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Abstract:
cochemical stability, high specific surface area, adjustable pore structure, and excellent electrical conductivity. The factors influen-

Porous carbon-based electrode materials have been widely used in supercapacitors (SCs) because of their good physi-

cing their SC performance are analyzed, which include specific surface area, pore structure, surface heteroatoms, structural defects
and electrode structure. The high surface area accessible to ions provides abundant active sites for their storage, while a suitable pore
structure is important for the accommodation and diffusion of ions, thereby influencing the specific capacitance and rate perform-
ance of the electrodes. An appropriate pore size with a narrow distribution is required to increase the volumetric energy density while
mesopores are favorable for ion transport, so a good balance between micro and mesopore volumes is important to improve both the
energy and power densities of the SCs. Structural defects, surface heteroatoms and a rational electrode structural design all play sig-

nificant roles in the capacitance performance.
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1 Introduction

Compared to rechargeable batteries, supercapa-
citors (SCs) are characterized by high-power density,
short charge/discharge time, and long cycling life.
However, SCs still suffer from low-energy density!' .
Basing on the different charge storage mechanisms,
SCs are mainly categorized into pseudocapacitors and
electric double layer capacitors (EDLCs)™. Pseudoca-
pacitors store electric charges via fast and surface/
near-surface controlled non-diffusion limited faradaic
redox reactions™”, while EDLCs store electric
charges at the electrode/electrolyte interface through
physical adsorption/desorption processes of ions. The

EDL capacitance (C) can obtained by Eq. (1)!*!.

&€
C=-""A 1
y (1)

where &, &, d and A represent the permittivity of
the vacuum (in F-m™"), relative dielectric constant of
the electrolyte solution (no unit), distance from elec-
trolyte ions to the electrode surface (in m), and ion-ac-
cessible surface area of the electrode material (in m®),
respectively.

Another critical performance parameter of SCs
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has to be with the energy density (E), which can be
calculated by Eq. (2).

1
E=5CV? )

where C and V are the capacitance (in F) and ap-
plied voltage window (in V), respectively.

Obviously, high energy density can be obtained
by improving the capacitance and electrochemical
voltage window. The energy density of SCs in a spe-
cific electrolyte is mainly determined by the capacit-
ance. In return, the capacitance performance of SCs
affects their practical applications.

Standard SCs are generally made of two elec-
trodes immersed in an electrolyte solution separated
by a membrane. The electrode material is a crucial
component in SCs since efficient electrochemical re-
actions at electrodes will yield good SCs perform-
ances. The most commonly used EDLCs are based on
carbon materials due to their advantages in terms of
low-cost, environmental friendliness, abundant
sources, and excellent physicochemical stability. Ac-
cording to Eq. (1), a high ion-accessible surface area

would generate satisfying capacitance in a certain

Corresponding author: CHEN Yong, Ph. D, Professor. E-mail: ychen2002@163.com;
MO Yan, Ph. D, E-mail: myfriends66@163.com

Author introduction: LUO Xian-you, Ph. D candidate. E-mail: luoxianyoul990@163.com


https://doi.org/10.1016/S1872-5805(21)60004-5
https://doi.org/10.1016/S1872-5805(21)60004-5
mailto:ychen2002@163.com
mailto:myfriends66@&lt;linebreak/&gt;163.com
mailto:myfriends66@&lt;linebreak/&gt;163.com
mailto:myfriends66@&lt;linebreak/&gt;163.com
mailto:luoxianyou1990@163.com

+ 50 - o 1

U

%36 &

electrolyte. As a result, numerous efforts have been
devoted to obtaining high specific surface area porous
carbon-based materials over the past few decades. The
porosity of structure is indispensable for higher spe-
cific surface areas of carbon materials, which provide
abundant electrochemical active sites for ions accu-
mulation. Porous carbons, such as activated carbon,
template carbon, porous graphene, and porous carbon
nanotube are excellent candidates for EDLCs elec-
trode materials due to their numerous advantages'"® ),

Some studies have noticed an anomalous incre-
ase in capacitance for porous carbon with a pore size
below 1 nm. Therefore, both specific surface area and
pore structure play important roles in the electrochem-
ical performances of porous carbon electrodes” ",
On the other hand, the specific surface area, pore size
distribution, surface heteroatoms (or functional
groups), and structural defects also impact the capacit-
ance performance!” "), The introduction of het-
eroatoms in the carbon skeleton would mainly im-
prove the electrical conductivity, wettability, and ca-
pacitance performance. Doped heteroatoms, such as
O, N, S, F and B would change the surface chemical
heterogeneity of carbon materials, thereby inducing
additional pseudocapacitance through reversible redox
reactions. In general, high capacitance porous car-
bons maybe possess elevated specific surface areas,
suitable pore size distributions, and proper number of
heteroatoms and structural defects!®""),

In this mini-review, the influencing factors on
porous carbon-based SCs are examined. These in-
clude the specific surface area, pore structure, surface
heteroatoms, structural defects, and electrode design
(Fig. 1). As mentioned above, high performance por-
ous carbon-based SCs should take into account the
synergic effect between different factors. Hence, such
factors should be considered when designing and pre-

paring porous capacitive carbons.

2 EDL theory in EDLCs

The classical plane EDL model has been de-
scribed for the first time by von Helmholtz*”. He pro-

posed that electric charges accumulate at the elec-

Electrode desi9®

Fig. 1 Influencing factors on the electrochemical performances of porous

carbon-based SCs. Reprinted with permission.

ad-
sorption (Fig. 2a). Gouy and Chapman then suggested

trode/electrolyte interface through -electrostatic

the diffusion layer model by considering the non-uni-
form distribution of ions induced by the diffusion of
ions and dipole movement of solvent molecules driv-
en by thermal fluctuation (Fig. 2b)*"**. In this model,
the thickness of the diffusion layer (4,) can be presen-
ted by Eq. (3), and the capacitance (Cp,) can be de-
scribed by Eq. (4).

