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ABSTRACT: It is important to address the challenges posed with
the ever-increasing demand for energy supply and environmental
sustainability. Activated carbon, which is the common material for
commercial supercapacitor electrodes, is currently derived from
petroleum-based precursors. This paper presents an effective
synthetic method that utilizes waste tires as the precursor to
prepare the activated carbon electrodes by the pyrolysis and
chemical activation processes. Adjusting the activation parameters Waste Tires Supercapacitor

can tailor multiple physical properties of the resulting activated

carbon, which in turns tunes the performance of the activated carbon electrode. Statistical multiple linear regression and stepwise
regression methods are employed to investigate the dependence of the specific capacitance and the rate capability upon the
physical properties (such as porosity) of the activated carbon electrode. The specific capacitance of activated carbon electrode is
controlled by the micropore volume but independent of the mesopores volume. The rate capability is dominated by the
mesopore/micropore volume ratio instead of the absolute value of mesopore volume.
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B INTRODUCTION problematic sources of waste because they are nonbiodegrad-
able and have a long life. Therefore, it is significant to generate
useful products from waste tires. Today some waste tires are
ground into crumb rubber for highway construction or ground
cover. Some waste tires are recycled to produce the activated
carbon that is used as environmental adsorbent for pollutant
removal.'”~** The price of general-purpose granular activated
carbon ranges from $1.65 to $9.90 per kilogram in the USA*

A supercapacitor is an energy storage device that has found
increasing application in renewable energy power plants, hybrid
electric vehicles, and large industrial equipment.'~> Commer-
cial supercapacitors are designed based on electric double-layer
capacitance (EDLC), and their electrodes are made of porous
activated carbon. In addition, researchers are developing

pseudocapacitors in which activated carbon serves as the ; - ; ) )
oo . 1. 48 while the price of activated carbon used for supercapacitors is
support backbone for pseudocapacitive materials.” > Currently

24 - .

petroleurn-derived coke, pitch, and coal are the common a.bout $50/kg. TheFefore, it is very attractive to r.ecycle w;%ste

. . . 9-11 tires to produce activated carbon for supercapacitor applica-
precursors for production of commercial activated carbon. ) ) °
Th . I . tions as a high value product. In fact, waste tires could be an

e decreasing availability of fossil-based carbon compounds - - )

has driven the industry to search for sustainable resources to attractive precursor for activated carbon. Table 1 gives the costs
synthesize activated carbon. For example, activated carbon has
been produced from renewable biomass precursors such as

Table 1. Sustainable Precursors for Activated Carbon

sucrose, cellulose, corn grains, sugar cane bagasse, and raw materials cost carbon yield
12,13
others. wood $0.8/kg 25%
Recycling of waste products for synthesis of activated carbon- sucrose $0.25/kg <45%
based supercapacitor electrodes has attracted increasing coconut shell $0.25/kg 30%
attention recently.'*'® Actually many waste products such as waste tire $1 per tire or ~$0.06/kg ~30%

that of newspaper, wood, and tires are potential sources of
activated carbon. For example, approximately 290 million scrap
tires are generated each year in the United States. About 27
million scrap tires are disposed annually in landfills or Received: February 16, 2014
monofills."® These tires are among the largest and most Published: June 2, 2014
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and the carbon yields of different precursors that are used for
production of activated carbon.'” It can be seen that waste tires
have the lowest cost and moderate carbon yield as well as
highest economic feasibility.

It is worth noting that the required pore structure of
activated carbon for supercapacitors is totally different from
that for environmental absorbents. Therefore, although some
synthesis methods have been developed for production of waste
tire-derived activated carbon as environmental absorbents, a
different synthetic route has to be explored for application in
supercapacitors. This paper presents an effective synthetic route
to prepare activated carbon from the recycled waste tires for use
in supercapacitor electrodes. The porosity and other physical
properties may have a significant effect on the specific
capacitance and the rate capability of the supercapacitor made
of activated carbon. In particular, both mesopores and
micropores in activated carbon play important roles in the
electrochemical behaviors of EDLC-based supercapacitors.
Therefore, the activation condition will be optimized in order
to tune the specific surface area, the mesopores, and the
micropores.

