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a  b  s  t  r  a  c  t

Two  kinds  of  ordered  mesoporous  carbon  (OMC),  hexagonal  mesoporous  carbon  CMK-3  and  cubic  meso-
porous carbon  CMK-8,  are  prepared  by a hard  template  nanocasting  method.  Afterwards,  nitric  acid
modification  is  conducted  to  explore  the  influence  of surface  functional  groups  on  the  supercapacitive
characteristics  of  the OMC  electrodes.  The  electrochemical  performances  of  CMK-3,  CMK-8,  acid-modified
CMK-3  (H-CMK-3)  and  acid-modified  CMK-8  (H-CMK-8)  electrodes  are  investigated  in  three-electrode
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cells  using  alkaline  (2 M  KOH),  acidic  (2 M  H2SO4)  and  neutral  (2 M Na2SO4)  aqueous  media.  After  nitric
acid  modification,  the  capacitive  performances  of  two  OMCs  are  improved  in  KOH,  decreased  in H2SO4,  but
showed  no  change  in  Na2SO4.  The  correlations  among  the  change  of  surface  functional  groups  after  acid
modification,  electrolyte  category  and  the  capacitive  performance  of the  OMCs  are  studied  in  detail.  It  can
provide a guideline  for  proper  usage  of OMC-based  materials  for  the  next  generation  of supercapacitors.
upercapacitor

. Introduction

Because of the depletion of fossil fuels and increasing envi-
onmental concerns, one of the biggest challenges is to find and
se an alternative energy conversion/storage system that can meet
he present day power demands [1,2]. Supercapacitors, as a unique
ype of electrochemical energy storage devices, are not limited by
he electrochemical charge transfer kinetics of batteries and thus
an operate at very high charge and discharge rate [3–5]. Super-
apacitors can be used either by themselves as the primary power
ource or in combination with fuel cells or batteries to deliver the
igh power needed during acceleration and to recover the energy
uring braking for automobiles [6,7].

At present, high-surface-area activated carbons (ACs) are still
he predominant electrode materials for commercial supercapaci-
ors [8–10]. However, the ultramicropores in ACs are inaccessible
o the electrolyte ions, as well as the broad distribution of pore size,
ignificantly decreasing the specific capacitance of ACs [11,12].  It is
ell known that the pore structures of carbon materials (micro-

 meso- and macro-pore) critically affect their physicochemical
roperties, especially when the carbon materials serve as an

lectrode material involving the electrolyte accessibility, ion trans-
ortation, electron conductivity, etc. [13,14]. Thus, a combination of
igh surface area and optimal mesoporosity is highly desirable for
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carbon electrode materials to be used in high-performance super-
capacitors. In this regard, ordered mesoporous carbons (OMCs)
which possess well-ordered pore structures, narrow pore size dis-
tributions, high specific pore volumes and high specific surface
areas, seem to be attractive candidates as electrode materials for
supercapacitors [15,16].

Up to now, various methods such as soft template replicating,
hard template nanocasting and self-assembly have been success-
fully employed to prepare OMCs with different porous structures
[17]. Among them, a kind of ordered two-dimensional (2D) hexago-
nal mesoporous carbon, called CMK-3, has been widely investigated
for electrical double-layer capacitors (EDLCs). CMK-3 is commonly
prepared via a direct-templating nanocasting using a hexagonally
ordered mesoporous silica SBA-15 as the hard template, and CMK-3
is the faithful replica of the mesoporous structure of SBA-15 [18,19].
Moreover, another kind of ordered 3D cubic mesoporous carbon,
called CMK-8, can be prepared through the faithful inverse replica
from another mesoporous silica KIT-6, which exhibits a typical 3D
cubic structure (Ia3d symmetry) consisting of an interpenetrat-
ing bicontinuous network of channels [20,21].  Nevertheless, little
attention has been paid to the supercapacitive properties of CMK-8
material.

As we know, besides the specific surface area and the pore
characteristics, the energy performances of OMC-based super-

capacitors are closely related to the surface functionalities as
well as the selection of electrolytes. Generally, aqueous elec-
trolytes such as KOH, H2SO4 and Na2SO4 solutions can provide
high energy and power densities and be compatible with the

dx.doi.org/10.1016/j.jpowsour.2011.12.044
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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All the electrochemical measurements of each as-prepared elec-
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upercapacitor industry [22,23]. In these aqueous electrolytes, the
mount of stored energy can be significantly improved through
seudo-faradic reactions of active groups present on the carbon
urfaces [24]. Recently, some works have showed that foreign
toms such as O, N, B and P can be introduced on the carbon sur-
aces by different oxidation procedures, and especially oxygen and
itrogen doping are favorable to enhance the capacitance [25–27].
he foreign atoms modify the electron donor/acceptor properties
f the graphene layer, and are consequently expected to affect
he charging of the electrical double layer and to give pseudo-
apacitance faradaic reactions. Moreover, the heteroatoms in the
arbon materials can also improve the wettability of the electrodes
26,28,29].  For example, Khomenko et al. [30] reported that higher
apacitiance can be achieved for nanoporous carbon in both KOH
nd H2SO4 electrolytes by taking profit of different redox reac-
ions. Ra et al. [22] reported that the N-containing groups of the
olyacrylonitrile-based carbon nanofiber paper can noticeablely
nhance its capacitance through a pseudo-faradaic contribution in
OH and H2SO4 electrolytes. Lota et al. [25] found that organic and
eutral medium are not suitable for N-rich carbon electrodes.