&0&RT
Ap = 0—2 3
2(zF)"Cy
E0&r ZF tﬁ)
= h| —— 4
o=, <08 (2RT @

where gy, &, R, T, z, F, Cy and y refer to the va-
cuum dielectric constant (in F-m '), relative permittiv-
ity of the electrolyte solution (no unit), ideal gas con-
stant (in J-mol™'), absolute temperature (in K),
Faraday constant (in C-mol '), concentration of the
electrolyte solution (in mol-m™), and electrical poten-
tial (in V), respectively.

Later, Stern introduced an additional compact
layer by considering the actual ions size based on

)[23]

Gouy-Chapman model (Fig. 2¢)”". In this case, the

capacitance may be described according to Eq. (5)
Lt v
CDL CH CD

where Cp;, Cy and Cp, refer to the capacitance of

(6))

EDL, Helmholtz layer and diffusion layer, respect-
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Fig.2 Different EDL models: (a) Helmholtz, (b) Gouy-Chapman and (c) Stern. d presents the electric double layer distance in Helmholtz model™. ¥, and ¥

- OO D-DD-D—

Diffuse layer

£

aoepns pabieyd AjpAilisod

Stern layer
—

(b)

aoepns pabieyd AjpAiisod

I e e e s e

Diffuse layer
f_%

Solvated cation

S

anion

are potentials at the electrode surface and electrode/electrolyte interface, respectively. Reprinted with permission.

ively.

However, Stern model still suffers from limita-
tions in highly concentrated electrolytes or ionic li-
quids since it ignores the effects of ions interaction
To solve this issue, a Landau-Ginzburg-Type con-
tinuum theory was developed by considering the EDL

structure in ionic liquids, different from that used for

absence of solvent molecules for screening cations

[9,24]

solvent-containing electrolytes. In ionic liquids, the
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Fig.3 (a) Overscreening effect at moderate voltage and (b) crowding effect at high voltage™™'. Reprinted with permission.

3
ance of porous carbon

Porous carbon is an excellent candidate for SCs

electrode materials due to its elevated specific surface

Influencing factors on supercapacit-

al friendliness, and abundant resources. All carbon-

and anions would lead to strong ions interactions. In
these conditions, the EDL exhibits an overscreening
effect under lower potential (0.26 V), while a crowd-
ing effect is observed under larger polarization poten-
tial (2.6 V) thanks to different ionic interactions
(Fig. 3)®,

area, adjustable pore structure, low-cost, environment-

containing precursors, such as biomass or their deriv-

atives could be converted into porous carbon by vari-
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ous synthetic routes like template, carbonization, and

activation”™ ", For instance, natural or synthetic ma-

terials, such as wood"> **, rice husk™",

[37, 38]

coconut
shells™, fossil fuel”, and polymers can be util-
ized as carbon precursors to prepare activated carbon
by physical and/or chemical activation under inert at-
mosphere through the selective oxidation and/or etch-
ing in water steam®” *’ C02[41’ “1 KOH™
NaOH"™> *, or ZnC1,"*”**). Obtained porous carbons
by these routes often possess superior specific surface
area and well-developed porous structure after chem-
ical activation. However, the lower energy density of
the resulting SCs severely hinders their widespread
applications when compared to rechargeable batteries.
Hence, improving the specific capacitance and energy
density would be of great importance for the next gen-
eration of SCs. To this end, factors like the specific
surface area, pore structure, surface heteroatoms,
structural defects, and electrode structure should be
considered since they determine the electrochemical
performances of porous carbon used in SCs.
3.1 Specific surface area
According to Eq. (1),

between the specific capacitance and specific surface

a linear -correlation

area might be obtained to increase the specific sur-
face area of porous carbons, and thereby effectively
improving the specific capacity. However, no linear
correlation between the specific capacitance and spe-
cific surface area has so far been obtained experiment-
ally™"!. Theoretically, by considering a mean value
of 20 pF-cm™ for EDL capacitance and a porous car-
bon with BET specific surface area of 920 m*-g ', a
maximum theoretical specific capacitance reaching up
182 F-g ' could be obtained. Nevertheless, the actual
specific capacitance, in this case, reached only 8O F-g .
This meant that only 44% BET specific surface area
contributed to the capacitance value"™”. As a result, in-
creasing the specific surface area of porous carbons
would not significantly enhance the specific capacit-
ance value. On the other hand, it has to be noted that
most BET specific surface areas of porous carbons
have been estimated by the adsorption/desorption iso-

therms of a certain probe gas, such as N,, Ar, or CO,.

As a result, a fraction of ion-inaccessible surface
would exist due to the sieving effect of pores toward
ions”. However, some pore channels cannot absorb
ions during the actual charge/discharge processes to
form EDL since the ionic size does not match the pore
size. On the other hand, high specific surface areas
could improve the gravimetric specific capacitance by
providing more ions adsorption sites. Nonetheless, ex-
cessively high specific surface areas would lead to
large pore volume induced by micropores, thereby de-
creasing the density and volumetric specific capacit-
ance of porous carbon. Thus, a crucial balance prob-
lem between the specific surface area and pore struc-
ture exists and should be solved to yield superior ca-
pacitance values. In other words, appropriate specific
surface area and volume energy density should also be
considered as critical factors when dealing with capa-
citive carbons.

