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Abstract Porous carbon materials with high surface area
and different pore structure have been successfully prepared
by phenolic resin combined with polyvinyl alcohol (PVA)
and KOH as activation agents. The surface morphology,
structure, and specific surface area of the carbon materials
were studied by scanning electron microscopy, X-ray dif-
fraction, and nitrogen sorption measurement, respectively.
Furthermore, the effects of specific surface area, pore struc-
ture, and electrolyte on electrochemical properties were
investigated by galvanostatic charge—discharge measure-
ment. The results show that KOH-PVA-activated carbon
materials display specific capacitance as high as 218 Fg'
in 30 wt.% KOH aqueous electrolyte, 147 Fg ' in 1 M LiPFy/
(ethylene carbonate (EC) + dimethyl carbonate) (1:1v/v), and
115 Fgf1 in 1 M Et;MeNBF,/propylene carbonate organic
electrolyte, respectively. In addition, the carbon materials
demonstrate long-term cycle stability, especially the AK3P-
0.30 in aqueous electrolyte and the AK2P-0.30 with excellent
rate capability in organic electrolyte. These reveal that the
existence of a micro-mesoporous structure of activated carbon
is beneficial to store energy in an aqueous supercapacitor and
broad pore size distribution of activated carbon is favorable to
energy storage in an organic supercapacitor. The carbon mate-
rials with pore size distribution in different ranges improve the
electrochemical performance of supercapacitor in different
electrolytes. A new pore-expand agent (PVA combining with
KOH) was used to obtain porous carbons with enhanced
properties for supercapacitor.
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Introduction

With the continuous development of supercapacitor, the safe
energy storage device has been applied in many appliances,
such as memory backup, intelligent controller, hand-cranked
flashlight, and so on. Supercapacitor is divided into electric
double-layer capacitor (EDLC) and pseudocapacitor. The
EDLC has been attracting increasing interest and attention
in researching for its potential in high power output, high
energy density applications, excellent reversibility, long cy-
cle life, and safe characteristics. Porous carbon materials
have been considered as the most promising materials for
a supercapacitor, owing to their large surface area, con-
trolled pore structure, high thermal stability, and relatively
low cost [1-12]. The carbon materials with pore size distri-
bution in different ranges improve the electrochemical per-
formance of supercapacitor in different electrolytes. Pore
size distribution, surface area, and the size of the electro-
lyte ions could influence its electrochemical performance
significantly [13-15].

The structure of double layers of porous carbons as
electrode materials in organic electrolyte might be different
from that in aqueous electrolyte [16, 17]. H. Yamada et al.
have reported that the porous carbons for EDLC exhibited
large specific double-layer capacitance of 120 Fg ™' in an
organic electrolyte of 1 M LiClO4/(PC + dimethoxy eth-
ane) due to their large surface areas and super rate capa-
bility resulting from interconnected hierarchical porous
structures [18]. L.H. Wang et al. have reported the per-
formance of porous carbons in Et;MeNBF4/PC; the
results revealed that microporous surface area contributed
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to the capacitance much less than external surface [19,
20]. Others have reported the excellent electrochemical
performance of porous carbons in KOH aqueous electro-
lyte, which was ascribed to hierarchical pore structure
(abundant micropores and interconnected mesopores with a
size of 3—4 nm), high surface area, large pore volume, and
well-balanced micro/mesoporosity in the sample [21-23].
Compared with aqueous electrolyte, organic electrolyte
exhibits some drawbacks: poorer electrolyte conductivity
(typically ~10 mS ¢cm ") due to their viscous solvent and
smaller specific double-layer capacitance (2~10 pF cm 2)
[24, 25].

In this study, porous carbons have been prepared from
phenolic resin (PF) by adding both PVA and KOH as
activation agents. The electrochemical properties of the
hierarchical porous carbons were investigated in both aque-
ous (KOH) and organic (LiPF4/(EC + DMC) and
Et;MeNBF,4/PC) supercapacitor.

