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Summary

There is a great need to understand the structural dependence of super-

capacitors for the development of advanced electrode materials that can be

used to improve the electrochemical performance and structural integrity. In

this work, we investigate the effects of the size and pore width/size of activated

carbon microspheres (ACMSs) with diameter in a range of 2.7 ± 0.54 to

9.45 ± 1.81 μm and average pore width in a range of 1.60 to 2.0 nm on the elec-

trochemical impedance characteristics of carbon-carbon symmetrical super-

capacitors. Both the size and pore width/size of the ACMSs have negligible

effects on contact resistance. The activation energy for the migration/diffusion

of electrolyte ions in the supercapacitors made from the ACMSs of nearly same

porous structure increases nonlinearly with the increase of the average size of

the ACMSs, which is likely associated with overscreening effect. The activation

energy for the migration/diffusion of electrolyte ions in the supercapacitors

made from the ACMSs of nearly same size increases first and then decreases

as the pore width/size increases.
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1 | INTRODUCTION

Supercapacitor with excellent, comprehensive perfor-
mance in energy storage has been attracting great interest
both in industry and in academia.1-4 The high rate perfor-
mance, which is superior to metal-ion batteries, allows
supercapacitor to be a potential candidate of advanced
energy storage systems. The applications of super-
capacitor are dependent on the development of advanced
electrode materials and the rational design of electrode,
which necessitate fundamental understanding of the pro-
cesses controlling ionic migration/diffusion and the
effects of material structure and composition.

Supercapacitors can be divided generally into two
groups; the one, referring to as electric double layer
capacitor (EDLC), is based on the migration and

accumulation of ions near the surface of electrode
materials,5,6 and the other one, referring to as pseudo-
capacitor, is based on the migration and “reversible”
Faradic reaction.7-9 Pseudo-capacitors can exhibit rela-
tively higher Faradic capacitances than EDLCs,10 and
EDLCs exhibit superior long-term cycling stability and
rate performance for ultra-fast capacitors.11,12

Activated carbons (ACs) have been extensively used
in supercapacitor,13-20 and porous structure is one of
the important structural features determining electro-
chemical characteristics of activated carbonaceous
materials. Nano-porous carbonaceous materials possess
high surface area with a large amount of adsorption
sites for electrolyte ions and have the potential to
achieve high specific capacitance.21-23 Note that the
geometrical dimensions and morphology of pores also
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play important roles in charge storage.1,24 Pores inac-
cessible to electrolyte ions cannot contribute the energy
storage through electric double layer; micropores with
sizes slightly larger than electrolyte ions can provide
plenty of adsorption sites and are the major structure
contributing to high specific capacitance; and meso-
pores with relatively large sizes benefit ion diffusion for
fast charging/discharging.25,26 There exists synergic
effect between micropores and mesopores in activated
carbonaceous materials on electrochemical perfor-
mance of supercapacitor.27

Zhou and Yang24 pointed out that “sheet-like struc-
tures, such as multilayer graphene, are preferable for
EDLCs” in the analysis of dimensional effect on integral
capacitance of rectangular structures, which can be
attributed to the large amount of active sites available for
electrolyte ions and the pathways presented for rapid
migration/diffusion of electrolyte ions.14,28,29 However,
AC of spherical shape (ACSs) with considerable surface
area can provide mechanical strength likely to maintain
structural integrity during electrochemical cycling,30,31

and the supercapacitors with ACSs as electrode material
can exhibit favorable long-term cycling stability and low
contact resistance. Also, carbon spheres can be readily
produced through hydrothermal synthesis (HTS) at low
cost in contrast to the production of graphene, and the
size of carbon spheres can be simply controlled as
well.32,33 Thus, ACSs are still preferable for the applica-
tions in supercapacitors.

