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A series of porous carbon materials with wide range of specific surface areas and different heteroatom contents had been pre-
pared using polyaniline as carbon precursor and KOH as an activating agent. Effect of surface area and heteroatom of porous
carbon materials on specific capacitance was investigated thoroughly in two typical aqueous KOH and organic 1-butyl-3-
methylimidazolium tetrafluoroborate/acetonitirle electrolytes. The different trends of capacitance performance were observed
in these two electrolytes. Electrochemical analyses suggested that the presence of faradaic interactions on heteroatom-enriched
carbon materials in organic environment is less significant than that observed in aqueous electrolytes. Thus, in aqueous elec-
trolyte, a balance between surface area and heteroatom content of activated porous carbon would be found to develop a super-
capacitor with high energy density. In organic electrolyte, the capacitance performance of porous carbon is strongly dependent
on the surface area. The results may be useful for the design of porous carbon-based supercapacitor with the desired capacitive

performance in aqueous and organic electrolytes.

porous carbon, supercapacitor, heteroatom, KOH activation, organic electrolyte, KOH electrolyte

1 Introduction

Porous carbon materials, which are the first candidates as
the electrode materials for supercapacitor, have attracted
tremendous attention owing to an array of their exceptional
characteristics, including low cost, easy availability, and
outstanding electrochemical stability [1-3]. Traditionally,
the energy storage of porous carbon materials is mainly
attributed to the electric double-layer capacitance (EDLC)
which is based on the interfacial electrostatic adsorption
between the electrode and electrolyte. Thus, the specific
capacitance of porous carbon materials falls into the influ-
ence of many factors such as pore size distribution (PSD),
specific surface area (SSA) and conductivity [2, 3].
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Much effort has been devoted to numerous porous car-
bon materials with high SSA and controllable PSD through
various chemical/physical methods and well-established
experimental parameters [4—12]. Most important advantages
of these approaches are that the as-obtained porous carbon
materials have rather high SSA and well-controlled PSD.
Narrow PSD facilitates the study of the relationship be-
tween pore structure and electrolyte ions [13—17]. However,
a wide scope of carbon materials, especially commercial
activated carbons, usually have different SSAs and wide
PSD [6, 7, 10-12, 18]. More complete studies are still
needed. Recently, Zhang and co-workers [19] proposed a
simple and reliable model for estimating specific capaci-
tance of porous carbon materials with the wide PSD and
found that the specific capacitance performance of carbon
materials was linear with the effective SSA. It should be
mentioned that this model is based on the pure ionic liquids.

chem.scichina.com  link.springer.com



Wang RT, et al.

It is still unknown whether this model works effectively in
aqueous or other organic electrolytes.

More or less heteroatom remains in or is introduced on
the porous carbon during the preparation process [20-26].
These heteroatoms (e.g., O and N), as the form of functional
groups, exhibit a so-called pseudocapacitance which is re-
lated to redox reactions involving different oxidation states
within an operational potential window [3, 20, 27-30]. Re-
cent studies showed that pseudocapacitance from heteroa-
tom functional groups could provide a supplementary con-
tribution to a dominant double-layer capacitance [27-33].
Even, some heteroatom enriched carbon materials with low
SSA have the high capacitance values which are mainly
contributed from heteroatom functional groups [34, 35].
This means that the capacitance performance of porous
carbon depends on the SSA and heteroatom content. For
most of chemical/physical preparation methods, high SSA
of porous carbon material is usually obtained at the high
temperature, while heteroatoms are often not stable and
their contents reduce in this stage [20, 22, 25, 36-38]. For
most of porous carbon materials, large double-layer capaci-
tance and high pseudocapacitance both could not be ob-
tained. Therefore, thorough investigation is much needed to
explore the controlling of both SSA and heteroatom content
of porous carbons for more effective materials designed
with better capacitance performances.