3.2 Pore structure

3.2.1 Effect of basic pore structure

Factors like the specific surface area and pore
structure characteristics (pore size, pore size distribu-
tion, and pore shape) are also crucial factors influen-
cing the capacitance performances of porous carbons.
The pore structure impacts the charge transfer and
ions transport, thereby severely affecting the capacit-
ance and rate performances. So far, the relationships
between ions and pore size have been explored”™” ****.
Some studies suggested that pore sizes smaller than
those of solvated ions will not contribute to EDL ca-
pacitance. However, others indicated that micropor-
ous carbons with a smaller pore size (<1 nm) would
deliver superior capacitance in various electrolytes
with larger solvated ions. For example, Chmiola et al.
reported an anomalous increase in capacitance of
carbide-derived carbons (CDCs) with pore size below
1 nm (Fig. 4a). For pore size twice larger than that of
solvated ions, the compact layers of solvated ions
residing on both adjacent pore walls highly contrib-
uted to the capacitance (Fig. 4b). For pore size smal-
ler than twice that of solvated ions, the EDL capacit-
ance decreased due to the decline in compact ions lay-

ers from adjacent pore walls and accessible EDL sur-
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face area (Fig. 4c). As the pore size further reduced to
the size of desolvated ions, a striking increment in ca-
pacitance was observed. The reason for that has been
associated with the distorted solvation shell, which al-
lowed the center of the ions to move closer to the pore
walls (Fig. 4d)!'"”. Raymundo-Pinero et al. obtained
similar results with microporous carbon both in
aqueous and non-aqueous electrolytes. Note that pore
filling was more effective for the formation of EDL at
pore size around 0.7 nm in aqueous electrolytes and

B3 Such increase in

0.8 nm in organic electrolytes
EDL capacitance for sub-nanometer pores (<l nm)

broke the traditional viewpoint related to electrolyte

ions adsorption and EDL formation in porous
carbons'’. As a result, more attention has been fo-
cused on exploring the sub-nanometer porous carbon.
For instance, exfoliated graphene (EG)-mediated
graphene oxide (GO) films (EGM-GO) with tunable
interlayer spacing were obtained by vacuum filtration
of aqueous EG and GO dispersion mixed precursors at
different mass ratios. A precise adjustable slit pores
size was achieved by tuning the interlayer spacing of
EGM-GO film. For pore size of EGM-GO film
matching the diameter of the electrolyte ions, the most

effective pore utilization was obtained for optimizing
[56]

the volumetric capacitance
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Fig. 4 (a) Correlations between normalized capacitance and average pore size in an electrolyte containing 1.5 mol L™ TEABF, dissolved in ACN. Solvated

ions residing in pores with a distance between adjacent pore walls: (b) >2 nm, (c) 1 —2 nm, and (d) <I nm""". Reprinted with permission.

The capacitance in sub-nanometer pores can be

improved by ions desolvation effects!® " **

,as con-
firmed by experiments and theoretical computations.
For example, changes in EDL capacitances were re-
corded by measuring the current responses of negat-
ive and positive electrodes with different sub-nano-
meter carbons with pore sizes smaller than those of
solvated ions. The reduction in pore size lead to an in-

crement in the number of desolvated ions, thereby im-

proving the capacitance (Fig. 5)°". To clarify the ca-
pacitance contribution of sub-nanometer pores, a
model based on graphene oxide with tunable interlay-
er spacing was also designed to correlate the capacit-
ance to pore size by interlayer regulation, meaning in-
situ tuning the interlayer of graphene oxide paper. A
maximum specific capacitance was achieved when the
interlayer distance matched well the desolvated

ions™. Similarly, a partial desolvation effect was no-
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ticed by cyclic voltammetry combined with in-situ
electrochemical quartz crystal microbalance methods
in EMITFSI/ACN electrolyte. The adsorption of EMI"
cations on carbide-derived carbons (CDCs) with dif-
ferent average pore sizes of 1 nm and 0.65 nm led to
3—4 and 1—2 solvent molecules arounding EMI’, re-
spectively. Thus, the desolvation effect increased as

s

pore size decreased from 1 nm to 0.65 nm'®. Data
from in-situ small-angle X-ray scattering and Monte
Carlo simulations indicated that Cs" and CI ions in
nanoporous carbon with partial desolvation effect in
water solution tightly attached to the aqueous solva-
tion shell could effectively inhibit ion desolvation in

nanoporous CaI‘bOIl[SS].

< 3o

0.47 nm

s P )

Hl

Fig. 5 Geometric confinement of ions in small pores. Ion size: TEA* (0.67 nm) and BF, (0.47 nm)””" Reprinted with permission

To prevent the influence of the solvation shell,
the relationships between normalized capacitance and
pore size of various CDCs were investigated in
solvent-free EMITFSI ionic liquid (Fig. 6). A maxim-
um capacitance was recorded for ions size close to the

[11]

pore size Note that high capacitance could be

gained when ions were confined in the same dimen-

(1 Therefore, the optimal capacitance

sion pores
should be fulfilled as long as the pore size of porous
carbon matched the desolvated ions size.