Gas adsorption-desorption is an important technique
to characterize the surface area and pore-size distribution
of porous materials. Gases of different molecular/atomic
sizes have been used in adsorption-desorption isotherm
to determine the surface characteristics of porous mate-
rials for a range of pores. For example, CO2 adsorption
analysis can provide accurate information for ultra-
micropores (pores smaller than 0.7 nm)34 and micro-
pores, while it is not sensitive for the pores larger than
1.5 nm. H2 is a good candidate for the characterization of
the carbonaceous materials prepared for the applications
for H2 adsorption and separation.35 N2 adsorption-
desorption isotherm provides good accuracy for the sur-
face characteristics of porous materials with pore sizes in
both micro- and meso-ranges35 and is widely used for
ACs.36-38 The N2 adsorption-desorption isotherm is more
suitable to the analysis of porous materials with pore
widths larger than 1 or 1.5 nm, through which relatively
large electrolyte ions, such as BF4

−; (0.98 nm) and Et4N
+

(1.48 nm),39 migrate.
It is known that the size and porous structure of ACSs

play important roles in energy storage.40 More under-
standing on the dependence of the electrochemical char-
acteristics of ACSs, such as ionic diffusion, on the size

and surface area is still needed to better control the pro-
cesses for the fabrication of ACSs. The purpose of this
work is to investigate the effects of the size and structure
of activated carbon microspheres (ACMSs) on the migra-
tion/diffusion of electrolyte ions in carbon-carbon sym-
metric supercapacitor cells in the framework of
electrochemical impedance spectroscopy (EIS). ACMSs of
different sizes and porous structures were prepared by
the combination of an HTS process, a physical activation,
and a chemical activation with KOH as chemical agent.
Symmetric supercapacitor cells were assembled with
electrodes made from the prepared ACMSs. The EIS ana-
lyses of the carbon-carbon symmetric supercapacitor cells
were performed to determine the effects of the size and
pore width of the ACMSs and temperature on the ionic
diffusion in the supercapacitor cells. Apparent activation
energy for the ionic diffusion was calculated from the
experimental results, which has not been discussed in lit-
erature. The results presented in this work can shed
insight into ionic migration in supercapacitors and struc-
tural effects of activated carbonaceous materials on
energy storage.

2 | EXPERIMENTAL DETAILS

Following the method given by Sun et al,41 we prepared
aqueous solutions of xylose. The weight ratio of xylose in
the aqueous solutions was in a range of 2.5 to 40 wt%.
The hydrothermal carbonization of the aqueous solutions
was performed at 200�C for 24 hours. For detailed infor-
mation, see the work by Sun et al41 The solid product
after the hydrothermal carbonization was collected,
washed five times with deionized (DI) water, and dried
in a vacuum oven at 110�C for 12 hours. The hydro-char
was named as HTS-x (x = 40, 20, 10, 5, 2.5) with x rep-
resenting the weight fraction of xylose in the cor-
responding aqueous solution.

The dried hydro-char was physically activated at
600�C for 1 hour in a tube furnace with the flow of nitro-
gen gas. The solid product after the physical activation
was named as HC-x (x = 40, 20, 10, 5, 2.5).

Chemical activation of HC-2.5 was then performed
with KOH as chemical agent. Prior to chemical activa-
tion, the mixtures of HC-2.5 and KOH powder of differ-
ent mass ratios (KOH to HC-2.5) in a range of 2 to
12 were well mixed and grounded. After the grinding, the
mixtures were chemically activated at 800�C for 1 hour
in a tube furnace under the protection of N2 flow. The
solid product after the chemical activation was collected,
neutralized with dilute hydrochloric acid, washed five
times with DI water, and dried at 110�C overnight. The
chemically activated solid product was named as AC-a
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(a = 1, 2, 4, 8, 12) with a representing the mass ratio of
KOH to HC-2.5.

We used scanning electron microscopy (SEM)
(Hitachi S-4800) and high-resolution transmission elec-
tron microscopy (HRTEM) (JEM-2100F) to characterize
the morphologies of the HC-xs and AC-as and N2

adsorption-desorption isotherm to analyze the surface
characteristics of the HC-xs and AC-as. The N2

adsorption-desorption isotherm was carried out on a gas
analyzer (Micromeritics surface characterization). Using
the Brunauer-Emmett-Teller (BET) method and the den-
sity functional theory (DFT), we calculated the surface
area. The relative pressure was 0.98 for the calculation of
the distribution of pore widths from the DFT theory.

The mixture of the ACMSs (HC-xs and AC-as) and
Teflon powder with 9:1 in the mass ratio of ACMSs to
Teflon powder was used to prepare the electrode of sym-
metrical, coin-like cells. The mixture was first heated at
110�C for 30 minutes, and then ground to a thin chip. A
rolling machine was used to flatten and thin the chips to
~0.1 mm in thickness. Circular electrode disks of 4 mm
in diameter were punched out from the flattened chips.
The loading mass per electrode disk was ~6 mg. The cell
was assembled with TF4840 (NKK, Japan) as separator
and 1 mol/L Et4NBF4 solution in AN as electrolyte.