Experimental
Preparation of the activated carbon

Phenolic resin was used as precursor to prepare activated
carbon; the KOH and PVA were used as pore-expanding
agents. The prepared carbon materials were denoted as
AKxP—y, in which A stands for the activated carbon; corre-
spondingly, K and P represent the KOH and the PVA, and x
represents the mass ratio of KOH/PF; so, y is the mass ratio
of PVA/PF. The samples AK3, AK3P-0.30, AK3P-0.35, and
AK2P-0.30 correspond to the PF and KOH together with
PVA (1:3, 1:3:0.30, 1:3:0.35, 1:2:0.30, w/w/w). In the first
step, the PVA of the ethanol-water mixture was added to
KOH aqueous solution with magnetic stirring; the phenolic
resin ethanol solution was then added dropwise to the mix-
ture solution with a dropper. After this step, the mixture was
stirred to mud under heated temperature at 90 °C then
immediately placed into a stainless steel tube, and the sam-
ples were dried at 110 °C for 12 h to reduce the moisture
content before inserting them into an electric furnace. The
dried samples were put into a horizontal pipe reactor for
activation under flowing nitrogen from room temperature up
to the target temperature. The samples were activated as
follows: (1) temperature-programmed heating with a heating
rate of 5 °C min ' from room temperature to 300 °C and
kept for 2 h, (2) temperature-programmed heating with a
ramping rate of 1 °C min~' from 300 to 750 °C desired
activating temperature and kept for 4 h, (3) cooling down
to room temperature, and the obtained samples were sub-
sequently transferred into a glass beaker and washed with
distilled water; dilute hydrochloric acid was subsequently
transferred into the glass beaker and stirred for 6 h. Finally,
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the activated samples were washed with distilled water
until the filtrate appeared neutral and dried to obtain the
products.

Characterization

In order to analyze the pore structural properties of the
activated carbon materials, nitrogen adsorption—desorption
isotherms of the porous carbons were measured with an
ASAP2020 autosorb analyzer (Micromeritic, USA) at
77 K. The Brunauer—Emmett-Teller (BET) method was
utilized to calculate the specific surface areas (Sggt). Total
pore volume (V;), average pore size (D,,), and micropore
volume (Vicro) Were calculated from the amount of N,
adsorbed at a relative pressure (P,=P/P,) of 0.1 and 0.95.
The distribution of different pore sizes was obtained by the
Barrett—Joyner—Halanda (BJH) method. The mesopore vol-
ume (Vneso) could be obtained by subtracting the micropore
volume from the total pore volume. Mesoporosity was de-
fined as the ratio of mesopore volume to the total pore
volume [26]. Structural parameters of the activated carbon
materials were detected with powder X-ray diffraction
(XRD; Rigaku P/max 2200VPC) using Cu Ko« radiation.
The surface morphologies of porous activated carbons were
observed by scanning electron microscopy (SEM; XL 30
ESEM-FEG, FEI Company).

Electrochemical performances of the electrode materials
were evaluated using a Button-type capacitor. The working
electrodes were prepared by mixing 80 wt.% of activated
carbon materials, 10 wt.% of polytetrafluoroethylene (PTFE),
and 10 wt.% of acetylene black, in which PTFE was used as a
binder and acetylene black was used as a conductive agent.
The electrodes were dried at 120 °C under vacuum for 24 h.
First, the cells were assembled with two carbon electrodes,
30 wt.% KOH aqueous solutions as the electrolyte, and a
glassy paper as a separator. The capacitances of the capacitors
were studied by galvanostatic charge—discharge cycle at a
current density of 120 mA g ', and the charge—discharge
voltage ranged from 0 to 0.8 V on the electrochemical test
instrument (CT2001A Wuhan LAND Electronic Co. Ltd.,
China). Second, two kinds organic electrolyte of 1 M
Et;MeNBF4/PC and 1 M LiPF¢/(EC + DMC) were used to
improve the energy density of the capacitors. The capacitances
of the capacitors were studied by galvanostatic charge—dis-
charge cycle at a current density increasing from 60 to
1,000 mA g, and the charge—discharge voltage ranged from
0 to 2.4 Von the electrochemical test instrument.