Therefore, with a view to explore such new OMC-based super-
apacitors, it is very necessary to study their electrochemical
roperties in different aqueous electrolytes, and to understand the
lectrochemical enhancement mechanism by acid-modification.
owever, to our knowledge, few studies have been reported on

he influence of acid modification of OMC  materials on their elec-
rochemical behaviors in different aqueous electrolytes.

Herein, powdery CMK-3 and CMK-8 were prepared through the
ard-template nanocasting approach using SBA-15 and KIT-6 sil-

ca as the mother templates, respectively. Afterwards, the surface
f the samples was modified by nitric acid. The present work is
ocused on the supercapacitive properties of the unmodified and
cid-modified CMK-3 and CMK-8 in KOH, H2SO4 and Na2SO4 elec-
rolytes. In such a way, it will be possible to understand the redox
eaction of active groups, which could affect the capacitance of
ne OMC  electrode in an electrolyte solution. Finally, a detailed
lectrochemical study in a three-electrode cell showed that after
itric acid modification, the capacitance performances of the two
MCs were improved in KOH, decreased in H2SO4, but showed no
hange in Na2SO4. The correlations among the acid-modification,
lectrolyte category and the capacitance performance of OMC  pro-
ide a guideline for proper usage of OMC-based materials for the
ext generation of supercapacitors.

. Experimental

Triblock poly (ethylene oxide)-b-poly (propylene oxide)-b-
oly (ethylene oxide) copolymer Pluronic P123 (Mw = 5800
O20PO70EO20) was purchased from Aldrich Chemical Inc. Nitric
cid (CP), Potassium hydroxide (CP) and anhydrous ethanol
CP) were purchased from Tianjin Chemical Reagents Company.
he other chemicals were purchased from Sinopharm Chemical
eagent Co. Ltd. All of the chemicals were used as received without
ny further purification. Deionized water was used in all experi-
ents. Powdery activated carbon (AC, Kuraray, Japan, YP17, 1519
2 g−1) is commercial product and used as electrode material with-

ut further treatment.

.1. Preparation of ordered mesoporous carbon CMK-3

Mesoporous silica SBA-15 was prepared by hydrothermal syn-
hesis according to established procedures. Ordered mesoporous

arbon CMK-3 was synthesized by the nanocasting method using
ucrose as a precursor and mesoporous silica SBA-15 as a hard
emplate according to the literature [31,32].
ources 204 (2012) 220– 229 221

2.2. Preparation of ordered mesoporous carbon CMK-8

The KIT-6 parent material was  prepared by hydrothermal syn-
thesis according to the established procedures. Mesoporous carbon
CMK-8 was  synthesized by the nanocasting process using sucrose
as a precursor and mesoporous silica KIT-6 as the hard template
according to the literature [21].

2.3. Chemical modification of CMK-3 and CMK-8

The CMK-3 carbon was chemically modified using HNO3 solu-
tion. Briefly, 0.3 g of CMK-3 was suspended in 30 ml  of concentrated
HNO3 (68 wt.%) and then refluxed at 60 ◦C for 2 h. After the mix-
ture was  cooled down to room temperature, it was  filtered and
washed with deionized water until the pH value of the filtrate was
around 7. Then the product was  dried at 80 ◦C for 24 h in air. The
nitric-acid-modified CMK-3 carbon was  denoted as H-CMK-3. The
same post-synthesis activation was  carried out for CMK-8 and the
nitric-acid-modified CMK-8 carbon was  denoted as H-CMK-8.

2.4. Structural characterization

Transmission electron microscopy (TEM) measurements were
conducted on a JEM-2010 microscope operated at 200 kV, to
reveal the ordered structures of the CMK-3 and CMK-8 sam-
ples. Small-angle powder X-ray diffraction (SA-XRD) patterns
were recorded by a Bruker D8 powder X-ray diffractome-
ter using Cu K� radiation. The chemical compositions of the
samples were analyzed by Fourier transformation infrared spec-
troscopy (FTIR) using a Bruker IFS66V FTIR spectrometer. Nitrogen
adsorption–desorption isotherm measurements were performed
on a Micromeritics ASAP 2020 volumetric adsorption analyzer at
77 K. The Brunauer–Emmett–Teller (BET) method was utilized to
calculate the specific surface area of each sample and the pore-
size distribution was  derived from the adsorption branch of the
corresponding isotherm using the Barrett–Joyner–Halenda (BJH)
method. The elemental analysis (C, H, O, N) for the OMCs was
analyzed on varioELcube (Elementar Analysensysteme GmbH). The
surface chemical compositions of the CMK-8 and H-CMK-8 were
analyzed on a Perkin-Elmer PHI-5702 multifunctional X-ray pho-
toelectron spectroscope (XPS, physical Electronics, USA) using Al
K� radiation of 1486.6 eV as the excitation source.