The EIS analyses of the prepared symmetrical, coin-
like supercapacitor cells were performed on an electro-
chemical workstation (Vertex one, Ivium, Netherlands)
in a temperature range of 0 to 60�C. A water bath was
used to control the test temperature. The frequency for
the EIS analyses was in a range of 106 ~ 10−2 Hz under
an open circuit voltage.

3 | RESULTS

Figure 1A-E shows SEM images and size distributions of
the HC-xs. All the HC-xs are present in spherical shape,
suggesting that the weight fraction of xylose in the aque-
ous solutions has no effect on the morphology of the
hydro-char produced by the combination of the HTS pro-
cess and the physical activation at 600�C. According to
the results given by Kang et al,42 we can conclude that all
the HC-xs are ACMSs. From the SEM images, we analyze
the size distributions of the ACMSs for all the HC-xs, as
shown in Figure 1. It is evident that the HTS processing
of the aqueous solutions produced polydisperse spheres.
The average sizes of the ACMSs are 9.45 ± 1.81,
5.79 ± 1.33, 4.91 ± 1.17, 3.69 ± 1.05, and 2.7 ± 0.54 μm
for the HC-40, HC-20, HC-10, HC-5, and HC-2.5, respec-
tively. Increasing the weight fraction of xylose in the
aqueous solutions increases average size of the ACMSs
under the same processing conditions. Note that there is

no significant change of the morphologies of the carbon
microspheres after the chemical activation, that is, the
AC-as exhibit similar morphologies to the HC-2.5.

Figure 2 depicts HRTEM images of the ACMSs of AC-
as. For comparison, the HRTEM image of HC-2.5, which
was physically activated, is also included in Figure 2. All
the AC-as and the HC-2.5 consist of sub-nano-/nano-scale
pores, and the AC-as possess much more fraction of sub-
nano−/nano-scale pores than the HC-2.5.

The N2 adsorption-desorption isotherms of the
ACMSs are presented in Figure 3A and c. For the ACMSs
of HC-xs (Figure 3A), the N2 adsorption-desorption iso-
therms nearly overlap each other and exhibit Type I
mode, according the IUPAC classification. The initial
steep stage is ascribed to the monolayer adsorption on
the surface of micropores. In contrast to the ACMSs of
HC-xs, the nitrogen adsorption-desorption isotherms of
the ACMSs of AC-as do not overlap with each other,
while they do exhibit Type I mode. This characteristic
suggests the presence of micropores in accord with the
HRTEM images, shown in Figure 2. The broad round
knees presented in the nitrogen isotherms of the ACMSs
of AC-4, AC-8, and AC-12 (Figure 3C) imply wide distri-
butions of pore widths/sizes.

Figure 3B,D presents the distributions of the pore
widths of the ACMSs. All the ACMSs of HC-xs possess
nearly the same distribution of pore widths/sizes with all
pores being micropores, independent of the sizes of the
ACMSs. For the ACMSs of AC-as, the characteristic
peaks for the distributions of pore widths/sizes are pres-
ented at nearly the same widths, suggesting that the peak
pore-widths/sizes are relatively independent of the mass
ratio of KOH to HC-2.5. However, the difference in the
differential pore volume of the corresponding peak pore-
widths reveals that the mass ratio of KOH to HC-2.5 used
in the chemical activation played an important role in
controlling the fraction of the corresponding pores.
Increasing the mass ratio of KOH to HC-2.5 increases the
fraction of large pores and average pore width/size.

Table 1 summarizes the surface characteristics of the
ACMSs prepared in this work. In general, all the ACMSs
of HC-xs statistically possess the same SBET and Vtot,
independent of the sizes of the ACMSs with all pores
being micropores. For the ACMSs of AC-as, increasing
the mass ratio of KOH to HC-2.5 increases SBET, Vtot, and
the fraction of mesopores. The ACMSs of AC-12 pos-
sessed the largest SBET of 2449 m

2/g and the largest meso-
pore fraction of 18.7 vol%.