Polyaniline (PANi) is an ideal carbon precursor for syn-
thesis of activated carbon due to uniformly distributed het-
eroatom source (N atom: about 15 wt%) in its structure.
Some elegant works have been reported in this regards us-
ing the PANi prepared porous carbon through the chemical
activation for application in supercapacitor, Li-ion batteries,
and gas capture [39—-41]. The advantages of PANi prepared
activated carbons are visible due to their well-developed
pore structure and tunable heteroatom content.

In this work, various porous carbon materials with dif-
ferent SSAs and heteroatom contents were prepared through
a facile and widely used KOH activation method through
using PANi as carbon source and adjusting the activation
temperature. Then, using the most recommended methods
and experimental practice, the supercapacitor cell perfor-
mance of these porous carbon materials was evaluated and
compared in two typical electrolytes: aqueous KOH and
organic 1-butyl-3-methylimidazolium tetrafluoroborate (B-
MIMBFEF,)/acetonitirle (AN). A clear relationship between
SSA and heteroatom on specific capacitance of porous car-
bon materials was established for these porous carbon mate-
rials. In aqueous electrolyte, a balance between Brunau-
er-Emmett-Teller (BET) SSA and heteroatom of activated
porous carbon would be found to develop a supercapacitor
with high energy density. For example, porous carbon, ob-
tained at a middle activation temperature (600 °C), shows the
largest capacitance value (332 F/g, 0.5 A/g) in aqueous KOH
electrolyte corresponding to a medium BET SSA value
(1771 mz/g) and acceptable heteroatom content (N: 1 wt%,
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0O: 8.4 wt%). In organic electrolyte, the capacitance perfor-
mance of porous carbon was strongly dependent on BET
SSA. At the high activation temperature of 800 °C, the cor-
responding a-CP with maximum BET SSA value (3295
m?/g) exhibited the maximum capacitance value of ~155
F/g at the current density of 1 A/g. The results provided
some insight into potential increase of capacitance perfor-
mance for porous carbon with considerable heteroatom con-
tent in aqueous and organic electrolytes.

2 Materials and methods

The PANi nanorods were synthesized by oxidative poly-
merization of aniline with ammonium per-sulfate in an
aqueous solution containing citric acid according to Yin et
al’s report [42]. PANi nanorods were first pyrolyzed at
800 °C for 1 h under argon atmosphere to obtain carbonated
PANI (denoted as CP). KOH activation of CP is as follows:
typically, 0.5 g of CP was impregnated with 3 g KOH in
aqueous solution by sonication followed by evaporation at
80 °C under vacuum. The dried CP/KOH mixtures were
also heated at different temperatures ranging from 400 to
800 °C for 1 h under an argon atmosphere. After cooled
down to room temperature, the samples were washed with 1
mol/L HCI solution and ultra-pure water until a pH value of
7 was reached. Then, the samples were dried at 60 °C in air.
The final activated carbonated PANi products were desig-
nated as a-CP-x, where x represents the activation tempera-
ture.

Field emission scanning electron microscopy (FESEM,
JSM 6701F, JEOL, Japan) was employed to investigate the
surface morphologies of as-prepared porous carbons.
Transmission electron microscopy (TEM, 2100 FEG, JEOL,
Japan) operated at 300 kV was used to observe the
as-prepared carbon structure and morphology. The surface
chemical species of the as-prepared carbon was examined
by X-ray photoelectron spectroscopy (XPS) using a Per-
kin-Elmer PHI-5702 multifunctional photoelectron spec-
trometer (Physical Electronics, Chanhassen, USA) with
1486.6 eV radiation as the excitation source. The chemical
compositions of these carbon samples were analyzed by
Fourier transformation infrared spectroscopy (FTIR) using a
IFS66V FTIR spectrometer (Bruker, Germany). The nitro-
gen adsorption-desorption isotherm measurements were
performed on an ASAP 2020 volumetric adsorption analyz-
er (Micromeritics, USA) at 77 K. The BET method was
used to calculate the SSA. The PSD was derived from the
adsorption branch of the corresponding isotherm using the
Barrett-Joyner-Halenda method. The total pore volume was
estimated from the amount adsorbed at a relative pressure of
P/Py=0.99.

