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Activated carbon fibers (ACFs) with super high surface area and well-developed small mesopores have
been prepared by pyrolyzing polyacrylonitrile fibers and NaOH activation. Their capacitive performances
atroom and elevated temperatures are evaluated in electrochemical double layer capacitors (EDLCs) using
ionic liquid (IL) electrolyte composed of lithium bis(trifluoromethane sulfone)imide (LiN(SO,CFs),) and
2-oxazolidinone (C3HsNO, ). The surface area of the ACF is as high as 3291 m? g~1. The pore volume of the
carbon reaches 2.162 cm? g, of which 66.7% is the contribution of the small mesopores of 2-5nm. The
unique microstructures enable the ACFs to have good compatibility with the IL electrolyte. The specific
capacitance reaches 187 Fg~! at room temperature with good cycling and self-discharge performances.
As the temperature increases to 60 °C, the capacitance increases to 196 Fg~1, and the rate capability is
dramatically improved. Therefore, the ACF can be a promising electrode material for high-performance
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1. Introduction

Electrochemical double layer capacitors (EDLCs) have attracted
considerable attention as a novel energy-storage device with high
power density and long cycling durability. EDLCs are now widely
used in memory back-up systems, uninterruptable power sources,
portable electronics, etc., and will find large-scale applications in
hybrid electric vehicles (HEVs) by coupling with fuel cells or sec-
ondary batteries to deliver high power for vehicle acceleration
and to store the energy converted from braking [1,2]. Nowadays
research is mainly focused on improving the energy density and
temperature limit of the EDLCs [3-5].

Activated carbons are often used as electrode materials in EDLCs
because they can be prepared with large specific surface areas
and are commercially available and cheap [6-10]. Theoretically,
the higher is the specific surface area of the carbon, the stronger
will be its ability to accumulate charges. However, specific capac-
itance does not necessarily increase proportionally to the surface
area of the porous carbon. The size of the pores is another critical
factor strongly affecting the capacitance of the carbon. The carbon
becomes hardly accessible if its pores are smaller than the solvated
ions [11]. Therefore, a good match between the pore size in the car-
bon material and the dimension of the ionic species is important for
achieving high specific capacitance [12,13]. In addition, it has been
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confirmed that size of the mesopores and their interconnectivity of
the carbon strongly influence the dynamic properties of the EDLCs
[14-17]. Therefore, it is important to design carbon materials with
pores large enough for the electrolyte to access freely but, in the
meantime, small enough to ensure a large surface area [18]. Car-
bon materials with small mesopore (2-5 nm in size, larger than the
size of two solvated ions) are believed to be superior in constructing
EDLCs with high energy density and high power density [3].

Increase of the operation voltage of a capacitor leads to a signif-
icant enhancement of energy and power densities. Replacing the
aqueous electrolyte with organic ones is an easy way to increase
the operation voltage of the capacitor. Actually the cutting-edge
supercapacitors on the market are using non-aqueous electrolytes.
A drawback of these aprotic electrolytes is that the organic solvents
cannot meet the requirements of environmental compatibility and
safety due to vapor generation, flammability and explosion, espe-
cially for application in HEV. lonic liquid (IL) is expected to be an
alternative to the traditional non-aqueous electrolyte due to its
wide electrochemical window and high safety at high tempera-
tures.

EDLCs with IL electrolyte can work at higher voltages and have
higher safety and better capacity retention at high temperatures
than those using non-aqueous electrolytes [19-22]. We previously
reported that ILs composed of lithium bis(trifluoromethane sul-
fonyl) imide (LiN(SO,CF3 )y, LiTFSI) and 2-oxazolidinone (C3H5NO>,
0Z0) could be easily prepared and showed high thermal stability,
high electrochemical stability and excellent electrochemical per-
formances as electrolyte for EDLCs [23]. However, the capacitance
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of the activated carbon with a surface area of 1200m?2 g~! in that
IL was only 33 Fg~!. This is attributed to the dominant micropores
in the carbon where the IL ions cannot access. Therefore, carbon
materials with suitable pore distribution are required to match the
IL electrolyte in order to optimize the performance of the EDLCs.