We performed EIS analyses of the carbon-carbon,
symmetric supercapacitor cells in order to examine the
characteristics of ionic migration/diffusion. In general,
the Nyquist plot can consist of three characteristic
regions: a semi-circle in the high-frequency region, a
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straight line with ~1 in slope in the intermediate-
frequency region, and a steep-straight line close to -z00

axis (z00 is the imaginary part of electrochemical imped-
ance) in the low-frequency range. However, no typical
semi-circle is present in the Nyquist plots for all the sup-
ercapacitor cells made from the ACMSs, as shown in Fig-
ures 4 and 5. Such behavior suggests that it is very

difficult to accurately calculate the resistance for charge
transfer. Herein, the analysis of the resistance is focused
on, Rs, which includes the intrinsic resistances of electro-
lyte and electrode and the contact resistance between
electrode and current collector.

Table 2 lists the resistance, Rs, for the supercapacitor
cells made from the ACMSs at different temperatures.

FIGURE 1 SEM image and size distribution of

HC-xs. A, HC-2.5. B, HC-5. C, HC-10. D, HC-20. E,

HC-40. All the scale bars represent 5 μm [Colour figure

can be viewed at wileyonlinelibrary.com]
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FIGURE 2 HRTEM

images of the ACMSs. A, HC-

2.5. B, AC-1. C, AC-2. D,

AC-4. E, AC-8. F, AC-12. All the

scale bars represent 5 nm

FIGURE 3 N2 adsorption-

desorption isotherms of the

ACMSs: A, HC-xs and, C, AC-

as; pore width distribution of

the ACMSs: B, HC-xs and, D,

AC-as [Colour figure can be

viewed at

wileyonlinelibrary.com]

TABLE 1 Surface characteristics of the ACMSs

Carbon spheres SBET (m2/g) Vtot (cm
3/g) Micropore (vol%) Mesopore (vol%)

HC-40 417 0.22 100 0

HC-20 431 0.23 100 0

HC-10 425 0.23 100 0

HC-5 431 0.23 100 0

HC-2.5 452 0.24 100 0

AC-1 974 0.39 99.3 0.7

AC-2 1962 0.86 95.5 4.5

AC-4 2056 0.92 91.2 8.8

AC-8 2327 1.12 83.7 16.3

AC-12 2449 1.24 81.3 18.7
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For the supercapacitor cells made from the ACMSs of
HC-xs and AC-as, the Rs value decreases with the
increase of temperature, which can be ascribed to the
decrease of the electrolyte resistance.43 Increasing tem-
perature causes the decrease of the electrolyte viscosity
and the increase of the migration rate of electrolyte ions
under the same driving force. The scattering of the Rs

value with the size of the ACMSs of HC-xs and AC-as
suggests that the size and pore width/size of the ACMSs
has negligible effect on the contact resistance.

From Figure 4, we note that the low-frequency
straight lines become steeper with the increase of temper-
ature for the supercapacitors made from the ACMSs of
HC-40 (Figure 4A) and HC-2.5 (Figure 4B). Such a trend
suggests that increasing temperature led to the improve-
ment of the capacitive characteristics of the super-
capacitor cells. Similar trend is also observed for the
supercapacitor cells made from the ACMSs of other
HC-xs. This behavior is likely associated with the
decrease of the resistance to the migration of electrolyte
ions at high temperatures, allowing for rapid migration
of electrolyte ions to the active sites in the ACMSs.
However, there is no correlation between the slope of the

straight lines in the low-frequency region and the size of
the ACMSs of HC-xs at 273 and 333 K, as shown in
Figure 4C,D, as well as other temperatures, indicating
the negligible effect of the size of the ACSs of similar
porous structures on the capacitive behavior of the super-
capacitor cells in the low frequency region.

According to Figure 5A, the Nyquist plots for the
supercapacitors made from the ACMSs of AC-1 almost
overlap with each other over a wide range of tempera-
ture. There is only a slight transition from the
intermediate-frequency segment to the low-frequency
segment. Such a trend indicates that the ACMSs of AC-1
exhibited less favorable capacitive characteristics in the
temperature range, which is relatively insensitive to the
testing temperature.