Electrochemical measurements were carried out using an
electrochemical workstation (CHI660D, Shanghai, China)
in a two-electrode system at room temperature. For aqueous
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cell system, 2 mol/L. KOH aqueous solutions were used as
electrolyte. The working electrodes were prepared as fol-
lows: 90 wt% of sample was mixed with 5 wt% of acetylene
black in an agate mortar until a homogeneous black powder
was obtained. To this mixture, 5 wt% of poly(tetrafluoroeth-
ylene) was added with a few drops of ethanol. After the
solvent was briefly allowed to evaporate, the resulting paste
was pressed at 10 MPa to the 12 mm diameter nickel foam
which served as the current collector. Each electrode con-
tained about 2-3 mg of electro-active material. The elec-
trode was dried for 10 h at 60 °C in air. The electrodes were
assembled into coin cell (2032) and separated by a porous
nonwoven cloth separator. For organic electrolyte cell sys-
tem, BMIMBF,/AN (mass ratio of 1:1) was used as elec-
trolyte. The working electrodes were prepared as follows:
90 wt% of sample was mixed with 5 wt% of acetylene black
and 5 wt% PTFE in an agate. Then, the mixture was rolled
into 30-50 um thickness sheets and cut into 10 mm x 10
mm electrodes. A pair of typical electrodes had a weight
between 4 and 6 mg after drying over-night at 160 °C under
vacuum. The dry electrodes were transferred into a glove
box filled with Ar to assemble two-electrode symmetrical
supercapacitor, which consisted of two current collectors
(aluminum foils), two electrodes and a porous separator
(Ceglard 3501) sandwiched in a coin cell (2032) consisting
of two stainless steel meshes.

All the electrochemical tests were carried out at room
temperature. Average specific capacitance values were cal-
culated from the galvanostatic discharge curves, using the
following equation:

C=41/[[dE/df)yxm] = 4/ [(AE/A) xm] (Flg) (1)
where [ is a constant discharge current, At is the time period
for a full discharge, m indicates the mass of the correspond-
ing active electrode material, and AE represents the voltage
change after a full discharge.

3 Results and discussion

Porous carbon rods were prepared by oxidative polymeriza-
tion, followed by pyrolysis and chemical activation under
different temperatures (Figure 1(a)). The SEM image (Figure
1(b)), TEM image (Figure 1(c)), and annular dark field scan-
ning TEM (ADF-STEM) image (Figure 1(d)) showed the rod
morphology of a-CP sample. Figure 1(e, f) exhibited the
high-resolution ADF-STEM and TEM images of the micro-
structure, respectively. These images clearly indicated that
KOH activation process preserved the rod morphology with
the diameter ranging from 100 to 150 nm and had generated a
substantial amount of micro/mesopores that were homoge-
neously distributed throughout the rod-like microstructure.
Most of the activation parameters (activation temperature,
mass ratio of hydroxide to precursor, and activation time)
could affect the BET surface area and pore structure of po-
rous carbon [19, 20, 22, 43]. Some studies showed that the
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Figure 1 (a) A schematic show of the facile process of synthesizing
PANi-derived porous carbon rods; (b~d) SEM image, TEM image, and
annular dark field scanning TEM (ADF-STEM) image, showing the typical
rod morphology of as-prepared porous carbon; (e, f) high resolution
ADF-STEM image and TEM image of porous carbon rod.

activation temperature was the simple and effective way to
control the BET surface area of activated carbon [19, 22].
Figure S1(a) shows the dependence of BET surface area on
activation temperature. The BET surface area of a-CP gradu-
ally increased from 252 to 3295 m*/g with an increase in ac-
tivation temperature from 400 to 800 °C, and the corre-
sponding pore volumes rapidly increased. Also, the gradual
increase of adsorbed volume in nitrogen isotherm curves in-
dicated the significant impact of activation temperature on
their porosity (Figure 2(a)). A noticeable emergence of mes-
opores could be obtained at relatively high activated temper-
atures (above 700 °C, Figure 2(b)), which was similar to the
polypyrrole-derived activated carbon [22].