2.5. Electrode preparation and electrochemical measurements in
three-electrode system

The working electrodes were prepared according to the method
reported in the literature [33]. Typically, 80 wt.% of electroactive
material was mixed with 7.5 wt.% of acetylene black (>99.9%) and
7.5 wt.% of conducting graphite in an agate mortar until a homo-
geneous black powder was obtained. To this mixture, 5 wt.% of
poly(tetrafluoroethylene) was added with a few drops of ethanol.
After briefly allowing the solvent to evaporate, the resulting paste
was  pressed at 10 MPa  to nickel foam for the KOH and Na2SO4
media, and titanium foam for the H2SO4 media, respectively. The
electrode assembly was dried for 16 h at 80 ◦C in air. Each carbon
electrode contained about 8 mg  of electroactive material for the
KOH and Na2SO4 media, and 3 mg  (because of the relatively low
porosity and high rigidity for titanium foam, lower mass of the elec-
troactive material is more easily to be pressed onto titanium foam)
for the H2SO4 media, respectively. Each electrode had a geometric
surface area of about 1 cm2.
trode were carried out using an electrochemical working station
(CHI660D, Shanghai, China) in a three-electrode system in 2 M KOH,
2 M H2SO4 and 2 M Na2SO4 electrolytes at room temperature. A
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latinum gauze electrode (4 cm2) and a saturated calomel electrode
erved as the counter electrode and the reference electrode, respec-
ively. The cyclic voltammetry (CV) measurements were conducted
t different scan rates ranging from 10 mV  s−1 to 50 mV  s−1. Elec-
rochemical impedance spectroscopy (EIS) measurements were
ecorded from 10 kHz to 100 mHz  with an alternate current ampli-
ude of 5 mV,  the DC bias for the four OMC  electrodes were −0.9 V,
.1 V and −0.7 V in KOH, H2SO4 and Na2SO4 electrolyte, respec-
ively. Galvanostatic charge/discharge measurements were run at
ifferent current densities ranging from 0.625 to 16.67 A g−1. The
orresponding specific capacitance was calculated from:

 (F g−1) = I

(dE/dt) × m
≈ I

(�E/�t) × m
(1)

here C is the specific capacitance, I is the constant discharging
urrent, dE/dt indicates the slope of the discharging curves, and m
s the mass of the corresponding electrode material.

.6. Electrochemical measurements in two-electrode system

Two symmetric capacitors (H-CMK-8/H-CMK-8 supercapacitor
nd commercial activated carbon (AC)/AC supercapacitor) were
abricated for comparison. The electrodes were prepared using
ickel foam as the current collector; each electrode contained 4 mg
f electrochemical active material and had a geometric surface area
f about 1 cm2. The cathode and anode electrode were pressed
ogether and separated by a porous nonwoven cloth separator.
he electrochemical measurements of the symmetric supercapac-
tors were carried out in 2 M KOH aqueous electrolyte and 1 M
etraethylammonium tetrafluoroborate/acetonitrile (Et4NBF4/AN)
rganic electrolytes using the electrochemical working station in a
wo-electrode cell at room temperature.

The specific capacitance of the supercapacitor cell can be eval-
ated from the charge/discharge test together with the following
quation:

T (F g−1) = I�t

�E  × m
(2)

here I in A is the constant discharging current; �t  in s is the
ischarge time; �E  in V is the potential window during the dis-
harge process after IR drop; and m in g is the total mass of the
wo-electrode materials.

The specific capacitance of a single electrode in the supercapac-
tor cell can be calculated according to the following equation:

sp (F g−1) = 4 × CT (3)

here CT is the measured specific capacitance for the two-electrode
ell.

The specific energy density and power density are defined as

 (Wh  kg−1) = 0.5CTV2

3.6
(4)

 (kW kg−1) = E  × 3600
t

(5)

here V in V is the voltage change during the discharge process
fter IR drop, and t in s is the discharge time.

. Results and discussion

.1. Microstructural characterizations

The microstructures of the CMK-3 and CMK-8 carbon were

xamined by TEM. Fig. 1a shows a typical TEM image of CMK-

 carbon viewed along [1 0 0] direction. As the image shows, the
rdered structure of CMK-3 is an exactly negative replica of SBA-
5 with a hexagonal arrangement of cylindrical mesoporous tubes
Fig. 1. TEM images of (a) the CMK-3 along [1 0 0] direction and (b) CMK-8 along
[5 3 1] direction.