Contrary to the Nyquist plots of the supercapacitor
cells made from the ACMSs of AC-1, there exists a sig-
nificant change in the slope from the intermediate-
frequency segment to the low-frequency segment for
the supercapacitor cells made from the ACMSs of
AC-12 (Figure 5B). The low-frequency segments for the
supercapacitor cells made from the ACMSs of AC-12
in the temperature range of 273 to 333 K are nearly

FIGURE 4 Nyquist plots

of the symmetrical cells made

from the ACMSs of: A, HC-40

and, B, HC-2.5 at different

temperatures; Nyquist plots of

the symmetrical cells made

from the ACMSs of HC-xs at

temperatures of: C, 273 K

and, D, 333 K [Colour figure

can be viewed at

wileyonlinelibrary.com]
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parallel to the z00-axis, and the slope of the steep
straight lines increases with the increase of tempera-
ture. The supercapacitor cells made from the ACMSs of
AC-12 exhibited much better capacitive characteristics
than those made from the ACMSs of AC-1, revealing
the important role of the porous structure (pore width/
size and distribution of pore width/size) of ACMSs in
determining electrochemical performance. The smaller

pore width of the ACMSs of AC-1 makes it difficult for
relatively large electrolyte ions to migrate/diffuse in
micropores, and the larger pores pore size/width
of the ACMSs of AC-12 facilitates the migration/
diffusion of electrolyte ions in micropores even at low
temperatures.

The effect of the pore width/size on the capacitive
characteristics of the supercapacitor cells is illustrated in

FIGURE 5 Nyquist plots

of the symmetrical cells made

from the ACMSs of: A, AC-1

and, B, AC-12 at different

temperatures; Nyquist plots of

the symmetrical cells made

from the ACMSs of AC-as at

temperatures of: C, 273 K

and, D, 333 K [Colour figure

can be viewed at

wileyonlinelibrary.com]

TABLE 2 Rs of the ACMSs at

different temperatures
Temperature (K) 273 293 313 333

HC-40 Average diameter (μm) 9.45 3.29 2.65 2.21 1.9

HC-20 5.79 3.22 2.88 2.76 2.15

HC-10 4.91 2.92 2.57 2.03 1.89

HC-5 3.69 2.97 2.77 2.37 2.13

HC-2.5 2.7 3.34 3.06 2.62 2.13

AC-1 Average pore width (nm) 1.61 2.72 2.67 2.26 1.81

AC-2 1.75 2.34 2.15 1.95 1.67

AC-4 1.79 2.43 2.15 2.11 1.59

AC-8 1.92 2.41 2.26 1.88 1.63

AC-12 2.02 2.38 1.99 1.82 1.58

SUN AND YANG 7

http://wileyonlinelibrary.com


Figure 5C,D at two temperatures of 273 and 333 K. At
temperature of 273 K, the supercapacitors made from the
ACMSs of AC-8 and AC-12 have significantly larger
slopes of the low-frequency segment than those made
from the ACMSs with relatively smaller pores (AC-1,
AC-2, and AC-4). At temperature of 333 K, all the super-
capacitors except those made from the ACMSs of AC-1
exhibited good capacitive characteristics. Such results
reveal that the electrochemical performance of the
carbon-carbon supercapacitor cells is temperature-depen-
dent. Increasing temperature increases the migration rate
of electrolyte ions and the pore width/size, and there are
more micropores accessible to electrolyte ions for the
energy storage at high temperatures. ACMSs with rela-
tively large pores benefit the energy storage in EDL over
a broad range of temperature and are good candidates for
practical applications. Note that the Rs value exhibits a
decreasing trend with the increase of the average pore
width/size, as shown in Table 2, which also contributes
to the increase in the energy storage.

4 | DISCUSSION

It is known that one can calculate the apparent diffusivity
of electrolyte ions in a chemical system from the EIS
analysis. Note that the apparent diffusivity is associated
with the mobility of electrolyte ions under open circuit,
corresponding to the equilibrium state for symmetric
cells, which likely is different from those under the action
of a large, external field.

Following the method used in lithium-ion battery,44,45

the apparent diffusivity of electrolyte ions, D, in a symmet-
rical supercapacitor cell under open circuit can be calcu-
lated as41

D=
R2T2

2An4F4C2σ2
ð1Þ

where, R T, A, n, F, and C are the gas constant
(8.314 J � K−1 � mol−1), absolute temperature, electrode
area, ionic charge, Faraday constant (96 500 C�mol−1),
and ionic concentration, respectively. The parameter, σ,
is the Warburg factor, which is z0/(1/ω−0.5) (z0 is the real
part of electrochemical impedance, and ω is frequency),
as determined from the intermediate-frequency region in
the Nyquist plots.

Figure 6 presents the variation of z0 with ω−0.5 for the
ACMSs of HC-xs at different temperatures. It is evident
that z0 is a linearly increasing function of ω−0.5, as
expected. Using linear regression to fit the data in
Figure 6, we obtain the σ values, which are summarized
in Table 3. Substituting the σ values in Equation (1), we

calculate the apparent diffusivity for the ionic diffusion
in the supercapacitor cells made from the ACMSs of
HC-xs.