In order to guide the design of materials for an EDLC-type
supercapacitor electrode, it is imperative to unravel the
correlation between the specific capacitance and the rate
capability of the activated carbon electrode and its physical
properties such as the specific surface area, total pore volume,
micropore volume, and mesopore volume. Herein statistical
modeling methods such as multiple linear regression and
stepwise regression are employed to investigate the impacts of
multiple factors in a statistically valid manner.

B EXPERIMENTAL SECTION

Material Synthesis. The waste tire-derived activated carbon
(WTAC) was prepared by the pyrolysis and activation processes as
shown in Scheme 1. A piece of cleaned scrap waste tire was loaded

Scheme 1. Flow Chart Showing the Preparation of Activated
Carbon with Waste Tire As the Precursor
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into a quartz tube furnace and pyrolyzed in N, atmosphere at 600 °C
for 3 h. The resulting char was ground to powder and washed with a 1
M HCI solution to remove the metallic impurities and sulfur, followed
by washing with water several times and then dried in vacuum at 120
°C for 12 h. Subsequently, the char was mixed with H;PO, powder
and activated in nitrogen at a given temperature for different time
intervals. Both the heating and the cooling rates were S °C/min. The
activated carbon was then washed with water several times until the
pH value of the filtered liquid reached about 7. To investigate the
correlation of the specific capacitance and the rate capability of
activated carbon electrode with its physical properties, various
activation experiments were performed following the central
composite design, a commonly used design method for nonlinear
models, as shown in Table 2.

Materials Characterization. The morphology of the as-prepared
activated carbon was observed by with a JEOL field-emission scanning
electron microscope (FE-SEM, JEOL 7600). The specific surface area
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Table 2. Experimental Details of Activation of Waste Tire-
Derived Char

H;PO,/char (mass activation temperature activation time

sample ID ratio) (°C) (h)
WTAC-1 6 840 2.4
WTAC-2 9 840 24
WTAC-3 6 960 3.6
WTAC-4 9 960 2.4
WTAC-S 9 960 3.6
WTAC-6 7.5 900 2
WTAC-7 7.5 900 4
WTAC-8 7.5 900 3
WTAC-9 4 900 3
WTAC-10 4.4 870 3.3
WTAC-11 4.4 930 2.7
WTAC-12 S 840 3
WTAC-13 4.4 930 33
WTAC-14 6 900 3
WTAC-15 4.4 870 2.7
WTAC-16 S 900 3.5

and the pore size distribution of activated carbon were measured by N,
adsorption at 77 K using a Micromeritics ASAP 2020 analyzer.

Electrochemical Testing. The resulting activated carbon powder
was mixed with the polyvinylidene fluoride (PVDF) binder in mass
ratio of 9:1 and dispersed in the N-methyl-2-pyrrolidone (NMP)
solvent to form a slurry. The slurry was then pasted onto Ni foil and
dried at 120 °C in vacuum to form an electrode. The mass loading of
the electrode was about 1 mg/ cm?. Electrochemical tests were
performed on a three-electrode cell with 6 M KOH aqueous solution
as the electrolyte. The activated carbon served as the working
electrode, and a Pt foil and the AglAgCl acted as the counter and
reference electrodes, respectively. Cyclic voltammetry (CV) was
scanned from 2 to 200 mV/s. Galvanostatic charge—discharge
experiment was performed with a specific current from 0.2 to 20 A/
g. Electrochemical impedance (EIS) spectra were acquired from 30
kHz to 0.01 Hz with an open circuit at an AC amplitude of 10 mV.
The EIS spectra were analyzed by the Cview and Zview software. All
the data were recorded by Solartron 1287 potentiostat and Solartron
1260 impedance/grain—phase analyzer.

B RESULTS AND DISCUSSION

Figure 1 shows the SEM images of the typical activated carbon
(WTAC-16). The sample contained large particles in size of
several micrometers (Figure la). The surface of particles was
very rough. The close view of a single large particle reveals that
the individual particles were composed of interconnected
carbon nanospheres in the size of 100—200 nm (Figure 1b).
The voids (macropores) formed by interconnected carbon
nanospheres offered sufficient reservoirs for electrolyte, which
was desirable for a supercapacitor electrode.