[34]. Fig. 1b shows a typical TEM image of the CMK-8 carbon viewed
along [5 3 1] direction. As the image shows, the CMK-8 exhibits
a long-range-ordered mesostructure in the whole domain, which
indicates that the structure of the CMK-8 is exactly an inverse
replica of KIT-6 which consists of 3D cubic (Ia3d symmetry) meso-
porous tubes [35].

The carbon nanorods in the CMK-3 and CMK-8 are intercon-
nected by spacers, which are constituted by the carbon that filled
the channel-interconnecting micropores within the SBA-15 and
KIT-6 walls. The ordered arrangement of the carbon nanorods in
OMC  materials gives rise to the well-resolved XRD peak. SA-XRD
patterns of the CMK-3 and the CMK-8 are shown in Fig. 2. The
clear (1 0 0) reflection of the CMK-3 reveals that the ordered two-
dimensional hexagonal microstructure is well established. The XRD
pattern of CMK-8 shows a strong diffraction peak at 2� = 1.04◦,
which is indexed as (2 1 1) diffraction of the 3D cubic Ia3d symme-
try. Moreover, compared with the CMK-3 and CMK-8, there is no
obvious change in intensity of the peaks for the H-CMK-3 and the H-
CMK-8, respectively. It demonstrates that the ordered mesoporous
structure can be well preserved after the acid modification.

The acid modification of the OMC  materials can significantly
affect the surface functionality. The FTIR measurements were
employed to monitor chemical composition changes on the channel

surface of the CMK-3 and CMK-8 before and after acid modifica-
tion. Fig. 3 shows the FTIR spectra of CMK-3, H-CMK-3, CMK-8
and H-CMK-8. A broad band at around 3432 cm−1 is observed
in all the four samples, which is mainly caused by the O H
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Fig. 2. The small-angle XRD patterns of the CMK-3 and the CMK-8.

tretching vibration of the adsorbed water molecules. The broad
and at 1128 cm−1 is caused by the stretching vibration of the C O
onds. In addition, the C O stretching vibrations related to car-
onyl and/or carboxyl groups can be found at around 1730 cm−1

36]. The spectrum of the acid-modified OMC  is similar to that of
he unmodified OMC, except for stronger intensity of the peak at
730 cm−1 for the acid-modified OMC, indicating more oxygen-
ontaining functional groups existing on the channel surface of the
-CMK-3 and H-CMK-8 carbon.

Because the only difference between the CMK-3 and CMK-8 lies
n their mesoporous structures, the change in the chemical com-
ositions through the same acid modification should be identical.
hus, the chemical composition changes of C, H, O and N of CMK-

 and H-CMK-8 were monitored by elemental analysis, and XPS
easurements were employed to monitor the changes of the sur-

ace functional groups of the CMK-8 through acid modification.
ig. 4 shows the well-fitted C1s XPS spectrum of the CMK-8 and
he H-CMK-8 and the corresponding analytic results are summa-
ized in Table 1. As shown in Fig. 4a, the C XPS spectrum of the
1s
MK-8 can be divided into four different peaks, which corresponds
o the signal of C C bonds (284.4 eV), C O bonds (286.3 eV), C O
onds (287.5 eV), and O C O bonds (289.0 eV). Compared with the

Fig. 3. The FTIR spectra of the CMK-3, H-CMK-3, CMK-8 and H-CMK-8.
Fig. 4. C1s XPS spectra of (a) the CMK-8 and (b) the H-CMK-8.

CMK-8, although the four components in the C1s XPS spectrum
of the H-CMK-8 are still present, their intensities undergo obvi-
ous changes. Concretely, the intensity of pyrone-like functionalities
(C O and O C O) is increased, but the intensity of quinine-like
functionality (C O) is decreased after modification [23,30]. Also,
a new peak attributed to C N bonds (285.6 eV) appears which
indicates the incorporation of nitrogen via nitric acid treatment.
Moreover, as shown in Table 1, both the oxygen and nitrogen con-
tents are increased after acid modification. These results indicate
that the acid modification can significantly affect the amount of
surface functionalities on the OMC  materials. In fact, these N- and
O-containing functional groups could have certain effects on their
electrochemical capacitive behaviors.

The specific surface area and pore-size distribution analyses of
the four OMC  materials were conducted using N2 adsorption and
desorption experiments. Table 2 summarizes the specific surface
area of the samples. It is obvious that the acid treatment leads to
the slight decrease in the specific surface area. Nevertheless, the
influence of physical characteristics is considered to be minor in
this work, since the changes in porosity and pore size distribution
caused by the acid treatment are not obvious.

3.2. Electrochemical tests in three-electrode system
CV and chronopotentiometry measurements were employed
to evaluate the electrochemical properties and to calculate the
specific capacitances of as-prepared four OMC electrodes. EIS
was  employed to further analyze the relationship between the
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Table 1
Elemental analysis and XPS surface characterization of the CMK-8 and the H-CMK-8.