The specific capacitances of the EDLC were calculated
according to the following formula: Cy=4IA#/AVm, where
C, (F g") is the specific gravimetric capacitance of single
electrode, 7 (A) is the discharge current, Af (s) is the discharge
time, AV (V) is the potential change in discharge, and m (g) is
the mass of the activated material on both electrodes.
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Results and discussion
Porous texture and surface characterizations

The N, adsorption—desorption isotherms are shown in
Fig. 1a, b. The isotherms of AK3 exhibits type I adsorption
isotherms characteristic of microporous carbons. The iso-
therm for AK2P-0.30 displays increasing N, adsorption at
relative pressures above 0.4 and hysteresis loops, which is
typical of type IV isotherm and indicates that the carbon
material contains mesopores. However, the isotherms of
AK3P-0.30 and AK3P-0.35 show a capillary condensation
knee somewhat less steep than those of AK2P-0.30, present-
ing type I-IV hybrid-shape isotherms [27], which indicates
the presence of mesopores and a multitude of micropores for
AK3P-0.30 and AK3P-0.35. The pore size distributions in
mesopore range are shown in Fig. 1c. With the BJH method
analysis, the AK2P-0.30 shows the uniform pore size dis-
tribution at around 3.5-4.5 and 24-32 nm, relatively;
AK3P-0.30 and AK3P-0.35 have one small peak at 3.5—
4.5 nm, while the AK3 has on a peak. It denotes that the
pore size distributions are broadened after the moderate
mixture of KOH and PVA.

The BET surface areas and the pore characteristics are
illustrated in Table 1. It can be seen that the AK3 possesses
the highest surface area and the small average pore size,
which confirms that the KOH-activated porous carbon has
lots of micropores, in agreement with Fig. 1a. However, the
mesoporosity of KOH-PVA-activated porous carbons
has been significantly increased. When the ratio of PF/
KOH/PVA is 1:3:0.30, the activated carbon material has
a relatively higher mesoposity (34 %) and specific sur-
face area (1,759 m? g '), which demonstrates the exis-
tence of micro-mesoporous structure for AK3P-0.30.
The AK2P-0.30 not only has a quite large average pore
size of 4.3 nm but also has a pore size distribution with
two distinct peaks in the mesopore range as shown in
Table 1 and Fig. lc. These results further confirm that
the addition of KOH and PVA significantly enlarged the
pore size.

XRD characterization

The X-ray diffraction patterns of carbon materials are dis-
played in Fig. 2. There are two broad diffraction peaks
at around 260=26.30° and 43.75° in each spectrum,
corresponding to the diffraction of (002) and (100), respec-
tively. All the carbon materials show preferable graphitic
microcrystallites. It is interesting to find that there are no
marked diversities in the XRD patterns with the increase of
KOH or PVA in Fig. 2. The curves prove that the activation
agent’s proportion have slightly influenced the microcrys-
tallites of the carbon materials.
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Fig. 1 a N, adsorption—desorption isotherms of the AK3, b N, ad-
sorption—desorption isotherms of the AKxP—y, ¢ pore size distributions
of the AK3 and AKxP—y

Morphology characterization

SEM images are conducted to show the surface morpholo-
gies of investigated carbon materials (Fig. 3a—d). The
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Table 1 Textural characteristics

of the AKxP—y Samples SBZETL : Dgjy, Tot}al E)(l)re volume, Vmi;m: . Vmgsm,l Mesoporosity, %
m°g nm cm’ g cm’ g cm’ g
AK3 2,218 2.25 1.15 0.87 0.28 24
AK3P-0.30 1,759 2.70 0.93 0.61 0.32 34
AK3P-0.35 1,622 2.70 0.86 0.49 0.37 43
AK2P-0.30 1,452 4.63 0.81 0.56 0.25 31

surface morphologies are clearly different for various activat-
ed carbons. The KOH-activated material AK3 has a lot of
shallow concave round pores on the surface. As for the KOH—
PVA-activated materials AK3P-0.30, AK3P-0.35, and AK2P-
0.30, their pores are wider and deeper than that of AK3
relatively. Especially for AK2P-0.30, it has more penetrating
pores and wider pore size on the surface. It can be seen that the
pore size of AK3P-0.30 is smaller than that of other KOH-
PVA-activated materials and that AK3P-0.30 has uniform
pore size relatively. Because of the small and uniform pore
size, AK3P-0.30 has a larger BET (1,759 m* g ") and more
uniform pore size distribution. Therefore, SEM results show
that the carbon materials have an apparently honeycomb
structure (Fig. 3b—d) in the presence of PVA, which is favor-
able to ions transport and storage.