XPS was performed to characterize the effect of activated
temperature on the element composition of a-CP sample.
XPS analyses (Figure 2(c)) showed that CP and a-CP sam-
ples were majorly composed of carbon, oxygen, and nitro-
gen elements, indicating some heteroatom (O and N) groups
existing in a-CP samples. The gradually increased activated
temperature would push down the N content in a-CP sample
to less than 1 wt% (Figure S2(a, b)). The fitting of Nls
peaks for CP suggested the existence of three contributions
at binding energies of 397.9, 400.5, and 403 eV (Figure
S2(c)). These peaks could be assigned to pyridine, quater-
nary, and oxidized nitrogen, respectively [25]. The N1s core
level peaks for a-CP-400 and a-CP-500 samples showed
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Figure 2 The N, sorption isotherm curves (a), PSD (b), XPS spectra (c), and FTIR spectra (d) of CP and a-CP samples activated at different temperatures.

similar shapes to that of CP. However, these Nls disap-
peared at high activation temperature (> 500 °C). However,
O content was enriched in a-CP-400 with ~12.5 wt% rela-
tive to the pristine CP with ~3.6 wt%, which indicated that a
pre-oxidation may occur in the initial KOH activation stage.
With a further increase of activated temperature, the oxygen
content fell off. Only about 3.25 wt% O was detected in
a-CP-800 sample. Also, FTIR analyses confirmed a ten-
dency that O content increased first and then decreased. The
remarkable increase of broad peaks at 1000-1400 and
1500-1700 cm™ for a-CP-400 and a-CP-500 samples re-
spectively in Figure 2(d) indicates the expansion of carbox-
ylation on the surface after KOH activation at 400 and
500 °C. It was interesting to note that the intensity of this
band (3200-3700 cm™") increased as the activated tempera-
ture was over 600 °C. This band can be assigned to the ad-
sorbed H,O. Previous studies showed that carbon materials
with the high BET surface areas had a strong ability to ad-
sorb H,O [44]. These results shown in Figures 2 and S2
indicates that a-CP sample synthesized in the temperature
range studied had the increased BET SSA and decreased
heteroatom content of activated carbons, making it a good
model system to study the effect of BET SSA and heteroa-
tom on electrochemical capacitance.

To clarify the influence of BET SSA and surface het-
eroatom functionalities on the supercapacitor performance

of CP and a-CP samples, two typical electrolytes (aqueous
KOH and organic BMIMBF,/AN) were employed. Figure
3(a, b) shows the electrochemical performance of CP and
a-CP symmetrical supercapacitor in aqueous KOH solution
within the potential range of 0—1 V. For non-activated CP
sample cell, cyclic voltammetry (CV) curve was not square
from O to 1 V and the slope was present, indicating its rela-
tively low capacitance performance (Figure 3(a)). For a-CP
sample cells, CV curves (Figure 3(a)) tended to rectangular
shape at the scan rate of 100 mV/s and charging/discharging
curves (Figure 3(b)) shifted to symmetrical and linear in
total potential range, indicating the typical capacitance be-
havior of carbon materials. Figure 3(c, d) shows the elec-
trochemical performance of CP and a-CP symmetrical su-
percapacitor in ionic liquid BMIMBF, and AN mixed elec-
trolyte. CV curves of a-CP sample cells tended to rectangu-
lar shape at the scan rate of 100 mV/s and charging/dis-
charging curves shifted to symmetrical and linear in total
potential range 0-3.5 V with the elevated activation tem-
perature. Especially, the optimal rectangular CV and linear
charge/discharge curves were observed in a-CP-800 cell.
For CP cell, it showed the relatively low capacitance values
both in KOH and BMIMBF,/AN electrolyte (Figure S3).
With an increase of activation temperature, the capacitance
values of a-CP cells increased first and then decreased in
KOH electrolyte (Figure S3 and Table 1). At 600 °C, the
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Figure 3 Electrochemical characteristics of the CP and a-CP samples activated at different temperatures in different electrolytes under the two-electrode
cell system. In aqueous (KOH) electrolyte: (a) CV curves at the scan rate of 100 mV/s; (b) galvanostatic charge/discharge curves at the current density of 1
A/g. In organic (BMIMBF.,/AN) electrolyte: (¢c) CV curves at the scan rate of 100 mV/s; (d) galvanostatic charge/discharge curves at the current density of 1