Sample C at.% H at.% O at.% N at.% C C (C C) at.% C N at.% C OR at.% C O at.% O C O at.%
(284.4 eV) (285.6 eV) (286.3 ± 0.2 eV) (287.5 ± 0.2 eV) (289.0 ± 0.2 eV)
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CMK-8 90.2 1.29 8.51 0 83.0 

H-CMK-8 74.4 1.68 23.1 0.82 71.2 

esistance and the capacitance. In our experiments, the four OMC
lectrodes tested in the same electrolyte are prepared under the
ame conditions, i.e., the same electrode surface, the same thick-
ess, the same mass percentage of OMC, and the same contact
ondition with the current collector. Therefore, any different result
f the electrochemical characterization will be derived from the
ifference in the electrolytes and microstructures of the OMC  mate-
ials.

.2.1. Characterization in 2 M KOH electrolyte
Fig. 5a shows the CV curves of the CMK-3, CMK-8, H-CMK-3,

nd H-CMK-8 electrodes between −1.0 and 0 V (vs. SCE) at the scan
ate of 10 mV  s−1 in 2 M KOH aqueous electrolyte. It can be seen that
he CV curves of the CMK-3 and CMK-8 electrodes both exhibit a
ymmetric rectangular shape without obvious redox peaks, indicat-
ng typical double-layer capacitance behavior [37]. Nevertheless,
he CV curves of the H-CMK-3 and H-CMK-8 electrodes deviate
rom idealized double-layer behavior with a pair of broad, super-
mposed and reversible faradaic surface redox reactions, behaving
s pseudo-capacitance. Moreover, it is clear that the H-CMK-3 and
-CMK-8 electrodes exhibit larger CV areas than those of the CMK-

 and CMK-8 electrodes, suggesting higher specific capacitances
ompared with the untreated CMK-3 and CMK-8, respectively.

The galvanostatic charge/discharge is the most reliable method
or estimating supercapacitor performance in real applications.
ig. 5b shows the charge/discharge curves of the four electrodes
ithin a potential window of −1.0 to 0 V at at a current den-

ity of 0.625 A g−1. It can be observed that all shapes of the
harge–discharge curves for the OMC  electrodes are closely linear
nd show a typical triangle symmetrical distribution, displaying a
ood capacitive property. After the acid modification, the specific
apacitance increases from 165 F g−1 to 210 F g−1 for the CMK-3
arbon and from 175.7 F g−1 to 246.3 F g−1 for the CMK-8 car-
on, respectively. It suggests that the nitric acid modification can
emarkably increase the specific capacitance of the pristine OMC
lectrodes.

It is known that the pyrone-like (C O and O C O) and N-
ontaining functionalities are active in alkaline electrolyte [23,30].
s shown in Table 1, the amounts of the C O, O C O and
-containing groups on the OMC  are increased after acid modi-
cation. Therefore, in our system, the enhancement of the specific
apacitance is attributed to the increase of these pyrone-like and
-containing funtional groups, which are able to provide some
seudo-faradaic contribution in KOH through redox reactions of
hese functionalities on the surfaces of the H-CMK-3 and H-CMK-8.
To further understand the high rate capability of the OMC
lectrodes, the charge/discharge measurements were recorded at
ifferent current densities. Fig. 5c reveals that the values of the spe-
ific capacitance for the OMC  electrodes are strongly dependent

able 2
pecific surface areas and specific capacitances of the OMC  carbons.

Sample BET specific surface
area (m2 g−1)

Specific capacitance in
KOH electrolyte (F g−1)

CMK-3 1410 165 

H-CMK-3 1351 210 

CMK-8 1321 175.7 

H-CMK-8 1217 246.3 
0 9.3 4.7 3.0
8.7 11.1 1.0 8.0

on the current density. In detail, the specific capacitance slightly
decreases with the increase of the current density. Up to a rela-
tively large current density of 6.25 A g−1, nearly 77.9%, 79.2%, 77%
and 73.4% of the initial value remain for the four electrodes, respec-
tively. This indicates that the high rate capability of the CMK-3 and
CMK-8 in KOH electrolyte can be preserved after surface acid treat-
ment. The result also comfirms that all the OMC electrodes allow
rapid ion diffusion and exhibit good electrochemical utilization.

The complex plane plots of the AC impedance spectra in KOH
electrolyte for the four electrodes are shown in Fig. 6. For each
sample, there is a semi-circle intersecting the real axis in the
high frequency range, and the plot transforms to a vertical line
with decreasing frequency. From the point intersecting with the
real axis in the range of high frequency, the internal resistance
(which is equal to Rb) of the electrode material includes the total
resistances of the ionic resistance of the electrolyte, the intrinsic
resistance of active material, and the contact resistance at the active
material/current collector interface. Since only the electrochemi-
cal process occurring on the exterior surface of electrodes can be
sensed at high frequencies, the semicircle is suggested to represent
the faradic charge transfer resistance (Rct) at the interface between
the current collector and the OMC  as well as that within the OMC
material. So, the semicircle may  be due to both faradaic reaction as
well as to powder-like structure of the electrode. At the lower fre-
quencies, a straight sloping line represents the diffusive resistance
(Warburg’s impendence) of the electrolyte in electrode pores and
the proton diffusion in host material [38,39].