The hydration behaviors of various electrolyte
ions in sub-nanopores carbon have also been investig-
ated by molecular dynamics (MD) simulations®> **!.
The temperature effect on hydration ions in CNTs
suggested different hydration behaviors of Li", K,
Na', F and CI residing in CNTs at 298-683 K. Espe-
cially, the H,0O molecules in coordination shell of K"
revealed ordered structures as temperature increased

in CNTs with an effective diameter of 1 nm. This led

to an enhancement effect of ionic hydration different
from that in bulk solution. However, the other four
ions did not manifest such behavior in CNTs with an
effective diameter of 0.73-1 nm. This can be ex-
plained by the agreement between the size of an eas-
ily distorted K coordination shell and pore size'™.
Later, the “superionic state” concept was proposed to
explain the anomalous capacitance behavior of ions in
nanopores. This involved two aspects. The first dealt
with the image forces from the metallic properties of
nanoporous carbon, which weakened the electrostatic
interactions between ion-ion pairs in nanopores, and
thereby breaking the Coulombic order of ions and en-
abling the same ions to occupy the nanopores. The
second had to be with the difference in free energy,
which urged ions transmission from the bulk of the
electrolyte solution into the inner nanopores'®”. In the
superionic state, the Coulombic order of ionic liquids

confined in nanopores was broken, meaning the same
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Fig. 6 Plots of specific capacitance normalized by SSA as a function of average pore size obtained for various CDC electrodes

in neat EMITFSI ionic liquid"". Reprinted with permission.

charge of ions neighboring each other due to image
charges induced by pore walls screening of electro-
static interactions. The existence of superionic state of
ionic liquid ions confined in nanopores was experi-
mentally validated by small-angle X-ray scattering.
Bilayer confinement of ionic liquid ions in 1 nm pores
did not break the Coulombic order since additional
layers could form on each carbon wall. By contrast,
monolayer confinement in 0.7 nm pores broke the

Coulombic order,
[66]

thereby forming cation-anion
pairs

On the other hand, SCs with excellent capacit-
ance performances commonly possess high-energy
and high-power density. However, the pore filling
process of ions is extremely complicated. Besides
pore size, pore size distribution, pore shape, and pore
regularity all affect the electrochemical properties of
porous carbons!” ). For pore size distribution, a non-
monotonic function exists between the energy density
and pore size of monodisperse porous carbons. The
optimal pore size delivering the maximal energy dens-
ity increased with the applied potential and showed

saturation at high potentials®

. Narrowing the pore
size distribution would raise the energy density, lead-
ing to monodisperse porous carbons with appropriate

pore sizes for ideal SCs electrode materials. The pore

aspect ratio can be used to evaluate the pore structure
of ordered mesoporous carbons, defined as the ratio
between the pore length and pore diameter. The ions
transfer kinetics process can be described by Eq. (6)

based on the classical electrochemistry theory!*”.

LZ
=5 (©)

where 7, L and D represent the ions transport

T

time, length and coefficient, respectively.
Accordingly, shorter and larger pores would lead
to better ions transport behavior. In terms of pore reg-

ularity reflecting the content of pore defects””!

, more
pore defects would lower the regularity of porous car-
bon but higher pore regularity should improve the ions
transfer kinetics since pore defects can scatter ions.
Thus, monodisperse pores with adaptable pore size
would increase the capacitance performances of por-
ous carbons'" .,

In general, planar pore shape favor the fast trans-
mission of ions, while disordered or curved pore ar-
chitecture severely hinders the ions delivery!'* 7.
Some studies suggested that pore geometry and pore
mouth size would all affect the charge redistribution.
Among cone-, inverted cone- and cylindrical-shaped
pores with the same resistance and capacitance, cone-
shaped pores exhibited the maximal charge storage

capacity’”. Finally, the spatial geometry and dimen-



© 56 - o 1

U

L %536 4

sion of ions also impact the adsorption process due to
the ions sieving effect. For instance, CI” and ClO; can
be absorbed on carbon molecular sieve, while SO}
cannot be adsorbed””.

The good energy density and power density of
porous carbon electrode materials are advantages for
high capacitance and fast ions transfer kinetics. As a
result, carbons with high specific surface areas and
hierarchical pores with enhanced supercapacitance
performances have been explored' " "**". Hierarch-
ically porous carbons with micro-/meso-/macro-pores
(size <2 nm/2 nm-50 nm/>50 nm) could provide plen-
tiful chemically active sites to accommodate ions, as
well as abundant multiple channels for ions transmis-
sion and affluent reservoirs space for ion-buffering.
For example, microporous carbon fiber electrode ma-
terials showed lower rate performances when com-
pared to micro-/meso-porous aerogels carbon due to
the latter possess hierarchical porous structure com-
posed of micro- and meso-pores!’”.

3.2.2 Endohedral/exohedral capacitor models

Several theoretical models based on surface
curvature effects have been proposed to gain a better
understanding of the charge storage mechanism of
porous carbon, as well as the enhanced capacitance

behavior in sub-nanometer pores. The classical 2D

planar EDL model is generally limited as it cannot ex-
plain the mechanism of charge storage in 3D porous
carbon due to the non-consideration of surface
curvature and porous effects’”. Porous carbon pos-
sesses various pores endohedral shapes, such as slit,
cylindrical and spherical pores, as well as exohedral
pores between carbon nanoparticles like CNTs and
carbon onions™'.

Huang et al. proposed the endohedral capacitor
model to describe porous carbon-based EDLCs by
considering endohedral pore curvatures™ **I. In this
model, an electric double-cylinder capacitor (EDCC)
model (Fig. 7a) was designed by assuming cylindric-
al-shaped mesopores, where ions could enter the
mesopores and further approach the pore walls to
form EDCC under electric polarization. The corres-
ponding EDCC capacitance can be described by Eq.
(7a), and the normalized capacitance with surface area

A can be given by Eq. (7b):

_ 2megL
= Tn/a) (7a)
C/A &80 (7b)

" bIn[b/(b—d)]

where L, b, a and d represent the pore length,
radii of the outer cylinders, radii of the inner cylin-
ders and distance between the center of counter ions

and the pore walls, respectively.