Electrochemical performances

Galvanostatic charge—discharge measurements were com-
monly used to test the performance of capacitors. Figure 4
displays the charge—discharge curves of the AKxP—y-based
EDLC with various current densities, which were obtained
ranging 0 to 2.4 Vat 60 to 120 mA g ' in 1 M LiPF¢/(EC +
DMC). A sharp change in voltage at the beginning of the
discharge is visible in each sample, which is associated with
the equivalent series resistance (ESR) of the EDLC [28].

3 AK3

s

&

2 AK2P-0.30

D

E
AK3P-0.35
AK3P-0.30

" 1 " 1 " 1 " 1 " 1 "
0 20 40 60 80 100 120

20 (degree)

Fig. 2 X-ray diffraction patterns of the AKxP—y
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This potential drop originates mainly from the bulk solution
resistance, electrode resistance, and ion migration resistance
in the electrode. It is clear that the AK2P-0.30 shows the
lowest potential drop in Fig. 4a, which indicates that the
ESR of AK2P-0.30 is smaller than that of other electrode
materials. Furthermore, AK2P-0.30 has the smallest slope in
discharge curves among all electrode materials, which
implies that the specific capacitance of AK2P-0.30 is the
highest in all carbon materials [29]. This is in agreement with
the value of 147 Fg ' at the current density of 60 mA g ',
which is attributed to the synergy between specific surface
area and uniform pore size distribution at around 3.5-4.5 and
24-32 nm and the interconnected porous structure. As shown
in Fig. 4b, the specific capacitance of AK2P-0.30 (131 Fg ™)
is higher than others and the specific capacitances of the
carbon materials are reduced with the increase of current
density. Especially, the largest change of specific capacitance
among these electrode materials is AK2P-0.30, which is as-
cribed to the relatively smaller surface areas and fast charge,
leading to the Li" and PF ions having some difficulty to
penetrate into the inner pores at the current density of
120mA g .

In order to confirm the cycling stability of the carbon
materials, galvanostatic charge—discharge experiments were
conducted at the current density of 60 mA g~' in 1 M LiPF¢/
(EC + DMC). Figure 5 shows the dependence of the specific
capacitance on the cycle number for all electrode materials.
Obviously, the specific capacitance of AK2P-0.30 is higher
than others. In addition, the capacity retention of AK2P-0.30
is above 70 % after 1,000 cycles, which exhibits good
electrochemical cycle durability.

The effect of KOH’s and PVA’s content of AKxP—y
carbon materials in 1 M Et;MeNBF,/PC at the current
density of 60 mA g ' is illustrated in Fig. 6a. The charge—
discharge profiles of all electrode materials exhibit almost
the isosceles triangle curves, which indicate the simulative
capacitor with the performance of electrochemical stability
and reversibility. The smallest slope in the discharge curve is
observed on AK3, which implies that its specific capacitance
is the largest among all electrode materials. This is attributed
to the large specific surface area and high surface utilization at
low current density. Compared with current density impact,
the charge—discharge curves of AKxP—y carbon materials in
1 M Et;MeNBF4/PC at the current density of 120 mA g ' are
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Fig. 3 SEM images of a AK3, (a)
b AK3P-0.30, ¢ AK3P-0.35, d :
AK2P-0.30

illustrated in Fig. 6b. The charge—discharge curve of AK3 has
a little change, while the AK2P-0.30 has a smaller slope than
others. Correspondingly, AK2P-0.30 shows the specific ca-
pacitance of 115 Fg " at the current density of 120 mA g,
which is higher than the specific capacitance of 98 Fg ' at the
current density of 60 mA g~ in 1 M Et;MeNBF,/PC, because
the AK2P-0.30 has a lot of small micropores in the inner [30].
The discharge capacitances of AK3, AK3P-0.30, and AK3P-
0.35 are 109, 104, and 97 Fg ' at the current density of
120 mA g !, respectively. Obviously, the highest discharge
capacitance is observed for AK2P-0.30, which is attributed to
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the appropriate BET surface area and wide pore size.
Therefore, the AK2P-0.30 could be more promising for
supercapacitor electrode application owing to its ability to
store more energy in 1 M Et;MeNBF,/PC at a current
density of 120 mA g .

