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a b s t r a c t

High specific surface area (SSA), especially effective specific surface area (E-SSA) of the active electrode
materials is required for high performance supercapacitors. In this work, such materials (e.g. AC-KOH)
were obtained using a scalable industrial method from biomass waste material, with controlling the
pore size distribution and mesopores as the major contribution. Thus, an electrode material, with ul-
trahigh mesopore volume of 1.85 cm3 g�1, E-SSA up to 1771 m2 g�1 for organic electrolyte ion (TEAþ) and
taking 55% of the total SSA of 3237 m2 g�1 with an excellent conductivity of 33 S m�1, was obtained. With
these outstanding properties, the materials demonstrate excellent double-layer capacitance with
remarkable rate performance and good cycling stability. The material delivers capacitance up to 222, 202
and 188 F g�1 at current density of 1 A g�1 in aqueous, organic and ionic liquid electrolyte system,
respectively. Meanwhile, it exhibits a high energy density of 80 W h kg�1 in ionic liquid electrolyte at a
power density of 870 W kg�1. Furthermore, these materials can be produced in large scale from various
biomass materials, and thus could be an excellent choice of the high performance materials required in
the increasing important supercapacitor industry.

© 2017 Published by Elsevier Ltd.
1. Introduction

Supercapacitors (SCs), also named electrochemical capacitors or
ultracapacitors, are attracting intense scientific attention as they
can bridge the energy-power gap between the commercial batte-
ries and traditional capacitors [1e3]. Due to their high power
density and excellent cycle life, SCs power awide variety of devices,
ranging from small and low-power electronics up to the large en-
ergy units applied in such as electric vehicles [4,5]. Activated car-
bons (ACs) with high specific surface area (SSA), optimal pore size
distribution (PSD) and high conductivity are highly desired as
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advanced electrode materials for electrochemical double-layer ca-
pacitors (EDLCs) [6e10]. EDLCs store charge when electrolyte ions
form electric double layers at the surface of oppositely charged
electrodes under an externally applied voltage, with the amount of
charge stored being proportional to the available SSA of electrode
materials [4]. Note that this available SSA is actually the effective
SSA (E-SSA) [11,12], which is often mixed up with the total SSA
obtained directly from the Brunauer-Emmett-Teller (BET) analysis.
E-SSA, the accessible portion of the total SSA for electrolyte ions, is
determined by both the total SSA, PSD of the electrode materials
and the electrolyte ion size. So it is critical to design an electrode
material by controlling both the SSA and PSD for better capacitance
performance. Previously, various approaches have been made to
increase the total SSA [13e16], but much less has been done to
design and achieve the more meaningful high E-SSA by controlling
the microstructures of the materials. Though some approaches,
such as carbide-derived and template approaches, have been
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reported [17e20] and offered some sort of controlling of the pore
structures, most of these materials suffer from either complicated
synthesis process of high-cost, and/or the use of toxic chemicals/
gases, thus hindering their possible scalable production and wide
application in industry. Also, previously a linear relationship be-
tween the E-SSA of the electrode materials and their capacitance of
devices has been found based on a general model [11,21]. So it
would be ideal to design the electrode materials with high E-SSA,
not merely high SSA, by controlling the PSDs of materials for high
performance SCs.