Fig. 7 Schematic plots of (a) electric double-cylinder capacitor with mesopores and (b) electric wire-in-cylinder capacitor with micropores™®.. (c) Schematic

plot of sandwich capacitor’

For micropores, an electric wire-in-cylinder ca-
pacitor (EWCC) model was constructed by assuming
cylindrical micropores (Fig. 7b). The solvated or
desolvated ions would enter the micropores to line up,

forming EWCC. The capacitance can be described by
Eq. (8):

[84

!, Reprinted with permission.

Er&o

~ bIn(b/ay)

where b and a, are the radius of micropore and

C/A (®)

inner cylinder formed by counter ions, respectively.
Feng et al. proposed a sandwich capacitor model
by considering the presence of slit-shaped pores

(Fig. 7¢)®. The molecular dynamics simulations
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showed that K" ions were enclosed in slit-shaped mi-
cropores with pore widths between 0.1 and 1.47 nm to
form EDL through ions hydration and water-water in-
teractions. The capacitance of sandwich capacitors
can be expressed according to Eq. (9):
CJA = ;L—Z"O 9)
where b and q, refer to the half of the slit-shaped
pore width and effective ion radius of the counter
ions.

In general, exohedral capacitance forms on outer
surfaces of carbons, including zero-dimensional car-
bon onions or one-dimensional carbon nanotube ar-
rays®"*¥. For carbon onions, solvated counterions ap-
proaching the carbon surface can be approximated as
solid spheres to form exohedral electric double-sphere
capacitors (XEDSCs, Fig. 8a). Similar to CNTs, solv-
ated counter ions form exohedral electric double-cyl-
inder capacitors (XEDCCs) on the outer walls of
CNTs (Fig. 8b). The cross-sections of the two exohed-
ral capacitors are schematically summarized in Fig. 8c,
and the corresponding capacitance of XEDSC model is
provided by Eq. (10a) and Eq. (10b). Accordingly, the
capacitance of XEDCC model can be expressed by Eq.

(11).

_ #negoab (10a)
b-a
ClA = g&(a+d) (10b)
ad
_ &€&
C/A= aln[(a+d)/al (b

where a, b and d are the radius of the inner
sphere/cylinder charge layer, outer sphere/cylinder
charge layer and effective double-layer thickness, re-
spectively.

The endohedral and exohedral capacitor models
considering surface curvature effects showed agree-
ment with the experimental data to some extent. The
correlations between the normalized capacitance and
particle/pore size of endohedral capacitors and exo-
hedral capacitors are depicted in Fig. 9™!,

3.2.3 Physisorption techniques

The specific surface area and pore size distribu-

tions are two fundamental parameters of porous car-

bons with vital roles in specific capacitance and en-

xEDCC
Fig. 8 (a) Plots of 0D spheres and (b) 1D tubes with counter ions ap-
proaching the outer surface. (c) Schematic plot displaying the cross-section

of an exohedral capacitor™, Reprinted with permission.

25

20 +

Normalized capacitance (UF cm™2)

0 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 15 25 35 45

Particle or pore size (nm)

Fig. 9 Correlations between normalized capacitance and particle/pore size
of endohedral capacitors. Note that curves a and b represent the mesopor-
ous and microporous carbons. For exohedral capacitors, the curves ¢ and d
represent 0D spheres and 1D tubes. The black line represents parallel-plate

capacitor™®!. Reprinted with permission.

ergy density. High specific surface area and appropri-
ate pose size distribution would improve the capacit-
ance properties. However, overlarge pore volume
caused by excessive pore size may generate unfavor-
able volumetric specific capacitance. Hence, correctly
obtaining porous carbons with a high specific surface
area and suitable pore size would be of great import-
ance for better capacitance values.

Physisorption is effectively and widely applied to
characterize these two parameters. In this process, gas
probe molecules are used to obtain the adsorption/de-
sorption isotherms followed by analyses of the specif-
ic surface area and pore size distributions'™ **.,

N,, Ar and CO, are the most commonly em-
ployed gas probe molecules for evaluation of the spe-

cific surface area and pore size distributions of por-
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ous materials. Though N,, Ar and CO, have similar
molecular dimensions, such as 0.36, 0.34 and 0.33 nm,
they differ in adsorptive behaviors™™. This might be
related to factors like the interaction between the gas
probe molecules and solid surface of adsorbents, as
well as the chemical composition and surface func-
tional groups of the solid surface. As a result, differ-
ent solid surfaces would require appropriate gas probe
molecules for assessment of the physisorption.
Moreover, the adsorption measurements of the same
solid surface vary with the nature of gas probe mo-
lecules. Therefore, proper physisorption gas could
provide a comprehensive and accurate pore structural
analysis.

In general, N, at 77 K is employed as a popular
gas probe molecule for both micro- and meso-porous
analysis. However, the existence of quadrupole in N,
molecule interacts with the surface functional groups
and exposes ions, thereby affecting the orientation of
adsorbed N, molecules on the solid surface and micro-
pore filling pressure™. By contrast, Ar at 87 K does
not undergo specific interactions with surface func-
tional groups since Ar has no quadrupole properties.
Compared to N, (77 K), the elevated relative pressure
of Ar (87 K) accelerates the diffusion of Ar mo-
lecules and shortens the equilibration time when
filling micropores with dimensions of 0.5—1 nm. On
the other hand, a well-known limited diffusion prob-
lem exists at low temperatures (87 K for Ar and 77 K
for N,), severely preventing Ar or N, molecules from
entering the ultra-micropore with a pore size of
~0.45 nm™. Alternatively, CO, at 273 K is used to
assess the specific surface area and pore size distribu-
tion of ultra-micropore carbons (as small as 0.45 nm)
due to its fast diffusion at higher operating temperat-
ures™®™. However, CO, possesses a quadrupole mo-
ment, severely affecting its adsorption behavior when
assessing porous materials containing oxygen func-
tionalities and other oxidizing materials"™”. In sum, Ar
is an appropriate gas probe molecule for assessing
porous carbons with or without surface functional
groups.