As the plots show, the H-CMK-3 electrode has smaller Rb
(0.79 �)  than that of the CMK-3 electrode (0.87 �),  while the CMK-8
and H-CMK-8 electrodes have similar small Rb (0.79 �).  Moreover,
it is obvious that the diameters of the semicircles for the pristine
CMK-3 and CMK-8 are decreased after acid modification, indicating
the lower impedance on the electrode/electrolyte interfaces for the
H-CMK-3 and H-CMK-8. These observations are strongly correlated
with the increase of the total capacitance. In addition, four plots all
show a Warburg angle higher than 45◦, indicating the suitability of
the OMCs as the electrode materials for supercapacitors.

The cycle life of the OMC  electrodes was monitored by
chronopotentiometry measurements at 1.25 A g−1 in 2 M KOH
electrolyte. As shown in Fig. 7, at the initial stage, the specific
capacitances of the OMC  electrodes all decrease gradually with the
increase of the cycle number. After the initial 200 cycles, the values
of the specific capacitances for the OMC  electrodes show almost no
decay up to 2000 cycles. We  believe that, when the OMC  materi-
als were soaked with the electrolyte, some micropores would be

blocked by the electrolyte due to the effect of capillarity during the
initial cycles. These blocked micropores would affect ion transport
throughout the pore channels and result in the decreased capac-
itance. When the block-effect became balanceable, the values of

Specific capacitance in H2SO4

electrolyte (F g−1)
Specific capacitance in Na2SO4

electrolyte (F g−1)

247.8 82.3
208.3 85.8
239.2 100.5
216 109
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Fig. 5. (a) CV curves of the OMC  electrodes at sweep rate of 10 mV s−1 in KOH elec-
trolyte; (b) the charge–discharge curves of the OMC  electrodes at a current density
o
o

t
d
i
C
fi
t
w

H2SO4 electrolyte. After acid modification, the specific capacitance
decreases from 247.8 F g−1 to 208.3 F g−1 for the CMK-3 carbon and
from 239.2 F g−1 to 216 F g−1 for the CMK-8 carbon, respectively.
f  0.625 A g−1 in KOH electrolyte; (c) The specific capacitance of the OMC electrodes
btained in KOH electrolyte as a function of discharging current density.

he specific capacitances for the OMC  electrodes showed almost no
ecay. It should be mentioned that, the real intrinsic mechanism

s still not clear and further study needs to be carried out. For the
MK-3, CMK-8, H-CMK-3 and H-CMK-8 electrodes, the value of the

nal specific capacitance is 84.9%, 86%, 73.7%, and 75.3% of the ini-
ial value, respectively. This demonstrates that, within the voltage
indow of −1.0 to 0 V, the repeating charge–discharge behavior
Fig. 6. Complex-plane impedance plots of the OMC electrodes in KOH electrolyte.
The  inset is the high frequency regions and the equivalent circuit.

does not seem to induce a significant structural change for the OMC
electrodes. The long-term stability implies that four electrodes are
good electrode materials for supercapacitors.

3.2.2. Characterization in 2 M H2SO4 electrolyte
Fig. 8a shows the CV curves of the CMK-3, CMK-8, H-CMK-3,

and H-CMK-8 electrodes between −1.0 and 0 V (vs. SCE) at the scan
rate of 10 mV  s−1 in 2 M H2SO4 aqueous electrolyte. In addition to
the current due to charging/discharging the electrical double-layer,
cathodic and anodic humps are observed for the CMK-3 and CMK-
8 electrodes. Generally, these peaks are attributed to the redox
reactions of the O-containing (quinine-like) surface functionalities
on the surface of the OMC  materials. Moreover, these peaks are
more pronounced for the H-CMK-3 and H-CMK-8 electrodes, which
indicates a large faradaic contribution to the overall performance
related to the O-containing (quinone-like) and N-containing sur-
face functionalities as reported previously [26,28,40].  Fig. 8b shows
the charge/discharge curves of the four electrodes within a poten-
tial window of −1.0 to 0 V at a current density of 1.67 A g−1 in 2 M
Fig. 7. Cycle life of the OMC  electrodes at the current densities of 1.25 A g−1 in KOH
electrolyte.
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Fig. 8. (a) CV curves of the OMC  electrodes at sweep rate of 10 mV s−1 in H2SO4 elec-
t
o
o

e
a
N
a
t
p
a

rolyte; (b) the charge–discharge curves of the OMC  electrodes at a current density
f  1.67 A g−1 in H2SO4 electrolyte; (c) the specific capacitance of the OMC  electrodes
btained in H2SO4 electrolyte as a function of discharging current density.

