The specific capacitance of the prepared NPC reached 332 F g-!, which
is higher than that of PAN-derived carbon (PAN-C) and ZIF-8-derived nanoporous
carbon (ZIF-8-NPC). The retention of specific capacitance of porous carbon was
98.9% after 5,000 cycles at a current density of 1 A g\

Although there have been lot of porous carbonaceous materials, activated carbons
are still used as the main active material in supercapacitor considering the electro-
chemical performance, cost, and source availability. Notably, MOFs-derived carbon
might be difficult to be applied in practical situation because this process is slightly
complicated and time consuming. In addition, the use of MOFs will lead to an
increased cost. For comparison, graphene nanosheets might be used in future if their
price decreases to an affordable level. For carbon nanofiber, they might have great
potential in wearable devices or flexible devices considering their good mechanical
strength.

3 SUMMARY AND FUTURE PROSPECT

Supercapacitor has become one necessary energy storage devices because of their
high-power density and long cycling lives. However, their energy density should be
further improved. The porous carbonaceous materials are indispensable to develop
supercapacitor with high energy density. The relationship between microstructure
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of carbonaceous materials including pore structure, surface chemistry, and elec-
trochemical performance in supercapacitor should be further clarified. Nano car-
bonaceous material can provide a higher gravimetric specific capacitance, while
the volumetric specific capacitance should be improved. The hybrid supercapacitor
including Zn-ion hybrid supercapacitor, K-ion hybrid supercapacitor will gain more
attention due to the high energy density, wide potential window, and fair cycling
stability.
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