In this work, such materials, mesoporous activated carbons (AC-
KOH) with ultrahigh E-SSA and thus high capacitance performance
have been obtained using a simple industrial hydrothermal
carbonization and activation approach from the biomass corn
straw. The high synergy of total BET SSA of 3237 m2 g�1 and an
ultrahigh E-SSA reaching up to 1771 m2 g�1, together with a good
conductivity of 33 S m�1 was achieved by controlling the PSDs and
having the mesopore volume of 1.85 cm3 g�1 as the major contri-
bution to the total pore volume. Note, different from most of pre-
viously reported carbon materials, the pore structure of our
materials could be controlled and optimized with the more
important mesopores as the dominated contribution to the overall
pore structure. This mesopore dominated structure, leading to a
high E-SSA percentage in the total SSA, makes these materials show
both high capacitance and rate performance. The capacitor based
on this electrode material delivers a high specific capacitance (Cp)
of 222 F g�1 in aqueous (6 M KOH), 202 F g�1 in organic (1.0 M
TEABF4/AN) and 188 F g�1 in ion liquid electrolyte (EMIMBF4) at
current density of 1 A g�1, much better than that of commercial
activated carbon YP50, and also among the highest of the materials
prepared from other carbon sources (details in Data in Brief article).
Furthermore, in ionic liquid electrolyte system, the AC-KOH mate-
rials exhibit energy density of 80W h kg�1, also significantly higher
than that of YP50 (51 W h kg�1). The outstanding electrochemical
performance of these materials can be attributed to their better
controlled and optimal microstructures, which not only provides a
high E-SSA accessible to the electrolyte ions but also offers abun-
dant mesopore channels for faster ion transportation. Thus, the
combined properties in terms of high E-SSA, abundant mesoporous
structure, good conductivity and low-cost make these materials a
viable choice for the truly industry applications much required for
the increasing green energy platform.

2. Experimental

2.1. Materials synthesis

All chemicals used in this study are analytical grade and used
directly without further treatment unless otherwise indicated.
Distilled water was used in all experiments. The commercially
landmark available AC, YP50 was obtained from Tianjin Plannano
Energy Technologies Co., Ltd with BET SSA of 1493 m2 g�1. The
biomass material, air-dry corn straw was collected from local place,
and was shattered and sieved through 100 mesh sieve. The
collected powders under 150 mm were dried at 120 �C for 24 h
under vacuum. The corn straw derived ACs were synthesized
through a hydrothermal carbonization and followed by an activa-
tion step following our previous procedures [12,22]. Typically, corn
straw powders (8.00 g) were added into distilled water (60mL) and
stirred for 2 h. The as-prepared suspension was then transferred to
a sealed 100 mL Teflon-lined autoclave, heated to 180 �C and
maintained at this temperature for 12 h. After the autoclave was
cooled to room temperature, the hydrothermal product was
filtered, washed with distilled water and finally dried in vacuum at
120 �C for 24 h. For the optimal process, the hydrothermal product
was mixed with different activation agents at the weight ratio of
1e4, placed into a nickel boat in a horizontal tube furnace and
heated to 900 �C for 1 h at 5 �C min�1 under Ar. After cooling to
room temperature, the products were thoroughly washed with
0.1 M HCl and distilled water until the pH value reached 7. Finally,
the collected sample was dried in a vacuum oven at 120 �C for 12 h.
KOH, ZnCl2, K2CO3 and Na2CO3 were used as the activation agents,
and the corresponding final products were labeled as AC-KOH, AC-
ZnCl2, AC-K2CO3 and AC-Na2CO3, respectively. Note other ratios
other than 4:1 such as 2:1 and 5:1 with activation agents have been
tested for the activation step, including the case of KOH, where the
corresponding products are named as AC-KOH-2:1 and AC-KOH-
5:1, respectively. The activation production yield (h) was calcu-
lated with the weight ratio of the activation product to the hy-
drothermal product.

2.2. Characterization

X-ray diffraction (XRD) was carried out using a Rigaku D/Max-
2500 diffractometer with Cu Ka radiation. The interlayer spacing
(d002) was calculated from the Bragg peaks using the Bragg law:
nl ¼ 2dsinq, where l is the wave length of the X-ray radiation and q