Figure 7A shows the temperature dependence of the
apparent diffusivities for the diffusion of electrolyte ions
in the supercapacitor cells made from the ACMSs of HC-
xs. It is evident that increasing temperature increases the
apparent diffusivity for the same group of supercapacitor
cells. In general, the apparent diffusivity is proportional
to the mobility of electrolyte ions, μ, whose temperature
dependence follows the Arrhenius relationship. Thus, the
temperature dependence of the apparent diffusivities can
be expressed as

D=D0e
−Q=RT ð2Þ

in which D0 is a pre-factor, and Q is the apparent activa-
tion energy of the rate process. Using Equation (2) to
curve-fit the data in Figure 7A, we obtain the pre-factor
of D0 and the apparent activation energy of Q. For com-
parison, the fitting curves are also included in Figure 7A.
It is evident that the apparent diffusivity for the migra-
tion/diffusion of electrolyte ions in the supercapacitor
cells made from the ACMSs of HC-xs indeed follows the
Arrhenius-type relationship.

Figure 7B depicts the dependence of the apparent
activation energy of Q and the pre-factor of D0 on the
average size of the ACMSs for the migration/diffusion of
electrolyte ions in the supercapacitor cells made from the
ACMSs of HC-xs. Both the apparent activation energy of
Q and the pre-factor of D0 increase nonlinearly with the
increase of the average size of the ACMSs of HC-xs. Such
behavior can be attributed to that the local concentration
of electrolyte ions in the micropores of a larger ACS is
likely larger than that in the micropores of a smaller
ACS, resulting in the increase of the number of electro-
lyte ions available to move from one position to an adja-
cent position (crowding effect), that is, the increase in D0,
and the increase of the interaction between electrolyte
ions to hinder the ionic diffusion (overscreening effect),
that is, the increase of the energy barrier for the diffu-
sion/migration of the electrolyte ions. There exists size
effect on the diffusion/migration of the electrolyte ions in
the supercapacitor cells made from the ACMSs of nearly
same porous structure.

From Figure 5, we determine the correlation between z0

and 1/ω−0.5, as shown Figure 8, for the supercapacitor cells
made from the ACMSs of AC-as at different temperatures
in the intermediate-frequency region. Similar to the super-
capacitor cells made from the ACMSs of HC-xs, z0 is a line-
arly increasing function of ω−0.5. Using linear regression to
fit the data in Figure 8, we obtain the values of σ for the
supercapacitor cells made from the ACMSs of AC-as, which
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FIGURE 6 Dependence

of z0 on ω−0.5 for the

supercapacitor cells made from

the ACMSs of HC-xs at

different temperatures. A, HC-

40. B, HC-20. C, HC-10. D,

HC-5. E, HC-2.5 [Colour figure

can be viewed at

wileyonlinelibrary.com]

TABLE 3 Values of σ for the supercapacitor cells made from the ACMSs

Temperature (K) 273 293 313 333

HC-40 σ (ohm�Hz1/2) Average size of activated carbon spheres (μm) 9.45 9.7 8.3 7.2 6.6

HC-20 5.79 10.0 8.6 7.8 6.9

HC-10 4.91 11.1 9.8 8.9 7.7

HC-5 3.69 11.4 10.1 9.2 8.0

HC-2.5 2.70 11.8 10.8 9.9 8.6

AC-1 σ (ohm�Hz1/2) Average pore width (nm) 1.6 8.8 8.1 7 6.2

AC-2 1.75 7.9 6.9 6 5.1

AC-4 1.79 6.9 5.9 5.2 4.5

AC-8 1.92 5.2 4.4 3.9 3.6

AC-12 2.02 4.8 4.3 3.9 3.6
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FIGURE 7 A, Temperature dependence of the apparent diffusivities for the migration/diffusion of electrolyte ions in the

supercapacitors made from the ACMSs of HC-xs, and, B, variations of the apparent activation energy and pre-factor with average size of the

ACMSs for the migration/diffusion of electrolyte ions in the supercapacitor cells made from the ACMSs of HC-xs [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 8 Relationships

between z0 and ω−0.5 measured

at different temperatures in the

range of 273 to 333 K for: A,

AC-1 and, B, AC-2, C, AC-4, D,

AC-8, and, E, AC-12,

respectively [Colour figure can

be viewed at

wileyonlinelibrary.com]
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are summarized in Table 3. Substituting the values of σ in
Equation (1), we calculate the apparent diffusivities for the
migration/diffusion of electrolyte ions in the supercapacitor
cells made from the ACMSs of AC-as.