The N, adsorption—desorption experiments were performed
on the activated carbon samples. Supporting Information
Figure Sla shows the representative isotherm adsorption—
desorption curves of the samples (WTAC-2, 3, S, 9, and 16).
All the isotherm curves showed an intermediate behavior
between types I and II, which indicated that the as-synthesized
activated carbon possessed both micropores and mesopores.*®
The step line at the low pressure region suggested the presence
of a large fraction of micropores while the hysteresis loop at the
high pressure indicated the mesoporous structure. It has also
been found that the majority of pores in the sample were
micropores (less than 2 nm in size). Detailed analysis of the
micropore structure can be found in Supporting Information
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Figure 1. SEM images of the activated carbon powder (WTAC-16): (a) low-magnification image and (b) high-magnification image.

Table 3. Physical Properties and Electrochemical Performance of the Activated Carbon Electrodes

sample surface area total pore volume micropore volume
oA '/ lem'/9)
variable X, X, X5

WTAC-1 208.5 0.082 0.064

WTAC-2 202.5 0.066 0.058

WTAC-3 318.2 0.139 0.109

WTAC-4 409.8 0.143 0.118

WTAC-S 469.7 0.149 0.123

WTAC-6 424.2 0.167 0.145

WTAC-7 4219 0.164 0.151

WTAC-8 405.0 0.157 0.148

WTAC-9 509.6 0.192 0.163

WTAC- 430.7 0.169 0.147
10

WTAC- 397.8 0.207 0.177
11

WTAC- 382.5 0.143 0.114
12

WTAC- 3779 0.148 0.129
13

WTAC- 444.7 0.167 0.140
14

WTAC- 216.4 0.1367 0.113
15

WT;AC- 563.2 0.201 0.167
1

mesopore volume

é)cm3/ g2

micropore median specific capacitance rate capability
(®)

size (nm) (Cs) (F/g)
X, X Cg R
0.018 0.55 42.9 0.784
0.007 0.52 30.6 0.607
0.030 0.54 51.8 0.806
0.025 0.58 75.8 0.744
0.026 0.55 64.4 0.749
0.022 0.54 96.8 0.674
0.013 0.54 70.3 0.595
0.009 0.55 88.4 0.532
0.029 0.54 93.6 0.729
0.022 0.54 64.2 0.615
0.030 0.53 87.5 0.707
0.029 0.53 60.8 0.763
0.019 0.54 74.5 0.685
0.027 0.58 96.4 0.695
0.024 0.54 58.3 0.704
0.034 0.57 106.4 0.723

Figure Slb. It can be seen that the medium size of the
micropores was around 0.5 nm, which was close to the size of
hydrolyzed K* ions (0.331 nm).”® This indicated that
micropores created in the activated carbon samples were
good for supercapacitor application. When the size of the
micropores is comparable to the ion size, the micropores make
maximum contribution to the EDLC due to high electro-
adsorption originated from the strong interaction of ions with
the pore inwall.””*® The specific surface area and the pore
structure data are summarized in Table 3. It can be seen that
the specific surface area, the total pore volume, and the
mesopore/micropore volume ratio can be tuned by adjusting
the activation parameters, which will in turn affect the
supercapacitor performance. After activation with a H;PO,/
char ratio of 9 at 840 °C for 2.4 h, the activated carbon sample
(WTAC-2) showed the lowest surface area (202 m*/g) and the
lowest pore volume (0.066 cm?/g). After activation with a
H;PO,/char ratio of § at 900 °C for 3.5 h, the sample (WTAC-
16) exhibited the highest specific surface area of 563 m*/g and
highest pore volume of 0.201 cm®/g. These values were
comparable to or even larger than those reported in the

literature in which KOH, ZnCl,, or CO, were used as the
activation agents to groduce the activated carbon from waste
tire-derived char.**~>

The performance of the activated carbon electrodes was first
characterized by CV. Herein the specific capacitance (Cg) is
defined as the capacitance obtained at the lowest scan rate (2
mV/s) since the long-distance ion diffusion process can be
omitted at such a low scan rate. The specific capacitance can be
expressed

fI dt

Ci=—— (at2mV/s
=L Gamv)

(1)
where I is the current measured, V is the voltage window (1 V),
and m is the mass of a single electrode. The rate capability (R),
which is indicative of the power delivery capability of
supercapacitor, is defined as the ratio of the capacitance value
obtained at 100 mV/s to that at 2 mV/s. R can be expressed as

CIOOmV/s
C2mV/s (2)

R =
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Figure 2. (a) Cyclic voltammetric curves obtained from the activated carbon electrodes at a scan rate of 2 mV/s and (b) at a scan rate of 100 mV/s;
(c) charge—discharge curves of the activated carbon electrodes at a current density of 1 A/g; and (d) testing of the stability of the WTAC-16

electrode at 10 A/g for 1000 cycles of charge—discharge.
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Figure 3. (a) Nyquist plots of the supercapacitors and (b) the corresponding frequency-dependent capacitance response.