is the Bragg angle. The height (Lc) of stacking carbon domains was
calculated from (002) peak using Scherrer's equation: Lc ¼ Kl/
(bc� cosq), where K is the shape factor (0.89), l is thewave length of
the X-ray radiation, bc is the full widths at half maximum (FWHM)
of the diffraction peaks and q is the Bragg angle. Raman spectra
were examined with a LabRAMHR Raman spectrometer using laser
excitation at 514.5 nm. Lorentzian fitting was carried out to confirm
the positions and FWHM of the D and G bands. The size (La) of
carbon domains can be carried out by La (nm) ¼ (560/E4) (ID/IG)�1,
where E is the laser energy (2.41 eV), ID and IG are the intensities of
the D and G bands, respectively. X-ray photoelectron spectroscopy
(XPS) analysis was obtained using AXIS HIS 165 spectrometer
(Kratos Analytical) with a monochromatized Al Ka X-ray source
(1486.71 eV photons). The nitrogen adsorption/desorption analysis
was done at 77 K on a Micromeritics ASAP 2020 apparatus. The BET
method was employed for the SSA, and the density functional
theory (DFT) method was used for the PSD analysis. Scanning
electron microscopy (SEM) images were obtained on a Phenom Pro
SEM. High resolution transmission electron microscopy (HR-TEM)
was conducted in a FEI Tecnai G2 F20 electron microscope using an
acceleration voltage of 200 kV.

2.3. Fabrication of supercapacitors

The supercapacitor test cells were fabricated by a symmetrical
two-electrode system [23,24]. The electrode materials, mixed with
carbon black (Super P, Timcal) and polytetrafluoroethylene (PTFE,
solid powder, Dupont) at the weight ratio of 85:5:10, was rolled
into 80e100 mm thickness sheets and punched into 12 mm diam-
eter electrodes. After dried at 120 �C for 6 h under vacuum, the
electrodes were weighted and hot pressed onto Al foils with con-
ducting carbon coating (or foamNi) and then and dried at 180 �C for
6 h under high vacuum. The dry electrodes were transferred into a
glove box filled with Ar to assemble the coin-type supercapacitors
which consisted of two current collectors, electrolyte, two elec-
trodes with identical weight and a separator sandwiched. 6 M KOH,
1.0 M TEABF4/AN and EMIMBF4 electrolytes were investigated
respectively.

2.4. Electrochemical measurements

All the electrochemical tests were performed at room tempera-
ture. Cyclic voltammetry (CV)measurementswere carried out using
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a CHI660C electrochemical analyzer (Shanghai Chenhua In-
struments Co., Ltd.). Galvanostatic charge-discharge cycle testswere
performed using a battery test system (LAND CT2001A model,
Wuhan LAND Electronics. Ltd.). The applied voltage windows was
0e1.0 V for KOH, 0e2.7 V for TEABF4/AN and 0e3.5 V for EMIMBF4
electrolyte respectively. The electrochemical impedance spectros-
copy (EIS)measurementswere carried out in the range of 100 kHz to
10 mHz on a P4000 electrochemical workstation (Princeton, USA).
The specific capacitance Cp (F g�1) was calculated according to:

Cp ¼ 4I
mdV=dt

where I (A) is the constant current, m (g) is the total mass of the
active materials on the two single electrodes and dV/dt (V s�1) is
the slope obtained by fitting a straight line to the discharge curve
over the range from V (the voltage at the beginning of discharge) to
V/2. The energy density, Ecell (W h kg�1), was calculated using the
formula Ecell¼ CpV

2/8, where Cp (F g�1) is the specific capacitance of
the device and V (V) is the voltage. The power density, P (W kg�1),
was calculated according to the formula P ¼ E/Dt, where E
(W h kg�1) is the energy density of the device and Dt (s) is the
discharge time.

The electronic conductivities of AC-KOH and YP50 were
measured using the previous reported method [12,24]. Typically,
the sample was mixed with 2 wt% PTFE as a binder, and homoge-
nized in an agate mortar. Then it was rolled into 10e20 mm thick-
ness sheets and cut into 1 � 3 cm2 and pressed at 10 MPa for 10 s.
Then it was covered with the copper foil on both sides and
measured using a multimeter. The conductivity of the film was
calculated using the formula l ¼ L=Rx$W$d, where l is the con-

ductivity of the sample, L,W, d is the length, width and thickness of
the sheet respectively, and Rx is the resistance of the sheet tested by
the multimeter.
2.5. Calculation of the E-SSA and theoretical specific capacitance