Hence, choosing appropriate models and al-

gorithms for assessing the specific surface area and
pore size distribution is vital for obtaining correct val-
ues. The classical BET equation is mainly applicable
to nonporous or mesoporous surface area analysis but

[90]

not to microporous materials” . In this situation,

multi-points BET method can be used to analyze por-
ous materials containing micropores'"”.

Numerous models have also been developed to
obtain the pore size distribution of porous materials.
The Barrett-Joyner-Halenda (BJH) method is often
utilized to analyze the pore size distribution of meso-
porous materials. Note that this equation is based on
the modified Kelvin equation and capillary condensa-
tion phenomenon”. However, BJH does not apply to
microporous materials due to micropore filling pro-
cess. Microporous materials usually adopted Dubinin-
Radushkevic (DR)“* *4, Horvath-Kawazoe (HK)“”,
and Saito-Foley (SF)"" to calculate the micropore size
distribution in early years. However, both the experi-
mental and theoretical results revealed differences
between the thermodynamic properties of free fluid
and confined fluid, leading to non-applicability of
classical BJH, DR, HK and SF methods””. Addition-
ally, non-local density functional theory (NLDET)"* %,
quenched solid-state density functional theory (QSD-
FT)!'" " "and 2D-non-local density functional the-
ory (2D-NLDFT)"* have been developed for porous
structural analysis. These methods are based on com-
putational technology, suggesting that density func-
tional theory (DFT) can provide more accurate and
comprehensive pore size distribution assessment when
compared to classical and macroscopic methods™.
The NLDFT describes the fluid state in confined pores
by considering the fluid-fluid and fluid-pore wall in-
teractions and molecular potential energies”. NLD-
FT is based on an independent slit-shaped pores mod-
el with ideal graphitic walls, which ignores the influ-
ence of surface heterogeneity of pore walls in actual
porous materials. This induces artificial peaks in pore
size distribution profiles. Furthermore, QSDFT has
been developed to accurately calculate the pore size
distributions by considering heterogeneous solid sur-

faces with corrugated amorphous walls''”!. By ana-
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logy, the standard slit-shaped pore model in NLDFT
was employed to form 2D-NLDFT model by introdu-
cing energetical and/or structural heterogeneity to
pore walls surface!'””. This eliminates the presence of
typical artifact peaks observed in homogeneous slit-
shaped pore model.

Although QSDFT is widely used to assess the
pore size distribution of porous materials, it still suf-
fers from apparent artifact peaks in pore size distribu-
tion profiles when assessing unclosed adsorption/de-
sorption isotherms. In other words, the tensile strength
effect induces an artifact peak around 2.8 nm when
the desorption branch of the isotherm is employed to
calculate the pore size distribution. Hence, the adsorp-
tion branch can be employed to estimate the pore size
distributions' "I,

3.3 Structural defects

Structural defects, including vacancies, basal-,
edge-, and defect-surfaces in carbonaceous materials
can be used as electrochemically active sites for ions
adsorption and improvement of the capacitance per-
formance!” ', Previous reports have confirmed the
existence of abundant electrochemically active sites
on the edge-surfaces of carbon materials. These sites
are useful for generating high capacitance when com-

pared to basal-surfaces'' """

. In this respect, the
edge-surfaces of platelet or herringbone carbon nan-
ofibers (CNFs) showed 3-5-fold superior capacitance
values than basal-surfaces of tubular CNFs. On the
other hand, graphitization could transform edge-sur-
faces of platelet CNFs into domelike basal-surfaces.
Such a process resulted in a capacitance decrease from
12.5 F-g ' to 3.2 F-g'. However, the use of chemical
oxidation raised again to increase the capacitance to
5.6 F-g”' by recovering the edge-surfaces after remov-
al of the curved basal-surfaces!"””. On the other hand,
single-layer graphene edge exhibited 4-fold higher ca-
pacitance, faster electron transfer rate, and stronger
electrochemical activity than basal-surfaces!'"..
Various strategies have been utilized to intro-
duce structural defects on surfaces of carbonaceous
materials. Processes like activation, heteroatoms in-
sertion and subsequent removal treatment have been

effectively employedtoprepare defective carbons''*'"),

For example, defective carbon from macadamia nut
shells was synthesized by nitrogen doping. The re-
moval of nitrogen atoms led to the formation of struc-
tural defects in the carbon skeleton!''"!. Defective car-
bon from lotus leaves was obtained through a two-step
activation approach. The first step of HNO, activation
introduced nitrogen atoms in the carbon skeleton,
while the second step of KOH activation promoted the
removal of nitrogen atoms, leading to the generation

U1 Defective carbon

of some defects and pores
nanosheets from syzygium cumini leaves were suc-
cessfully prepared through NaHCO, activation to
yield moderate levels of structural defects, useful for

inducing abundant electroactive sites for ions

storage[1 2

Ball-milling has also been used to create structural
defects in carbons layers, especially graphite and ex-
panded graphite!''> "l After 100 h ball-milling, the
crystallite size of expanded graphite decreased gradu-
ally from 15.4 nm to 11.3 nm, creating numerous in-
plane defects!"'*!. Similarly, the defect density and sp’
carbon cluster size of dense graphene blocks can be
tailored through ball-milling process, thereby generat-
ing high gravimetric/volumetric capacities and excel-
lent rate performance in Na-ion capacitor. The abund-
ant structural defects after ball-milling generated
dense graphene blocks with excellent volumetric ca-
pacity and rate performance when compared to expan-
ded graphene and graphite. Therefore, defects modu-
lation significantly affect energy storage!'"”. Also,
previous studies found that basal-, edge-, and defect-
surfaces of carbon graphitic layer delivered different
capacitance contributions estimated to 0.04 pF-cm’,
1.65 pF-cm® and 7.95 pF-cm’, respectively. The
largest values of capacitance were obtained in the
presence of defects (Fig. 10). Consequently, reason-
able regulation of defects could significantly improve
the capacitance performance of carbon-based materi-
als'l.
3.4 Surface heteroatoms