Figure 2a shows the CV curves of typical activated carbon
electrodes at a scan rate of 2 mV/s. The well-defined EDLC
behavior was reflected by the near-rectangular shape of CV
curves observed for all the samples. When the scan rate
increased to 100 mV/s, the well-defined rectangular shape of
CV curves can still be retained for almost all the samples except
for WTAC-2 as shown in Figure 2b, which confirmed that the
electrodes had good rate capability. The specific capacitance
and the rate capability data were also summarized in Table 3.

Constant current charge—discharge measurement was
performed to further investigate the electrochemical behavior
of the activated carbon electrodes. Figure 2c demonstrates the
results obtained at a current density of 1 A/g. The symmetrical
triangle shape of the charge—discharge curves confirmed the
pure EDLC behavior without any redox reaction involved. The
specific capacitances of the WTAC-2, 3, 5, 9, and 16 samples
were 26, 47, 49, 76, and 80 F/g, respectively, which were in
agreement with the values derived from the CV curves. The
WTAC-16 sample was operated under the constant-current

1595

charge—discharge condition for 1000 cycles at 10 A/g in order
to test the stability of the activated carbon electrode (Figure
2d). The specific capacitance was reduced by only 3% after
1000 cycles, which indicated that the as-synthesized activated
carbon electrode can be operated in practice.

Impedance spectra were used to clarify the reason for the
difference in the rate capability of WTAC samples. Figure 3a
reveals the Nyquist spectra of impedance in the frequency
range of 30 kHz ~ 0.1 Hz. An equivalent circuit can represent
the electrochemical cells (Supporting Information Figure S2).
The ohmic resistance (R), as the interception of the Nyquist
spectra with the Z’ axis at the high frequency, came from the
series resistance of the electrolyte, the contact leads, and the
sheet resistance of the carbon film. The ohmic resistance was
~0.1 Q-cm?® for all the samples, which confirmed the good
conductivity and high quality of the activated carbon electrodes.
The straight line at the low frequency region was characteristic
of the supercapacitance (C). The R.C. unit represents the
semiarc, which appeared at the medium frequency range. It was

dx.doi.org/10.1021/5c500336h | ACS Sustainable Chem. Eng. 2014, 2, 1592—1598
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Figure 4. (a) Specific capacitance of the activated carbon electrodes versus the micropore volume and (b) the rate capability versus the mesopore/

micropore volume ratio.

ascribed to the charge transfer process at the electrode/
electrolyte interface. The diameter of the semiarc can be used
to quantitatively analyze the charge transfer resistance (R.),
which becomes significant when a supercapacitor is operated at
a high rate. It can be seen that the WTAC-2 sample had the
largest charge transfer resistance of ~3 Q-cm* while the charge
transfer resistance of WTAC-3 sample was ~1 Q-cm® This
explained the fact that the WTAC-2 electrodes had the worst
rate capability, which was consisted with the CV results.
Furthermore, the frequency-dependent capacitance can be
calculated as follows

STRE 2T
joZ  wlZl wZ

©)

where C’ is the real capacitance, which represents the
deliverable capacitance of the electrodes. Figure 3b shows
that the C’' value of WTAC-2 sample that had the slowest
capacitive response. For other samples, the frequency responses
were similar since there was small difference in the rate
capability with each other.

The above-mentioned results show that adjusting the
activation parameters can tailor the physical properties such
as the specific surface area, total pore volume, micropore
volume, and mesopore volume, which can tune the specific
capacitance and the rate capability of the EDLC-type activated
carbon electrode. Herein we investigate how many physical
properties control the specific capacitance and the rate
capability and which physical property is a dominant factor in
governing the specific capacitance and the rate capability.