The E-SSA and theoretical specific capacitance of the electrode
material were calculated following our early works [11,12]. As a
typical example, the E-SSA was obtained according to the cumu-
lative DFT SSA, the PSD of the carbon materials and the electrolyte
ion size (details in Data in Brief article). The data of DFT SSA and
PSD were obtained from the BET analysis directly. For the electro-
lyte ion size used for the calculation, both the cases of solvent free
(bare) and solvated ions should be considered. For the case of
TEABF4 in AN, the diameters of solvent free (bare) and solvated
TEAþ cation are 0.684 and 1.32 nm, respectively, which is larger
than that of BF4� anion (0.458 nm), so the sizes of TEAþ cations were
used for the E-SSA calculation [11,12]. When the pore width of the
carbon material is larger than 0.684 nm (the bare size of TEAþ

cation) but smaller than 1.32 nm (the size of solvated TEAþ cation),
the bare TEAþ ion size was used for the calculation. While when the
pore width of the carbon material is larger than 1.32 nm, the sol-
vated TEAþ ions was then used. Both parts were then added up as
the total E-SSA. With the E-SSA, the theoretical capacitance of the
carbon materials in TEABF4/AN electrolyte was calculated based on
the effective ionic diameter model discussed in our early work [12].
3. Results and discussion

3.1. Structure and morphology characterization

As discussed above, to achieve excellent performance SCs, it is
critical to achieve high E-SSA, rather than just high total SSA. This
requires to control both the morphology of the starting carbon
sources and the activation process for an optimal product pore
structure [11]. So, based on the morphology analysis, a cheap
agriculture waste of corn straw was selected as the carbon source
and an industrial hydrothermal carbonization and chemical acti-
vation process was applied. The SEM image of the carbon source
corn straw (Fig. 1a) shows a well-organized honeycomb porous
structure. If the treatment and/or activation process were
controlled properly, a mesoporous structure could be achieved,
thus to offer a high E-SSA. As shown in Fig. 1b, after hydrothermal
treatment, the layered and porous structure were kept for the
carbonized product. This unique porous/layered structure of the
hydrothermal products makes them much easier to undergo the
further activation process of some micropores, leading to abundant
mesopores and high E-SSA. As will be presented below, various
activation agents and with different ratios were tested, and Fig. 1c
exhibits the loose carbon structures of the best product AC-KOH
after activation process with KOH. The HR-TEM image in Fig. 1d
shows some clear porous structure on the surface of AC-KOH,
formed by the evaporation of activation agent. This would
generate abundant void space during activation after the subse-
quent removal of untreated activation agent via washing with
deionized water [25]. In addition to the high E-SSA, this plenty of
mesopores also provide favorable and more efficient paths for
transportation of electrolyte ions, desired for a high rate
performance.

XPS analysis was performed to study the surface chemical
composition and atomic percentage of the surface elements. In
Fig. 2a, clear peaks of C1s (285 eV) and O1s (532 eV) were observed.
The contents of C and O elements in AC-KOH are estimated as
94.46% and 4.87%, respectively, similar to that of commercial YP50
(details in Data in Brief article). The high resolution C1s spectra of
AC-KOH (Fig. 2b) can be deconvoluted into three individual
component peaks, corresponding to C]C (284.6 eV), CeO
(285.5 eV) and OeC]O (288.2 eV), respectively [21,24]. The over-
whelming strong peak of C]C at 284.6 eV demonstrates that most
of the carbon atoms are sp2 carbons. The relatively weak peak of
CeO at 285.5 eV indicates the existence of small amount of the
surface oxygen-containing groups, which can contribute to the
hydrophilicity and wettability of material surface and facilitate the
accessibility of the electrolyte ions.

Fig. 2c show the N2 adsorption/desorption isotherms of the
prepared series of ACs using different activation agents and the
compared YP50. All the samples display the typical characteristics
of type-IV isotherms with hysteresis loop, indicating a combination
of microporous/mesoporous structure [25]. The optimal AC-KOH
exhibits much more significant hysteresis than that of AC-K2CO3,
AC-Na2CO3, AC-ZnCl2 and the industry landmark material YP50 in
the relative pressure (P/P0) range of 0.4e0.9, showing much higher
amount of mesopores in AC-KOH than other ACs using the same
starting materials and under the same procedure. The calculated
structure parameters of series of carbon materials, including BET
SSA, total, micro-/meso-pore volume, E-SSA for organic electrolyte
ion of TEAþ and the production yields are summarized in Table 1
(details in Data in Brief article). As can be seen, AC-KOH material
gives the highest E-SSA of 1771m2 g�1 with 55% contribution to the
total SSA of 3237 m2 g�1, and a mesopore volume of 1.85 cm3 g�1