The effect of cycle number on specific capacitance in
1 M Et;MeNBF,4/PC at the current density of 120 mA g™ is
shown in Fig. 7. The measured capacity retentions are all
above 90 % for all carbon materials after 1,000 cycles,
which indicate that the AKxP—y carbon materials are stable
under these long-term charge—discharge cycles. The AK3
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Fig. 4 Galvanostatic charge—discharge curves of the AKxP—y-based EDLC at a current density of a 60 mA g ' and b 120 mA g ' in 1 M LiPF¢/

(EC + DMC) electrolyte
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Fig. 5 Variation of specific capacitance with cycle number of the
AKxP—y-based EDLC at a current density of 60 mA g ' in 1 M
LiPF¢/(EC + DMC) electrolyte

exhibits excellent cycle stability, while the AK2P-0.30 has
high specific capacitance and desirable electrochemical re-
producibility. It is further confirmed that the AK2P-0.30
displays perfect electrochemical performance at the current
density of 120 mA g ' in 1 M Et;MeNBF,/PC. Compared
with Fig. 5, the AK2P-0.30 has higher specific capacitance
in LiPF¢/(EC + DMC) [31], while it has better electrochem-
ical cycle stability in EtsMeNBF,/PC. It demonstrates that
the electrolyte of LiPF¢/(EC + DMC) usually has a larger
contribution to capacitance; correspondingly, the electrolyte
of EtsMeNBF,/PC has more contribution to the cycle sta-
bility. From the above study, it is confirmed that the AK2P-
0.30 possesses superior electrochemical performance in
organic electrolyte.

The evolution of the electrical capacitance with the cur-
rent density was of prime importance to evaluate the poten-
tial of carbon materials for high-power applications.
Figure 8 depicts the retention rates of specific capacitance
for AK2P-0.30 in organic electrolyte. For both electrolytes,
specific capacitances decrease with the rise of current den-
sities. The AK2P-0.30 gets a specific capacitance of 92 Fg ™'
at the current density of 1,000 mA g ' in 1 M Et;MeNBF,/
PC, holding about 80 % of that at 120 mA g ', suggesting
good rate capability; as the current density increases from 60
to 1,000 mA g ' in 1 M LiPF¢/(EC + DMC), the specific
capacitance of AK2P-0.30 still can keep 106 Fg™' with the
maintenance ratio above 70 % versus its specific capaci-
tance at 60 mA g’ (147 Fg "), implying appreciable power
property. It can be seen that the specific capacitance in
LiPF¢/(EC + DMC) is higher than that in Et;MeNBF,/PC
for AK2P-0.30 at the same current density, which is ascribed to
its pore size being matching with the ion size of LiPF¢/(EC +
DMC), thus resulting in higher surface utilization. In order to
explain the phenomenon, the solvated ion radiuses of electro-
lytes were calculated with the Gaussian 03 program [32] by
means of the polarizable continunm model. In consideration of
the fact that the radius of DMC was larger than that of EC,
DMC was chosen as solvent. The solvated cation radiuses for
LiPF¢/(EC + DMC) and Et;MeNBF,/PC were obtained as
approximate 0.939 and 1.214 nm, respectively. It is clear that
the radius value in LiPF¢/(EC + DMC) is smaller than that in
Et;MeNBF4/PC. Moreover, the solvated anion radiuses for
LiPF¢/(EC + DMC) and Et;MeNBF4/PC are similar
(PFg ‘DMC is approximate 1.137 nm and PF, -PC is approx-
imate 1.106 nm); therefore, there is a higher surface utilization
in LiPF¢/(EC + DMC). For AK2P-0.30 carbon material, the
inner pore ion transport resistance is significantly lowered by
the connected mesopores. This facilitates the electrolyte ions to
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Fig. 6 Galvanostatic charge—discharge curves of the AKxP—y-based EDLC at a current density of a 60 mA g ' and b 120 mA g ' in 1 M

Et;MeNBF4/PC electrolyte
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move quickly at high current density and thus gives ideal rate
performance. Therefore, AK2P-0.30 may be more promising
for supercapacitor electrode application owing to its ability to
store more energy in 1 M LiPF¢/(EC + DMC) at the current
density of 60 mA g .