Alg.

Table 1 Summary of pore structure, elemental composition, and capacitance values of CP and a-CP samples

Samples BT Shiero ™ (m’/2) h 0" (wt%) N (wit%) Cra” Cro® Cu® Co®
P (m’/g) e ¢ (cm*/g) (F/g) (F/g) (uF/cm’) (uF/em’)
CP 21 13 0.03 3.55 6.37 25 117 6 30.6
a-CP-400 253 209 0.14 12.49 3.06 95 37.8 6 25.1
a-CP-500 1297 1053 0.68 11.26 3.13 246 19 68 5.3
a-CP-600 1771 1085 0.92 8.41 1.04 315 17.8 91 5.1
a-CP-700 2532 487 136 5.42 0.22 301 11.9 126 5
a-CP-800 3295 - 1.92 321 0.67 240 7.3 155 47

a) Obtained from N, adsorption-desorption isotherm; b) quantified by XPS; c) Cr, represents capacitance value derived from aqueous KOH solution; d)
Cr, represents the capacitance value derived from organic BMIMBE,/AN electrolyte; e) Cs, and Cs, (obtained by dividing the specific capacitance value by
BET SSA) represents the normalized capacitance values in aqueous KOH and organic BMIMBF,/AN electrolyte, respectively

maximum capacitance value of ~315 F/g could be obtained,
although the BET SSA of a-CP-600 sample only had 1771
m?/g. For a-CP-800 sample, its BET SSA increased to 3295
m%/g. However, only 240 F/g could be obtained. In
BMIMBF/AN electrolyte, the capacitance values increased
with the elevated activation temperature. CP and a-CP-400
showed capacitance values of only ~6.4 and ~6.3 F/g, re-
spectively. At the high activation temperature of 800 °C, the
corresponding a-CP cell exhibited the maximum capaci-
tance value of ~155 F/g at the current density of 1 A/g.
Table 1 shows that the capacitance properties of a-CP cells
which exhibit different trends with the elevated activation

temperature in these two electrolytes. The different trends
were particularly interesting because BET SSA played an
important role in determining the capacitance performance
of a-CP sample in BMIMBF,/AN electrolyte, while a simi-
lar relationship for a-CP samples was not observed in
aqueous KOH electrolyte. Some other factors should be
considered. As we know, the capacitance was mainly con-
tributed from two parts: EDLC from charge adsorption and
pseudocapacitance from redox reactions [28-30]. From
XPS and FTIR analyses (Figure 2(c, d)), heteroatom (O and
N) contents in carbon materials changed with the elevated
activation temperature. The redox actions of electrochemically
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active heteroatom (N or O) functionalities on carbon surface
brought in the additional pseudocapacitance in aqueous
KOH electrolyte. Although CP enriched with 6.37 wt% N,
poor capacitance performance of CP was observed. This
was due to the non-porous structure of CP and the low uti-
lization of N heteroatoms. At a low activation temperature,
a-CP-400 was enriched with 12.5 wt% O and 3 wt% N fol-
lowed by BET SSA value increasing from 20.9 m*/g for CP
to 252.8 m?/g, and the corresponding capacitance value in-
creased by 290%, from 24.5 F/g for CP to 95.4 F/g. The
pre-oxidation effect in initial KOH activation increased the
O atom content on the surface of carbon rods. The addition-
al O atoms contributed to the capacitance performance of
a-CP-400 as the form of pseudocapacitance. However, the
capacitance value for a-CP-400 did not increase in
BMIMBF/AN electrolyte. The additional O functional
groups might not have additional pseudocapacitive contri-
bution which was different from N functional groups in
organic electrolyte. Also, according to Zhang et al.’s effec-
tive SSA model [19], an effective EDLC might not form on
the newly developed pore in a-CP-400. This was mainly
because that the diameter of newly formed pore was less
than BMIM* (1.11 nm).