The introduction of surface heteroatoms could
also influence the electrochemical properties of car-
bon materials. The species and concentration of sur-
face heteroatoms may be adjusted by the preparation

process or proper thermal and/or chemical treatments.
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The introduction of surface heteroatoms in carbon
skeleton often changes the electrical conductivity,
wettability, and capacitance performance of carbon
materials. In particular, the presence of heteroatoms
induces surface chemical heterogeneity, which de-
the of
materials'"'”. Heteroatoms, such as oxygen (O), nitro-
gen (N), phosphorous (P), sulfur (S), fluorine (F) and
boron (B) doped carbon materials can be derived from

termines chemical properties carbon

precursors materials containing the corresponding het-
eroatoms or introduced by post-treatment/activation
processes!'> ",

Oxygen doping by means of oxygen functional
groups maybe obtained through the pyrolysis of oxy-
gen-containing precursors such as most biomass!"'”'"*],
chemical alkali activation (KOH or NaOH), or chem-
ical reagents (HNO,'” " (NH,),S,0,"" and
H,0,""% post-treatment. In general, oxygen function-
al groups, such as hydroxy, carboxyl, and carbonyl
can improve the surface wettability and increase the
capacitance performance of SCs in aqueous electro-
lytes!"*" "% The introduction of such pseudocapacit-
ance maybe performed in basic electrolytes through
redox reactions of oxygen functional groups (Egs.

(12_14))[123, ]22]‘

>C-OH+OH < >C=0+H,0 (12)
>C=0+e &>C-0 (13)
>COOH +OH™ & —-COO™ +H,0 14)

In 1 mol/L H,SO, electrolyte, quinone-coated
onion-like carbon showed higher specific capacitance
(264 F-g’") than uncoated onion-like carbon (30
F-g™"). The reason for this was linked to the redox re-

action of quinone groups (—C=0 + H" + ¢ <

—C—O0—H). Hence, oxygen functional groups can
improve the specific capacity!'**. Additionally, appro-
priate oxygen functional groups like carboxyl and car-
bonyl may considerably contribute to the capacitance
improvement in aqueous electrolytes, while this may
not be beneficial in organic electrolytes. The reason
for this is associated with the modifying bulky oxy-
gen functional groups on the carbon surface, which
may block the pores and hinder ions transport*!). In
this regard, removal of unstable surface oxygen func-
tional groups can improve the electrochemical per-
formances of porous carbons in organic electrolytes in
terms of lower self-discharge and leak current, as well
as better cycling stability!'*"),

Nitrogen heteroatom is also widely explored to
improve the electrochemical reactivity of carbon ma-

terialg,!'+ 3% 126]

. Nitrogen in carbonaceous materials
could afford extra electroactive sites due to its elec-
tron-donor properties, as well as increase the surface
polarity, wettability, and electrical conductivity
through the change in the valence electron orbital en-
ergy levels of neighboring carbon atoms and creation
of defects'*”. Nitrogen atoms exist in N-doped-car-
bons in the form of pyrrolic-N, pyridinic-N, quatern-
ary-N, and pyridinic-N-oxide. The pyrrolic-N and
pyridinic-N provide pseudocapacitance by redox reac-
tions, while quaternary-N and pyridinic-N-oxide ac-
celerate the electron transfer and improve the electric-

al conductivity!"".

The incorporation of nitrogen
might improve the wettability and hydrophilicity of
carbon materials, thereby increasing the accessible
active surface areas for ions adsorption and storage.

Therefore, nitrogen-doped carbon materials often
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show excellent capacitance performance. For ex-
ample, porous carbon doped with 21.7 at.% nitrogen
to form fully electrochemically active nitrogen spe-
cies, such as pyrrolic-N, pyridinic-N and oxidized-N
delivered superior energy density of 36.8 Wh-kg ' at
2 kW-kg ™', as well as power density of 38 kW-kg ' at
25.7 Wh-kg "7, A nitrogen-rich cocoon silk derived
carbon was successfully doped with 6.05 wt.% nitro-
gen content to yield mainly dominated electroactive
pyrrolic-N and pyridinic-N after g-C,N, mediation.
The resulting material exhibited a high capacitance of
392 F-g' at I A-g' and an outstanding rate perform-
ance of 222 F-g ' at 20 A-g """,

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!"* '>'*. However, dual or more
heteroatoms co-doped carbon materials are more ef-
fective in most situations since they can deliver excel-
lent capacitance performances than single atom
doped-materials due to synergy among different het-
eroatoms!””). For instance, N and F co-doped carbon
microspheres (CM-NF) with ultra-high volumetric ca-
pacitance (521 F-cm™) and excellent cycling stability
were successfully prepared. The incorporation of F in
CM-NF enhanced the volumetric capacitance by over
100% when compared to that obtained without F-dop-
ing, and exhibited outstanding cycling performance
without any capacity loss after 10 000 cycles'!.
Moreover, N and F co-doped hierarchically porous
carbon from polyaniline illustrated superior specific
capacitance of 291 F-g' at 0.5 A-g”', a value higher
than that obtained without F-doped of 238 F-g'. This
material also exhibited 95.5% capacitance retention
after 10 000 cycles*”’. N and B co-doped porous car-
bons from citric acid showed elevated specific capa-
citance of 268 F-g' when compared to the value re-
corded without N and B co-doped (111 F-g' at
2 mV-s"). This was attributed to N and B het-
eroatoms that led to enhanced wettability between the
electrode and electrolyte interface, thereby resulting in