Figure 9A presents the temperature dependence of
the apparent diffusivity for the diffusion of electrolyte
ions in the supercapacitor cells made from the ACMSs
of AC-as. The apparent diffusivity for the same group of
supercapacitors increases with the increase of tempera-
ture, as expected. At the same temperature, the appar-
ent diffusivity increases with the increase of the average
pore width. Such a trend is likely due to steric effect.
The confinement of micropores to the diffusion of elec-
trolyte ions reduces the speed/rate of electrolyte ions.
Increasing the pore width allows for fast diffusion of
electrolyte ions under the same driving force at the
same temperature.

Using Equation (2) to curve-fit the data in Figure 9A,
we obtain the pre-factor of D0 and the apparent activation
energy of Q. For comparison, the fitting curves are also
included in Figure 9A. It is evident that the apparent dif-
fusivity for the ionic diffusion in the supercapacitor cells
made from the ACMSs of AC-as also follows the
Arrhenius-type relationship.

Figure 9B depicts the dependence of the apparent
activation energy of Q and the pre-factor of D0 on the
average pore width of the ACMSs for the ionic diffusion
in the supercapacitor cells made from the ACMSs of
AC-as. The apparent activation energy increases first
and then decreases with the increase of the average
pore width in contrast to the increasing trend of the
apparent activation energy for the ionic diffusion in the
supercapacitor cells made from the ACMSs of HC-xs.
The pre-factor also exhibits similar trend to the appar-
ent activation energy except that the pre-factor reaches
maximum at the average pore width different from that
for the corresponding apparent activation energy. The

mechanism controlling this behavior is unclear and
may be dependent on the combined effect of the aver-
age pore width and the distribution of pore widths.
It needs to be pointed out that ionic diffusion in
nanoporous materials46 is also likely dependent on
porous roughness, which needs to be incorporated in
the analysis.

It is known that the characteristic time, τ0, which is
determined at the phase angle of ~45 � in the Bode plot,47

represents the diffusion characteristics of ions under elec-
trochemical cycling. The smaller the characteristic time,
the larger is the migration rate (diffusivity) of the ions.
Table 4 lists the values of τ0 for the supercapacitor cells
made from the ACMSs at different temperatures. The
characteristic time decreases generally with the increase
of the temperature, indicating faster diffusion of ions at a
higher temperature. Such a trend is in agreement with
that shown in Figure 9A.

For the supercapacitor cells made from the
ACMSs of HC-x, the characteristic time decreases
with increasing the average size of ACMSs. For the
supercapacitor cells made from the ACMSs of AC-as,
increasing the average pore width/size decreases the
characteristic time. These results reveal the depen-
dence of the ionic migration/diffusion in ACMSs
under electrochemical cycling on the size and porous
structures of ACMSs. The larger the size and pore
width/size of AMCSs, the smaller is the characteristic
time, and the larger is the migration rate/diffusivity
of ions. These trends are in agreement with the trend
obtained from the analysis of the apparent diffusivity,
even though the characteristic time is determined
from a single frequency and the Warburg factor is
determined from a frequency range. Such a result
supports that large size and pore width/size of
AMCSs is likely to facilitate ionic migration/diffusion
during electrochemical cycling.

FIGURE 9 A, Dependence of the apparent diffusivity on temperature for the carbon spheres of AC-a, and, B, variation of the apparent

activation energy with average pore width for the carbon spheres of AC-as [Colour figure can be viewed at wileyonlinelibrary.com]
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For the potential application, we investigated the elec-
trochemical performance of the carbon-carbon, symmetri-
cal supercapacitor cells with the ACMSs of AC-12 as the
electrode material in 1 mol/L Et4NBF4 solution in AN at
20�C. Note that the ACMSs of AC-12 possess the optimal
surface characteristics and ionic migration/diffusion.

Figure 10A shows the cyclic voltammetry (CV) cur-
ves. The CV curve exhibits good quasi-rectangular shape
for the scan rate up to 200 mV/s, indicating good capaci-
tive behavior and fast charge-transfer rate. At an
extremely high scan rate of 500 mV/s, the CV curve still
maintains relatively “good” rectangular shape, suggesting
the potential application of the ACMSs of AC-12 in ultra-
fast supercapacitors.