with 81.5% proportion of the total pore volume of 2.27 cm3 g�1,
which all are superior than the other ACs using different activation
agents and the commercial YP50. These results indicate that acti-
vation agents have strong impact for the SSA and pore size distri-
bution of products, and thus changing the product's E-SSAs
significantly. Fig. 2d show the PSDs of the best AC-KOHmaterial and
the compared YP50. It is clearly illustrated that the pore structure of
AC-KOH material is mainly in the range of mesopore with



Fig. 1. The SEM images of (a) carbon source of corn straw, (b) hydrothermal product of corn straw, (c) activation product AC-KOH and (d) HR-TEM of AC-KOH.

Y. Lu et al. / Carbon 124 (2017) 64e71 67
adsorption average pore width (Wp) of 3.23 nm, much different
from other materials. From Table 1 and Fig. 1 in the corresponding
Data in Brief article, the pore width of AC-ZnCl2, AC-Na2CO3, AC-
KOH-2:1 and AC-KOH-5:1 are 3.07, 2.27, 2.14 and 2.58 nm,
respectively, all lower than that of AC-KOH (3.23 nm). Especially,
AC-K2CO3 and YP50 are mainly consisting of the micropores and
the average pore sizes are only 1.86 and 1.98 nm, respectively.
Fig. 2e show the distribution of cumulative pore volume with the
pore size of AC-KOH, indicating that the proportion of the meso-
pore volume reaches up to 81.5%, dramatically higher than that of
other prepared ACs and YP50 (Table 1).

For the best AC-KOH material, its morphology and high SSA
were further analyzed using XRD and Raman spectra. As shown in
Fig. 2f, the two weak and broad diffraction peaks at ~25� and 42� in
the XRD patterns of AC-KOH correspond to the (002) and (100)
planes, indicative of its much lower ordering. The inter layer
spacing (d002) of AC-KOH, calculated from the center position of
(002) peak, is about 0.416 nm, significantly larger than that of
graphite (0.335 nm), implying a random combination of graphitic
and turbostratic stacking [25,26]. The thickness of the carbon do-
mains in AC-KOH was estimated from the XRD lattice parameters
and the average domain's height (Lc) can be approximately deter-
mined to be 0.79 nm by using the Scherrer's equation, which is
close to that of the earlier reported sp2 carbon materials with high
SSA [21,27]. The characteristic of highly disordered carbons and the
size is also supported by the results from Raman studies. In Fig. 2g,
the D band at 1350 cm�1 for disordered carbon crystallites, together
with the G band at 1586 cm�1 (attributed to crystalline graphite),
was observed. The large value of the full width at half maximum of
D and G bands (~272 and 109, respectively) and the high value of
the ratio of integrated intensities of D and G bands (ID/IG ¼ 2.5)
demonstrate a high degree of structural disorder for porous car-
bons [28]. The estimated average in-plane size (La) of the carbon
domains in AC-KOH was ~6.65 nm based on Raman analysis [27].
This small carbon domain size, indicating a significant contribution
of the edge part to the SSA, thus would lead to a high SSA as re-
ported earlier [11,27]. Using these morphology data, the theoretical
SSA was estimated to be 3200e3500 m2 g�1 [27], consistent with
the experimental SSA.