For EDLCs made of the activated carbon electrodes, the
porosity of the activated carbon governs its energy storage and
power delivery capability. The macropores (>S50 nm) act as the
ion buffering reservoir.”’ Micropores (<2 nm in size) serve as
the ion traps for energy storage, and mesopores (2—50 nm in
size) act as the ion transport pathways, which is crucial to the
power delivery.”** Keeping this in mind, the results in Figure 4
and Table 3 are understandable. Figure 4a plots the specific
capacitance (Cg) versus the micropore volume, which shows
that Cg increased with an increase in the micropore volume. To
further confirm this point, the multiple linear regression
method was performed to investigate the dependence of Cg
upon multiple physical properties (X, X, X;, X;, and X;) as
shown in Table 3. In the effort to model Cg as a function of X,
X; (micropore volume) was selected as the sole significant
predictor by the stepwise regression method, and the resulting
fitted model is

Cs = 1.7 + 550X, )
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The quality of a model can be judged by R R® is the
proportion of variability in Cg, which can be explained by
regression on X;. The R? of model 4 is 74.6%, which indicates
that model 4 is a good fit. It is worth noting that model 4
excludes X, and X, although Cg increases with an increase in
both the specific surface area (Supporting Information Figure
S3) and the total pore volume (Supporting Information Figure
S4). The correlation analysis between the factors suggests that
both X; (specific surface area) and X, (total pore volume) are
highly correlated with X; (micropore volume) with correlation-
(X5, X;) = 98.0% and correlation(X;, X;) = 82.0%, which is the
reason why these two factors (X; and X,) are not included in
model 4 because Xj is already included as the predictor. In
addition, X, (mesopore volume) is not correlated with X;, and
it is excluded by the stepwise regression from the selected
model because it does not have a significant impact on the Cg
value. As also evident in Supporting Information Figure SS, the
specific capacitance had no correlation with the mesopore.

Similarly, by performing stepwise regression of R (rate
capability) upon multiple physical properties (X;, X, X;, X,, X,/
X5, and X;) in Table 3, the final selected model for the rate
capability is given as

R = 0486 + 1.15(X,/X;) (3)

where X,/X; represents the mesopore/micropore volume ratio.
The R? of model § is 89.6%, indicating that the fitted model 5 is
of high quality. Figure 4b shows the rate capability versus the
volume ratio of mesopores to micropores. It can be found that,
as the mesopore/micropore volume ratio increased, the rate
capability also increased. The mesopores can effectively
transport the electrolyte ions to the micropores throughout
the electrode, which is the key to high capacitance retention at
a high scan rate.

In addition, linear regression was carried out to investigate
the dependence of R (rate capability) upon X, (mesopore
volume), and the fitted model is

R = 0.533 + 7.10X, 6)

with R* being 54.1%, much lower than the R* of model 5. By
comparing the R? of models $ and 6, we can conclude that X,/
X; (mesopore/micropore volume ratio) is a substantially better
predictor than X, (mesopore volume). This result indicates that
we cannot consider the mesopore volume alone to maximize
the rate capability. Instead, we must have the mesopore volume
match the micropore volume.

In contrast, the stepwise regression results show that the rate
capability has no evident correlation with the micropore
volume (see Supporting Information Figure S6), the total pore

dx.doi.org/10.1021/5c500336h | ACS Sustainable Chem. Eng. 2014, 2, 1592—1598
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volume (Supporting Information Figure S7), and the specific
surface area (Supporting Information Figure S8) of the
activated carbon electrode in this study.

The rate capability of EDLC-based supercapacitor electrodes
generally depends on four processes:

(i) Ion diffusion in the liquid electrolyte: The charge storage
occurs in the micropores only when the ions can be
delivered to the microspores via diffusion in the liquid
electrolyte through the mesopores to the micropores.
Obviously increasing the mesopore/micropore volume
ratio will facilitate the ion diffusion.

Charge transfer at the electrolyte/electrode interface: In
this study, all the samples had almost identical charge
transfer resistance (1 Q-cm?) except for WTAC-2 (3 Q-
cm?), which was confirmed by the electrochemical
impedance analysis. Therefore, a high charge transfer
resistance was one reason for a low rate capability of the
WTAC-2 sample.

Ion adsorption on the surface of solid electrode: The ion
adsorption is affected by the surface chemistry and the
surface charge of solid electrode as well as the diameter
of micropores, which controls the solvation of ions. All
the samples in this study had almost the same surface
chemistry, surface charge, and micropore diameter.
Hence the ion adsorption process was not the dominant
factor that led to variation of the rate capability among all
the samples.