The galvanostatic charge/discharge (GCD) curves in
Figure 10B exhibit symmetrical and linear characteristics
at high current densities, revealing excellent capacitive
behavior. Using the following equation, we calculated the
specific capacitance per electrode.

C=
2I
m

dV
dt

� �−1

ð3Þ

where I is the applied current passing though the sup-
ercapacitor cell, m is the total mass of ACMSs, and dV/dt
is the slope of the discharge segment of the GCD curve
after the IR drop. Figure 10C illustrates the variation of
the specific capacitance per electrode with the current

TABLE 4 Values of τ0 for the
supercapacitor cells made from the

ACMSs

Temperature (K) 273 293 313 333

HC-40 τ0 (s) Average size of ACSs (μm) 9.45 1 0.63 0.57 0.42

HC-20 5.79 1.33 1 0.66 0.63

HC-10 4.91 1.58 1.11 0.68 0.63

HC-5 3.69 1.58 1.17 0.68 0.63

HC-2.5 2.70 1.63 1.25 0.71 0.65

AC-1 τ0 (s) Average pore width (nm) 1.6 18.6 15.8 12.5 10

AC-2 1.75 15.8 12.5 10 8.78

AC-4 1.79 13.3 10 8.69 6.29

AC-8 1.92 12.5 10 8.3 5.39

AC-12 2.02 6.32 4.16 3.98 3.03

FIGURE 10 Electro-

chemical performance of the

supercapacitor cells with the

ACMSs of AC-12 as the

electrode material: A, cyclic

voltammetry (CV) curves

measured at different scan

rates, B, galvanostatic charge/

discharge (GCD) curves

measured with different

current densities, C, variation

of specific capacitance with

current density, and, D, cycling

performance. All the

measurements were conducted

at 20�C [Colour figure can be

viewed at

wileyonlinelibrary.com]
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density. It is evident that the ACMSs of AC-12 possess a
high specific capacitance up to 220 F/g at a current den-
sity of 4 A/g and a considerable specific capacitance of
85 F/g at an extremely high current density of 100 A/g.

The cycling performance of the supercapacitor cells at
a current density of 10 A/g is presented in Figure 10D.
After 10 000 cycles, the supercapacitor cells retain 80.1%
of the specific capacitance, suggesting good long-term sta-
bility. All these results demonstrate that the ACMSs of
AC-12 can be used as the electrode material of super-
capacitors for practical applications.

5 | SUMMARY

In summary, we have brought out the important role of
the size and pore width/size of ACMSs in determining
the electrochemical performance of carbon-carbon sym-
metrical supercapacitors in the framework of EIS. Using
xylose as the precursor and the combination of hydro-
thermal carbonization and physical/chemical activation,
we have prepared two groups of ACMSs: one group has
similar porous structures and different sizes, and the
other has approximately the same size and different
porous structures. Carbon-carbon symmetrical super-
capacitors with organic electrolyte have been assembled
from the two groups of ACMSs. The EIS of the carbon-
carbon symmetrical supercapacitor cells has been
analyzed.

Increasing temperature decreases the Rs value of the
supercapacitor cells. Both the size and pore width of the
ACMSs have negligible effect on the contact resistance.
The capacitive behavior of the supercapacitor cells made
from the ACMSs of similar porous structures is indepen-
dent of the size of the ACMSs. ACMSs with relatively
large pores benefit the energy storage in EDL over a
broad range of temperature and are good candidates for
practical applications.

There exists size effect on the diffusion/migration of
the electrolyte ions in the supercapacitor cells made from
the ACMSs of nearly the same porous structure, which
are likely attributed to overscreening and crowding
effects. Both the apparent activation energy and the pre-
factor for the migration/diffusion of electrolyte ions in
the supercapacitor cells made from the ACMSs of nearly
the same porous structure increase nonlinearly with the
increase of the average size of the ACMSs. The apparent
activation energy for the supercapacitor cells made from
the ACMSs of nearly the same size increases first and
then decreases with increasing the average pore width in
contrast to the increasing trend of the apparent activation
energy for the supercapacitor cells made from the ACMSs
of nearly same porous structure. The pre-factor also

exhibits similar trend to the apparent activation energy
except the pre-factor reaches maximum at different aver-
age pore width.
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