The electronic conductivity of AC-KOH was measured to be
33 S m�1, much higher than that of YP50 (9 S m�1). Since the state
of the art ACs used in commercial has significantly lower conduc-
tivity and requires significant amount of addition of conducting
materials, its inherent higher electronic conductivity should make
this material to have a better rate performancewith similar formula
of the electrode composition.
3.2. Electrochemical performance

The AC-KOH sample exhibits dominatingly mesoporous struc-
ture and high E-SSA compared with other prepared ACs. Thus, it
was further studied for EDLC application. The theoretical capaci-
tance of AC-KOH electrode material in TEABF4/AN electrolyte at
current density of 1 A g�1 was estimated at 204 F g�1 based on the
previous reported model using its E-SSA [12]. The details for the
calculation of such theoretical capacitance was presented in the
Experimental section. Its practical electrochemical performance
was then evaluated following the widely accepted standard



Fig. 2. Structure analysis of prepared ACs and the compared commercial YP50. (a) XPS survey spectrum. (b) High resolution C1s spectra. (c) Adsorption/desorption isotherms of ACs
activated using different activation agents and YP50. (d) PSDs of AC-KOH and YP50 based on the DFT method from the nitrogen adsorption data. (e) The distribution of cumulative
pore volume with pore width for AC-KOH and YP50. The inset vertical dashed line demonstrated the boundary of micropore and mesopore. (f) XRD and (g) Raman results of AC-
KOH. (A colour version of this figure can be viewed online.)

Table 1
The SSA, porosity parameters and the production yields of prepared ACs and the control commercial YP50.

Sample SBET
a (m2 g�1) Vtol

b (cm3 g�1) Vmic
c (cm3 g�1) Vmes

d (cm3 g�1) Vmes/Vtol
e (%) E-SSA (m2 g�1) Wp

f (nm) hg (%)

AC-KOH 3237 2.27 0.42 1.85 81.5 1771 3.23 7.20
AC-ZnCl2 1631 1.04 0.25 0.79 76.0 833 3.07 41.0
AC-K2CO3 1622 0.89 0.47 0.42 47.2 892 1.86 21.2
AC-Na2CO3 1254 0.63 0.35 0.28 46.0 510 2.27 21.1
AC-KOH-2:1 2346 1.08 0.54 0.54 50.0 1065 2.14 9.78
AC-KOH-5:1 2264 1.23 0.35 0.88 71.5 1183 2.58 2.46
YP50 1493 0.62 0.54 0.08 12.9 713 1.98 e

a BET total specific surface area.
b Total pore volume.
c Micro pore volume.
d Meso pore volume.
e The ratio of mesopore volume to total pore volume.
f The adsorption average pore width.
g The activation production yields.

Y. Lu et al. / Carbon 124 (2017) 64e7168



Fig. 3. Electrochemical performance of AC-KOH and YP50 based SCs in TEABF4/AN electrolyte system. (a) CV curves of AC-KOH based SC measured at the scan rates of 5, 10, 20 and
50 mV s�1 in the potential range of 0e2.7 V. (b) Galvanostatic charge/discharge curves for AC-KOH based SC tested at current densities from 0.1 to 2 A g�1. (c) Rate performance for
AC-KOH based supercapacitor tested at current densities from 0.1 to 30 A g�1. (d) Nyquist plots of AC-KOH and YP50 based SCs. (A colour version of this figure can be viewed online.)
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method using two-electrode testing cells with KOH, TEABF4/AN and
EMIMBF4 as the electrolytes, respectively [21,29]. Fig. 3 illustrates
the electrochemical performance of AC-KOH and YP50 based SCs in
TEABF4/AN electrolyte system. The CVs of AC-KOH (Fig. 3a) in the
voltage range of 0e2.7 V at the scan rates of 5, 10, 20 and 50 mV s�1