Electron transport in the solid electrode and in the whole
circuit: All the samples were highly conductive, which
was reflected by the low ohmic resistance (0.1 Q-cm?*)
derived from the electrochemical impedance analysis.
Hence the electron transport process was not a rate-
limiting factor for the power delivery in this study.

(i)

(iii)

(iv)

On the basis of the above analysis, it is not surprising that the
volume ratio of mesopores to micropores was the dominant
factor that governed the rate capability of the activated carbon
electrodes. The WTAC-2 sample showed the lowest rate
capability because it had the lowest mesopore/micropore
volume ratio while the WTAC-3 and WTAC-16 samples
exhibited higher rate capability due to their higher mesopore/
micropore volume ratio. The lowest specific capacitance (Cg)
was observed for the WTAC-2 sample because it had the lowest
micropore volume, total pore volume, and specific surface area.
In contrast, the WT'AC-16 sample exhibited the highest specific
capacitance, which exceeded 100 F/g. This value was
comparable to that obtained from the activated carbon
electrodes derived from coffee waste, coconut shells and
bamboo."

Finally, the activation process in Table 2 affected the physical
properties (Table 3) of the activated carbon. Hence the
activation process controlled the performance of activated
carbon electrodes. A statistical model was developed to
correlate the specific capacitance (or rate capability) with the
activation variables including the H;PO,/char ratio (ratio), the
activation temperatures (T, °C), and the activation time (%
hour) as follows:

Cg = —7432 + 15.6T — 0.07ratio + 281t — 0.3117Tt
— 0.00807T> (7)

R = 24.0 — 0.0455T — 0.347ratio — 1.33¢ + 0.000353T
ratio + 0.00141T¢t + 0.000022T> (8)
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According to eq 7, increasing the H;PO,/char ratio (ratio)
reduces Cg because a higher H;PO, content results in a higher
activation degree, which reduces the micropore volume. At a
given temperature (T), prolonging the activation time (t) also
reduces Cg. When t is fixed, increasing T increases the rate
capability (R) because a higher activation degree results in a
larger level of mesopores. These fitting trends were consistent
with the experimental results.

Besides the pore structure, other factors such as the chemical
composition and the chemical structure were examined. The
chemical compositions of the selected activated carbon samples
are listed in Table S1 in the Supporting Information. Also, the
Raman spectra of the activated carbon samples are shown in
Figure S9 in the Supporting Information. The oxygen content
in the activated carbon samples varied from 4.7 to 11.7 at %.
The activated carbon samples also contained a small amount of
N, S, P, and Si. The Raman spectra displayed the D band and
the G band. The G band was ascribed to the in-plane vibration
of sp” carbon atoms while the D band was attributed to the sp*
carbons. The intensity ratio of the D band to the G band varied
from 0.65 to 0.83. The statistical analysis of our experimental
data showed that both the specific capacitance and the rate
capability possessed negligible correlation with the impurities
and the intensity ratio of the D band to the G band.

B CONCLUSIONS

In summary, the activated carbon electrodes were successfully
prepared using waste tires as the precursor. The H;PO,
activation process effectively generated a porous structure in
the carbon materials. The specific surface area, the total pore
volume, the mesopore volume, and the micropore volume can
be tailored by adjusting the activation parameters. The results
from the statistical multiple linear regression and stepwise
regression methods clarified the correlation of the specific
capacitance and the rate capability with the physical properties
of the activated carbon electrode. The specific capacitance was
mainly controlled by the micropore volume of the activated
carbon electrode; and it is not correlated to the mesopores
volume. The rate capability has no evident correlation with the
micropore volume, the total pore volume, and the specific
surface area. Actually it is dominated by the mesopore/
micropore volume ratio instead of the absolute value of
mesopore volume. This result indicates that the mesopore
volume cannot be considered alone to maximize the rate
capability. Instead, the mesopore volume must match the
micropore volume. Generally, the rate capability of EDLC-
based supercapacitor electrodes depends on four processes: (i)
ion diffusion in the liquid electrolyte, (ii) charge transfer at the
electrolyte/electrode interface, (iii) ion adsorption on the
surface of solid electrode, and (iv) electron transport in the
solid electrode and in the whole circuit. For the samples studied
here, ion diffusion in the liquid electrolyte is the rate-limiting
factor for the rate capability of activated carbon electrode.
Finally, the best EDLC-type supercapacitor electrode exhibited
a specific capacitance of 106 F/g.
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