It is well-known that the quinone-like (C O) functionalities are
lectrochemically active in acid medium, the pyrone-like function-
lities are electrochemically active in alkaline electrolyte, and the
-containing functionalities are electrochemically active in both

cid and alkaline electrolyte. As shown in Fig. 4a, a small quan-
ity of C O groups are present at the surfaces of the OMC, even
rior to HNO3 activation. However, after acid modification, the
mount of C O groups is decreased. Also, a small quantity of
Fig. 9. Complex-plane impedance plots of the OMC  electrodes in H2SO4 electrolyte.
The  inset is the high frequency regions.

C N groups appear at the surface of H-CMK-3 and H-CMK-8. The
decrease of the quinone-like (C O) functionalities would provide
negative pseudo-faradaic contributions, and the increase of the N-
containing functionalities would provide positive pseudo-faradaic
contributions. However, the capacitance increase resulting from
the increase of N-containing groups cannot compensate for the loss
of the capacitance due to the decreased quinone-like (C O) func-
tionalities. Thus, the capacitance values of the OMC  were decreased
in H2SO4 electrolyte.

Fig. 8c reveals that, up to a relatively large current density of
16.7 A g−1, nearly 72.6%, 74%, 76% and 78.7% of the initial value
remains for the four electrodes, respectively. This suggests that,
although the supercapacitor performances of the OMC  materials in
2 M H2SO4 solution cannot be improved by acid treatment, all the
OMC  materials are able to possess high rate capability in H2SO4
electrolytic medium, while keeping high values of specific capaci-
tance.

The complex plane plots of the AC impedance spectra in H2SO4
electrolyte for the four electrodes are shown in Fig. 9. As the
plots show, all the OMC  electrodes have small Rb. Obviously, the
diameters of the semicircles are expanded after acid modification,
indicating lager impedance on the electrode/electrolyte interface.
These observations are also strongly correlated with the decrease
of the pseudo-capacitive contribution.

The cycle life of the OMC  electrodes was  monitored by the
chronopotentiometry measurements at 3.33 A g−1 in 2 M H2SO4
electrolyte. As shown in Fig. 10,  at the initial stage, the specific
capacitances of the OMC  electrodes all decrease gradually with the
increase of the cycle number. After the initial 200 cycles, the spe-
cific capacitances for the OMCs have almost no decay up to 2000
cycles. For the CMK-3, CMK-8, H-CMK-3 and H-CMK-8 electrodes,
the value of the final specific capacitance is 80.7%, 86.1%, 91.9% and
90.5% of the initial value, respectively. Also, the values of the spe-
cific capacitances for the four electrodes are almost the same as
200 F g−1 after 2000 cycles.

3.2.3. Characterization in 2 M Na2SO4 electrolyte
Fig. 11a shows the CV curves of the CMK-3, CMK-8, H-CMK-

3, and H-CMK-8 electrodes between −0.9 and −0.3 V (vs. SCE) at
the scan rate of 10 mV  s−1 in 2 M Na2SO4 aqueous electrolyte. It

can be seen that the CV curves of all the OMC  electrodes show
a typical rectangular shape, and no obvious faradaic current is
observed in the voltammogram. Moreover, the CV area increases in
the sequence of CMK-3 < H-CMK-3 < CMK-8 < H-CMK-8. However,



J.-w. Lang et al. / Journal of Power Sources 204 (2012) 220– 229 227

F
H

t
i
l
e
c
T
a
c
n
r
v
b
N

e
s
K
t

i
t
5
O
e

i
i
s
w
d
p
t
h
o
t
a

3

t
H
p
p

Fig. 11. (a) CV curves of the OMC  electrodes at sweep rate of 10 mV s−1 in Na2SO4

electrolyte; (b) the charge–discharge curves of the OMC  electrodes at a current
−1
ig. 10. Cycle life of the OMC  electrodes at the current densities of 3.33 A g−1 in
2SO4 electrolyte.

he potential window of the OMC  electrodes in Na2SO4 electrolyte
s only 0.6 V, which is much lower than that in acidic and alka-
ine media. Fig. 11b shows the charge/discharge curves of the
lectrodes within a potential window of −0.8 to −0.3 V at the
urrent density of 1.25 A g−1 in 2 M Na2SO4 aqueous electrolyte.
he specific capacitance of the four electrodes is 82.3, 85.8, 100.5
nd 109 F g−1, respectively. The result indicates that the pseudo-
apacitive contribution of surface functional groups is negligible in
eutral electrolyte. Fig. 11c  reveals that, up to a relatively large cur-
ent density of 6.25 A g−1, 36.7, 24.2, 46.6 and 59.2% of the initial
alue remains for the four electrodes, respectively. The rate capa-
ility of the OMC  in Na2SO4 electrolyte is very poor, indicating that
a2SO4 is not suitable for the OMC  electrodes.