all display nearly perfect rectangular shape without any redox
peak. This demonstrates the ideal behavior of EDLC with fast
charge/discharge processes [23]. The galvanostatic charge/
discharge curves of AC-KOH at different current densities are close
Fig. 4. Cycling stability for AC-KOH based supercapacitor after 5000 cycles, measured at a
lightened LED light. (A colour version of this figure can be viewed online.)
to an isosceles triangle shape (Fig. 3b). Especially, at a low current
density of 0.1 A g�1, the charging curves are also generally highly
symmetric, similar as their corresponding discharging counter-
parts, revealing high capacitive reversibility and the ideal EDLC
characteristics, consistent with the CV results above. The capaci-
tance of AC-KOH based supercapacitor is 202 F g�1 at a current
density of 1 A g�1 (Fig. 2 in Data in Brief article), consistent with the
calculated theoretical Cp value (204 F g�1), which is significantly
superior than that of the control sample of YP50 (100 F g�1) and
current density of 2 A g�1 within the potential range from 0 to 2.7 V. The inset is the
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other reported biomass derived AC electrode materials [30,31].
Generally, the capacitance of AC materials would decrease signifi-
cantly at higher current density, particularly for the cases where
micropore is dominated. But in our case, it was found that the
capacitance retains very well when the current density increased.
As shown in Fig. 3c and Fig. 3 in the corresponding Data in Brief
article, the specific capacitance of the AC-KOH electrode material
retained at ~94% even when the current density increased from 0.1
to 30 A g�1, indicating an excellent rate capability. The high
retention of capacitance at high current density should be attrib-
uted to the suitable mesoporous structures of AC-KOH, whose
optimal pore structure can provide smooth and convenient ion
transfer pathways for quick transportation of electrolyte ions and
rapid formation the electric double layers.

The charge transfer resistance and ion diffusion performance
were evaluated by the EIS measurements at a frequency range of
100 kHz to 10 mHz. Fig. 3d shows the Nyquist plots for AC-KOH and
YP50 based SCs. In the low-frequency region, both AC-KOH and
YP50 plots exhibit an oblique line, indicating a diffusion controlled
electrode process. The relatively steeper slope of AC-KOH plot
suggests that the electric double layers in AC-KOH based device is
easier to establish than that of YP50. The Warburg resistance at the
45� portion of AC-KOH is shorter than that of YP50, indicating a
shorter ion diffusion path for AC-KOH [24]. In the high-frequency
region, the AC-KOH based supercapacitor exhibits a smaller
equivalent series resistance (0.42 U) than that of YP50 (0.97 U),
indicating a lower charge transfer resistance, which is a result of the
excellent conductivity of AC-KOH. All these are consistent with its
mesopore dominated structure.

The cycling stability of AC-KOH electrode materials in TEABF4/
AN was also performed using the galvanostatic charge/discharge
method at a current density of 2 A g�1, as shown in Fig. 4. After
5000 cycles, the capacitance is kept ~96%, indicating an excellent
life time.

Similarly, AC-KOH was evaluated using the aqueous and ionic
liquid electrolyte systems, and also demonstrated excellent per-
formance. For example, in 6 M KOH electrolyte (Fig. 4 in Data in
Brief article), it gives as such as high capacitance of 260 and
222 F g�1 at current density of 0.1 and 1 A g�1, respectively, superior
than that of the YP50 and previous works [32e34]. In ionic liquid,
its capacitance and energy density reached 188 F g�1 at current
density of 1 A g�1 and 80W h kg�1 at power density of 870W kg�1,
respectively, much higher than that of YP50 (120 F g�1, 51W h kg�1

at power density of 870 W kg�1) (Fig. 5 in Data in Brief article)
under the same test condition and the reported works [31,35e37].
With this high energy density, the device was assembled for
lighting up a light emitting diode (LED) light. As shown in the inset
of Fig. 4 (Fig. 6 and supplementary video in Data in Brief article), a
red LED with a working potential around 2.2 V and working power
about 40 mW could be lighted up for ~30 min when it was con-
nected to the fully charged coin-type supercapacitor.

4. Conclusion

With appropriate structure of the starting carbon source and
activation approach, a carbon material with optimal mesopore
dominated morphology and high E-SSA was obtained using an in-
dustrial scalable method. Due to its high E-SSA of 1771 m2 g�1 for
organic electrolyte ion of TEAþ, mesopore volume of 1.85 cm3 g�1,
average pore width of 3.23 nm and excellent electronic conduc-
tivity of 33 S m�1, the electrode materials offer 222, 202 and
188 F g�1 at current density of 1 A g�1 in aqueous, organic and ionic
liquid electrolyte systems, respectively, and exhibit high energy
density of 80 W h kg�1 in ionic liquid. Thus, this low cost and high
performance material may offer a competent choice as the active
material of EDLCs in industry.
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