With an increase of the activation temperature from 400
to 600 °C, the O and N contents in a-CP sample decreased
to 8 wt% and 1 wt% (Figure S2(a)), respectively. However,
the-BET SSA increased from 252 to 1771 m?%g (Figure
S1(a)) and the capacitance value shifted to the maximum
value of 315 F/g (1 A/g, Table 1) in KOH electrolyte. With
an increase of the activation temperature from 600 to
800 °C, BET SSA of a-CP samples continued to increase.
However, the capacitance and heteroatom (N and O) con-
tents decreased. Traditionally, the gradual formation of pore
structure on carbon rod could enable the formation of a
larger number of double layers to facilitate the transport of
electrolyte ions, hence providing an enhanced capacitance
performance. Also, with regard to the reduced heteroatom
content in a-CP sample, pseudocapacitance from heteroa-
tom functional groups decreased. Due to that, a-CP-600
sample obtained the maximum capacitance value. For
BMIMBF//AN electrolyte system, the capacitance values of
a-CP samples gradually increased with the elevated activa-
tion temperature. When the activation temperature increased,
the micropore in a-CP formed and evolved to mesopore as
indicated: the S, value increased from a lower value of
13 m?/g for CP to a higher value of 1085 m*g for a-CP-600,
and then decreased for a-CP-700/800 samples (Table 1).
Pore distribution further proved a gradually increased mes-
opore in a-CP sample with the elevated activation tempera-
ture (Figure 2(b)). Although micropore generated in a-CP-
500 and a-CP-600 sample, the diameter of newly formed
micropore may be less than that of BMIM* (1.11 nm),
which results in the lower capacitance values of a-CP-500
and a-CP-600 samples. For a-CP-700/800 sample, large
amount of mesopores are generated (Table 1 and Figure
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2(b)), which facilitated BMIM™ ion to enter into the pore
and enabled the formation of effective double layers to store
the charge.