331 porous carbon from

a pseudocapacitive effect
phytic acid provided abundant active sites after co-

doping with P and N atoms, leading to excellent gravi-

metric and volumetric capacitance of 317 F-g'
(482 F-em™) at 1 A-g”' in 1 mol/L H,SO, electro-
lyte!"**. Other heteroatoms used for co-doping porous
carbons include N/P!'*> ¢ NyQU7 1381 Nyl 1401,
F/NUB/NE %31 and N/O/S/C1'*. Such co-doping
with these species led to excellent comprehensive SCs
capacitance performances due to the change in sur-
face properties of porous carbon.

3.5 Electrode design

The electrode structure also influences the elec-
trochemical performances of SCs. An inherent micro-
structural trade-off between the ionic diffusion and
electronic transport exists in the electrode materials.
Note that pores or channels are conducive to effective
ionic diffusion. Additionally, the connectivity of the
carbon network with highly active reaction surface
area promotes effective electronic transport.

For SCs, the design of the electrode structure
could effectively boost comprehensive performances.
In this respect, graphene can serve as both conductive
agent and binder to replace conventional conductive
agents, such as Ketjen black (KB), restricting the
volume expansion of electrodes during charge/dis-
charge processes of SCs!'*>'““). For instance, the intro-
duction of graphene improves the electrochemical per-
formances of activated carbon since graphene might
support carbon particles and limit volume expansion.
As shown in Fig. 11, the volume expanded by only
11% for graphene addition when compared to the
sample prepared with KB addition (27%). Meanwhile,
the former delivered better capacitance performance
(173 F-g ') than the latter (153 F-g ")!'"*"\. In graphene-
cellulose paper (GCP) membranes, graphene acted as
a binder to substitute the conventional PTFE or
PVDF, comprising a novel three-dimensional inter-
woven structure of graphene nanosheets and cellulose
fibers. This strategy is advantageous in terms of out-
standing mechanical flexibility, excellent specific ca-
pacitance, high power performances, and long cyc-
ling stability when used as flexible, freestanding and
binder-free SCs flexible GCP

electrode delivered excellent areal capacitance of
—2[148]

electrodes. The

81 mF-cm . Additionally, the activated carbon

particles could availably intercalate graphene
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nanosheets to hinder stacking phenomena, thereby en- To enhance the capacitive performance and im-

hancing the effective ion-accessible surface area and prove the cyclic stability, multi-dimensional graded
promoting the ionic diffusion. Accordingly, binder- electrodes with gradient PTFE distribution were con-
free composite electrodes made of reduced graphene structed and exhibited excellent electrochemical prop-

oxide and activated carbon delivered high specific ca-
~1[149]

erties (Fig. 12a). The capacitance of multi-dimension-

pacitance of 278 F-g ' at I mV'-s al (215 F-g'") and radially-graded (208 F-g') elec-

(@) After 5000 After 10000
—_— —_—
cycles cycles

After 5000

cycles cycles

Fig. 11  Schematic diagrams of volume expansion in KB-AC (a) graphene-AC and (b) electrodes'*”". Reprinted with permission.
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Reprinted with permission.

[150]
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trodes looked obviously better than the homogeneous
electrodes (182 F-g') prepared with 5% PTFE
(Fig. 12b). Note that lower PTFE contents did not de-
cline the structural stability while higher PTFE con-
tents blocked micropores and reduced the specific sur-
face areas of electrodes. Also, multi-dimensional
graded electrodes displayed superior capacitance re-
tention of 99% (Fig. 12c¢). This results can be ascribed
to the high PTFE concentration in the outer layer,
which restricts the volumetric expansion and reduces
the electrode cracking or pulverization during

[150]

cycling

4  Conclusions

This review demonstrated the importance of SCs
as promising electrochemical energy storage devices
due to their high-power densities, ultra-fast charge/
discharge rates, long cyclic life services, and safe op-
eration. The performances of porous carbon-based
SCs are mainly influenced by the characteristics of
porous carbon, such as the specific surface area, pore
structure, surface heteroatoms, and structural defects.
Desirable porous carbon should possess a high ion-ac-
cessible surface area and appropriate pore structure. A
high ion-accessible surface area could provide abund-
ant active sites for ions storage, while a porous struc-
ture may facilitate the storage and transport of ions,
thereby influencing the specific capacitance and rate
performance. Satisfactory pore size should match with
the size of the desolvated ions for providing maxim-
um capacitance and suitable numbers of transport
channels for ions diffusion. In this perspective, the
hierarchical porous structure could effectively im-
prove both the energy density and power density of
SCs. Thus, the pore structure should be considered
when preparing or designing novel porous carbons.
Accordingly, selecting appropriate probe gas and
model is important for assessing the specific surface
area and pore size distribution of porous carbons. Sur-
face heteroatoms and structural defects also influence
the electrochemical properties of porous carbons. The
former enhances the wettability and electrical con-

ductivity, as well as provides additional pseudocapa-

citance. By comparison, the latter induces substantial
active sites for ions accumulation. Additionally, the
rational electrode structure can further improve the
electrode performance of the electrodes.

Although substantial progress has been made in
porous carbon-based SCs, their comprehensive per-
formances are still limited, especially in terms of low
energy density required for practical applications.
High-performance porous carbons still need further
efforts. The charge storage mechanism and novel
models of carbon-based SCs also require further de-
velopment.
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