Figure 9 displays the electrochemical performances of the
electrode materials and the charge—discharge curves of vari-
ous carbon materials. The galvanostatic charge—discharge
behaviors for the AK3P-0.30 and AK2P-0.30 were performed
at the current density of 120 mA g ' between 0 and 0.8 V in
30 wt.% KOH aqueous electrolyte. The slope of the discharge
curve for AK3P-0.30 is smaller that that of AK2P-0.30, which
demonstrates the highest specific capacitance is observed
(218 Fg!). This can be ascribed to the enhanced specific
surface area and porous texture (abundant micropores and
interconnected mesopores with the size of 3—4 nm, large pore
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Fig. 9 Galvanostatic charge—discharge curves of the AK3P-0.30 and
AK2P-0.30 at a current density of 120 mA g ' in 30 wt.% KOH
aqueous electrolyte

volume, and well-balanced micro/mesoporosity in sample) of
AK3P-0.30, rendering a larger amount of absorption for elec-
trolyte ions. The discharge capacitance of AK2P-0.30is 127 F
g ', which is caused by the low volume of pore and surface
area. Thus, AK3P-0.30 may be more promising for super-
capacitor electrode application, owing to its ability to store
more energy in 30 wt.% KOH aqueous solution.

The cycling behaviors of the carbon materials are shown in
Fig. 10. The two electrode materials present excellent cycling
behavior at the current density of 120 mA g ' in 30 wt.%
KOH aqueous electrolyte. Especially, the specific capacitance
of AK3P-0.30 is as high as 218 Fg ™' and remained after 1,000
cycles. No loss of capacitance of AK3P-0.30 was found
during the galvanostatic charge—discharge process, which
indicates that the AK3P-0.30 possesses good electrochemical
reproducibility.
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Fig. 10 Variation of specific capacitance with cycle number of the
AK3P-0.30 and AK2P-0.30 at a current density of 120 mA g ' in
30 wt.% KOH aqueous electrolyte
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Therefore, the AK3P-0.30 carbon material has more poten-
tial for supercapacitor electrode application in 30 wt.% KOH
aqueous solution; the AK2P-0.30 carbon material could be
more promising for supercapacitor electrode application in
1 M LiPF¢/(EC + DMC) at a current density of 60 mA g~
and 1 M Et;MeNBF,/PC at a current density of 120 mA g .

Conclusions

The pore structures and electrochemical performances of the
activated carbons as electrode materials in different electro-
lytes for EDLC, which were prepared from phenolic resin
by adding both PVA and KOH as activation agents, were
investigated. The present study showed that the PVA and
KOH are competitive activation agents for the supercapaci-
tor electrode materials. KOH-activated porous carbon has
lots of micropores, while the mesoporosity of KOH-PVA-
activated porous carbons has been significantly increased.
Specific surface area, pore structure, and electrolyte influ-
enced the specific capacitance for EDLC; therefore, the
characterizations of activated carbons were compared in
aqueous and organic supercapacitors. In an aqueous super-
capacitor, AK3P-0.30 exhibits the best electrochemical per-
formance; it can be ascribed to the existence of a micro-
mesoporous structure and an enhanced specific surface area
(1,759 m* g "), rendering a larger amount of absorption for
electrolyte ions, which is beneficial to store energy in aque-
ous electrolyte; in an organic supercapacitor, AK2P-0.30
shows the most perfect electrochemical performance, main-
ly due to the broad pore size distribution at 3.5-4.5 and 24—
32 nm, which is favorable to energy storage in organic
electrolyte, while the specific capacitance of AK2P-0.30 in
LiPF¢/(EC + DMC) is higher than that in Et;MeNBF,4/PC,
which is attributed to the pore size of electrode material
being matching with the ion size of electrolyte, thus result-
ing in higher surface utilization of the carbon material. The
carbon materials with pore size distribution in different
ranges improve the electrochemical performance of a super-
capacitor in different electrolytes. By comparison with the
KOH-activated porous carbon, this novel activation agent
(PVA combined with KOH) seems to be an interesting
alternative pathway to obtain porous carbons with enhanced
properties for supercapacitor.
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