For further study, we summarized the specific capaci-
tance normalized by BET SSA, as shown in Table 1. Dif-
ferent trends were obtained. In aqueous KOH electrolyte,
CP sample exhibited the maximum C; value of 117 pF/cm®.
After the initial KOH activation process (400 °C), a-CP-400
was enriched with ~12.5 wt% O (Figure S2(a)), but the C;
values decreased dramatically from 117 to 37.7 pF/cm®.
Meanwhile, 3 wt% N was lost in this stage. This result in-
dicated that pseudocapacitance contribution from N het-
eroatom groups may be larger than that of O functional
groups. With the elevated activation temperature from 400
to 800 °C, the C; values decreased gradually from 37.7 to
7.3 pF/ecm?, although the total capacitance increased dra-
matically from 95.4 to 240 F/g. Considering the quasi-
rectangular CV (Figure 3(c)), vertical-like charging/dis-
charging (Figure 3(d)), and low heteroatom content (Figure
S2(a)) of a-CP-800, the C; value of a-CP-800 is majorly
contributed from EDLCs without significant pseudocapaci-
tance from Faradaic interactions. Hence, C; values gradually
decreased in aqueous electrolyte, which were majorly relat-
ed to the decrease of heteroatom content in a-CP samples
with the increase of activation temperature. In organic elec-
trolyte, CP sample also had the maximum C value of 19.6
uF/cm?®. This value was obviously lower than the C, value
(117 pF/cm?) in aqueous KOH electrolyte but higher than
other experimental/theoretical value (4—14 pF/cm?) in or-
ganic electrolyte [13, 19]. This result indicated Faradaic
interactions existed in heteroatom-enriched carbon materials
under such an organic environment, which was less signifi-
cant than that observed in aqueous electrolytes. An en-
hanced capacitance from N-enriched carbon in an organic
electrolyte had also been reported by other researchers [25,
34]. When compared to CP (19.6 uF/cmz) and a-CP-500
(5.2 uF/cmz), a-CP-400 was enriched with 12.5 wt% O, and
the corresponding C value reduced to a lower value of 2.1
uF/cm’. This reverse trend suggested that the newly formed
pore had no apparent capacitive contribution and additional
O groups appeared to have a detrimental effect on the nor-
malized capacitance in BMIMBF,//AN electrolyte. The dif-
ference between N and O pseudocapacitance contributions
in aqueous and organic electrolytes is evident, but its
mechanism remains unclear. Since the higher activation
temperature was larger than 400 °C, the C; values of a-CP
samples could be stabilized at ~4.9 pF/cm? with no signifi-
cant reduction. The results suggested that increasing the
BET surface area and cutting down heteroatom functional
groups both had no significant influence on the C; value in
this stage.

Although the significant capacitance improvement in ac-
tivated samples and the high C; value observed in CP sam-
ples are an evident consequence of pseudocapacitance in
both aqueous KOH and organic BMIMBF./AN electrolytes,
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the mechanisms by which the pseudocapacitance occurs are
clearly different, as evidenced by the gradually increased
BET SSA and changed heteroatom contents. When
a-CP-400 was enriched with 12.5 wt% O and lost with 3.3
wt% N, the capacitance values increased from 25 to 95 F/g
in aqueous electrolyte compared with no change in capaci-
tance values in organic electrolyte. Also, the corresponding
C; value in organic electrolyte reduced to a lower value of
2.1 uF/cm® when compared with CP (19.6 pF/cm®) and
a-CP-500 (5.2 uF/cmz). Some conclusions can be drawn
from these results and other works. First of all, the pseudo-
capacitance in aqueous KOH medium was due to redox
reactions of electrochemically active functional groups on
the carbon surface. According to the works of Hulicova-
Jurcakova et al. [35] and Chen et al. [45, 46], we proposed
redox reactions of oxygen and nitrogen functionalities in
aqueous KOH electrolytes as shown in Figure 4(a). In addi-
tion to organic BMIMBF,/AN electrolyte, oxygen groups
may not induce the redox reaction and bring the additional
pseudocapacitance contribution. The most reactive redox
reactions in organic BMIMBF,/AN electrolyte were gener-
ated from nitrogen groups, and the corresponding redox
mechanisms are proposed in Figure 4(b). It should be noted
that the as stated above reaction mechanism is not rigorous-
ly confirmed. Further works are still needed to clarify the
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Figure 4 The schematic of the proposed reversible pseudocapacitive
reactions of heteroatom functional groups (N and O) in aqueous KOH (a)
and organic BMIMBF,/AN (b) electrolytes, respectively.

Sci China Chem  November (2014) Vol.57 No.11

different heteroatom effect on the electrochemical capacitance
performance of carbon, especially in organic electrolyte.

As an ideal supercapacitor, it was expected that carbon
materials had two typical characteristics: large BET SSA
and high C; value. From our study, large BET SSA and high
C, value both could not be obtained. BET SSA and C, value
showed different trends with the elevated activated temper-
ature. Recently, some elegant works had dedicated to de-
veloping non-porous carbons with high C, values through
introducing heteroatom functional groups on the carbon
surface, but the corresponding total capacitances of carbon
materials were far below expectation [34, 35]. Therefore, a
compromise between BET SSA and C; would be used to
develop a supercapacitor with high energy density. For ex-
ample, a-CP-600 sample showed the largest capacitance
value (332 F/g, 0.5 A/g) in aqueous KOH electrolyte, while
it had a medium BET SSA value (1771 m%g) and accepta-
ble heteroatom content (N: 1 wt%, O: 8.4 wt%).