The complex plane plots of the AC impedance spectra in Na2SO4
lectrolyte for the four electrodes are shown in Fig. 12.  As the plots
how, all the OMC  electrodes have bigger Rb and Rct than those in
OH and H2SO4 electrolytes, indicating the larger internal resis-

ance and faradic charge transfer resistance.
The cycle life of the OMC  electrodes was monitored at 1.25 A g−1

n 2 M Na2SO4 electrolyte. As shown in Fig. 13,  for the four elec-
rodes, the value of the specific capacitance is 70.9%, 60.7%, 70%, and
8.8% of the initial value, respectively. This demonstrates that the
MC  electrodes have relatively poor long-term stability in Na2SO4
lectrolyte.

From the above measurement results in the three electrolytes,
t is pointed out that the OMC  electrodes exhibit the highest capac-
tance values in H2SO4, lower capacitance values in KOH and the
mallest capacitance values in Na2SO4. This result is in agreement
ith the literature data stating that the EDL capacitance values
ecreased in the sequence of H2SO4 > KOH > Na2SO4 because of the
resence of protons or hydroxyl ions as mobile species with bet-
er ionic diffusion inside the pores than other ions. On the other
and, the conductivity of the Na2SO4 solution is approximately one
rder of magnitude less than that of H2SO4 solution or KOH solu-
ions [23]. So the OMC  electrodes have relatively low capacitance
nd poor long-term stability in Na2SO4 electrolyte.

.3. Electrochemical tests in two-electrode system

We also investigated the electrochemical performance of

he H-CMK-8 electrode in a two-electrode system (symmetric
-CMK-8/H-CMK-8 supercapacitor) and compared its superca-
acitive performance (specific capacitance, energy density and
ower density) with commercial AC/AC supercapacitor. The
density of 1.25 A g in Na2SO4 electrolyte; (c) the specific capacitance of the OMC
electrodes obtained in Na2SO4 electrolyte as a function of discharging current den-
sity.

electrochemical measurements were also carried out in 2 M KOH
aqueous electrolyte and 1 M Et4NBF4/AN organic electrolyte at

room temperature. Here, using the two-electrode symmetric sys-
tem, the possible influence of area difference of the working and
counter electrodes on the electrochemical properties would be
excluded.
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ig. 12. Complex-plane impedance plots of the OMC  electrodes in Na2SO4 elec-
rolyte.

The values of specific capacitance of the cell and the single
lectrode in the cell, the energy density and power density depend-
ng on cell types and electrolytes are summarized in Table 3. The
esults show that the specific capacitance and energy density at
he same power density of the H-CMK-8-based supercapacitor are

uch higher than those of the AC-based supercapacitor in KOH
lectrolyte. Therefore, the H-CMK-3 and H-CMK-8 materials could
e used for the fabrication of carbon supercapacitors with KOH
queous electrolyte. However, the specific capacitance of H-CMK-

 obtained from two-electrode system is lower than that obtained
rom three-electrode system. This phenomenon is very normal for
lectrode materials [41].

In Et4NBF4/AN electrolyte, the specific capacitance, energy den-
ity and power density of the two supercapacitors are almost the
ame. This is due to that the pseudo-capacitance of H-CMK-8 mate-
ial is not reflected in the organic electrolyte. In other words, if
sing the organic electrolyte, the enhancement of acid-treatment

n supercapacitive performance of CMK-8 cannot be realized. Since
nergy stored is related to the square of voltage, the energy den-
ity and power density of the supercapacitors in organic electrolyte

re much higher than those in aqueous electrolyte. However, the
pecific capacitances of the H-CMK-8-based supercapacitor in KOH
lectrolyte are much higher than that in organic electrolyte. Thus,

ig. 13. Cycle life of the OMC  electrodes at the current densities of 3.33 A g−1 in
a2SO4 electrolyte. Ta
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. Conclusions

In summary, four OMCs, unmodified and nitric acid-modified
MK-3 and CMK-8 are prepared to study the influence of sur-

ace functional groups on the supercapacitive characteristics of
he OMC  electrodes in KOH, H2SO4 and Na2SO4 aqueous elec-
rolytes. The results revealed that supercapacitive characteristics
f the OMC  electrodes are closely related to the kind and amount
f the surface functional groups. In KOH electrolyte, the increased
yrone-like (C O and O C O) and the N-containing functionali-
ies are involved in redox reactions giving certain pseudo-faradaic
ontributions, which led to the result that the specific capacitances
f the CMK-3 and CMK-8 are improved after nitric acid modifi-
ation. However, in H2SO4 electrolyte, due to the decrease of the
mount of quinone-like functionalities, the specific capacitances of
he CMK-3 and CMK-8 are decreased after nitric acid modification.
urthermore, the influence of pseudo-faradic reactions is negligible
n neutral electrolyte, even if the OMCs possess plentiful surface O-
nd N-containing functionalities. In addition, all the OMC  materi-
ls are able to possess high rate capability both in KOH and H2SO4
lectrolytic media, while keeping high values of specific capaci-
ance. The worst capacitive performances are obtained in Na2SO4
lectrolyte, suggesting that the neutral medium is not suitable for
MCs electrodes.
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