Other important factors, such as rate capability and cycle
stability, should be considered to fabricate a high perfor-
mance supercapacitor. The a-CP-600 cell exhibited a rate
capability of 50.8% (Figure S3(a)) and cycle stability of
84% (after 5000 cycles, Figure S4), while it was slightly
less than a-CP-800-based supercapacitor which had a rate
capability of 61.9% and cycle stability of nearly 100%. This
would largely account for the reversible redox action from
heteroatom functional groups which did not work effective-
ly and stably at high or long current loads [3, 47, 48]. Pan-
dolfo et al. [3] suggested that heteroatom functional groups,
which can catalyze the electrochemical oxidation or reduc-
tion of the carbon, or the decomposition of the electrolyte
components, lead to increase of leakage current, gas genera-
tion, and equivalent series resistance. Thus, a strategy which
combined the reduced proportion of pseudocapacitance
from heteroatom functional groups and the increased effec-
tive BET SSA of carbon materials should be considered to
fabricate a supercapacitor with high power density and cy-
cle stability. In organic electrolyte, the pseudocapacitance
contributed from heteroatom functional groups was obvi-
ously less than that in aqueous electrolyte. A richer O het-
eroatom had a detrimental effect on the capacitance perfor-
mance in organic electrolyte as observed in a-CP-400 sam-
ple, although its mechanism remained unclear. Although,
high heteroatom content in a-CP sample went against the
rate ability and cycle stability of supercapacitor. As shown
in Figure 3, non-rectangle CV curves and non-vertical dis-
charging lines of a-CP samples were observed at the low
activation temperatures. Figure S3(b) shows that a-CP-800
cell has the higher rate capability (~74.8%) than that of oth-
er a-CP cells. The cycle stability test (Figure S5) also
showed that a-CP-600 maintains only 39% of the initial
capacitance after 1000 cycles which was not as much as
98% of a-CP-800. Also, the capacitance value was linear
with BET SSA, which indicated that carbon materials with
high BET SSA could achieve high capacitance performance.
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Generally speaking, a low heteroatom functional groups and
high BET surface area contributed to a supercapacitor with
the high capacitance value, desirable rate ability, and excel-
lent cycle stability in organic electrolyte.

4 Conclusions

Controlling of BET SSA and heteroatom content of porous
carbon materials had been realized by adjusting KOH acti-
vation temperatures. Experimental results show that BET
SSA and heteroatom have different effects on the electro-
chemical capacitance performance of the porous carbon in
aqueous KOH and organic BMIMBF,/AN electrolyte. In
aqueous KOH electrolyte, the capacitance performance of
porous carbon materials is related to two factors: pore
structure (BET SSA) and heteroatom content (heteroatom
functional groups). High BET SSA can enable the for-
mation of a large number of double layers to enhance ener-
gy storage capacity and rate capability, but an obtained high
BET SSA is based on high activation temperature. Abound
heteroatom functional groups in porous carbon materials
introduce the extra pseudocapacitance toward to increase
the C; value, but heteroatom functional groups are not stable
at high activation temperature. A balance between BET
SSA and heteroatom of KOH activated porous carbon
would be found to develop a supercapacitor with high en-
ergy density. In organic electrolyte, the capacitance perfor-
mance of KOH activated porous carbon is strongly depend-
ent on BET SSA. High BET SSA and low heteroatom con-
tent should be considered to ensure a supercapacitor com-
bining high energy density and superior power density.
Hence, our results can be used to guide the design of porous
carbon materials for supercapacitor with the desired capaci-
tive performance in aqueous and organic electrolytes.
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