Chemical activation with alkali hydroxide (KOH or NaOH) is an
effective method to prepare activated carbons with very high sur-
face area and microporous structures [24-26]. Although the pore
size can be controlled to some extent by optimizing the precur-
sors and the activation conditions, the micropores are dominant
in the carbons. In this paper, polyacrylonitrile (PAN) fibers were
pyrolyzed and then activated with NaOH. By controlling the con-
tent of NaOH impregnated in the carbonized fiber, small-mesopore
dominated (2-5nm) activated carbon fibers (ACFs) with super
high surface area were prepared. This paper is to characterize the
microstructures of the activated carbon and evaluate their elec-
trochemical performances at various temperatures and current
densities in EDLCs with IL electrolyte.

2. Experimental
2.1. Preparation and characterization of ACFs

Commercial PAN fiber was used as the starting material. After
pre-oxidized at 240 °Cin air for 4 h, the fiber was heated up to 600 °C
atarate of 10°Cmin~! ina tubular furnace in N (99.999%) and kept
there for 1 h. Then the carbonized fiber (CF) was soaked in concen-
trated NaOH solution under vacuum for several hours. The weight
ratio of NaOH to the CF (R value) varied between 1 and 6. After
dried at 150 °C for 5 h, the fiber in NaOH was activated at 600 °C for
1hin a tubular furnace under N; (99.999%) atmosphere. The acti-
vated material was washed with 0.5 mol L-! HCl and distilled water
in sequence to remove the residual NaOH completely. After dried
at 120°C for 12 h, the final ACFs were obtained. The ACF samples
prepared at a weight ratio of NaOH/CF =R is denoted as ACFR.

The specific surface area and pore structure of the ACF were
determined with the nitrogen adsorption/desorption isotherms
at 77K (Quantachrome NOVA 1200). All the samples were
degassed at 300°C for 8h prior to the adsorption experiments.
The specific surface area was calculated by the conventional
Brunauer-Emmett-Teller (BET) method. The total pore volume was
estimated by the amount of adsorbed N, at a relative pressure of
0.99. The distribution of the pore size of the samples was calculated
by the density functional theory (DFT) method.

2.2. lonic liquid electrolyte

The IL composed of LiTFSI and OZO at a molar ratio of 1:4.5
was used as the electrolyte. The details for the synthesis of the IL
electrolyte have been described in our previous paper [23]. The
properties of the IL electrolyte are listed in Table 1.

2.3. Evaluation of capacitive performance

Electrodes were prepared by pressing the mixture of 87 wt% ACF,
10 wt% acetylene black and 3 wt% PTFE binder into pellets (11 mm
in diameter), followed by drying under vacuum at 120°Cfor 12 h. A
button-type capacitor was assembled with two carbon electrodes

Table 1
Properties of the IL electrolyte composed of LiTFSI and OZO.
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Fig. 1. N, (77K) adsorption/desorption isotherms of the ACF samples.

separated by polypropylene membrane using the IL as the elec-
trolyte in an Ar-filled glovebox (MBraun LabMaster 130).

The electrochemical performance of the test capacitors was
evaluated by cyclic voltammetry (CV) on a Solatron 1280B electro-
chemical workstation and galvanostatic charge/discharge between
0 and 2V on an Arbin cell tester (CT2001A).

3. Results and discussion
3.1. Preparation and microstructure of ACF

The physical and electrochemical properties of the ACF are
dependent on the R value. ACFs with different pore structures were
prepared by varying the R value between 1 and 6.

Fig. 1 shows the N, adsorption/desoption isotherms of the ACFs
at 77 K. The shape of the isotherms varies remarkably with the R
value. The isotherms of ACF1 and ACF2 are both type I according
to the IUPAC classification. The knee of the isotherms appears at
very low relative pressure (p/pg <0.05) and the plateau is fairly flat,
characteristic of their microporous features. Different from ACF1
and ACF2, the isotherms of ACF3 have a glacis knee and the slope
of the plateau increases due to multi-layer adsorption, suggesting
the coexistence of larger micropores and mesopores in the mate-
rial. When R increases to 4 and over, the adsorption volume of the
carbons proportionally increases with the relative pressure until
p/po ~0.5. The widely opened knees and the slight hysteresis loops
at the relative pressure of 0.3-0.6 indicate the presence of a con-
siderable amount of small mesopores in these samples.

The pore features of the ACF as a function of R value are shown in
Fig. 2. It is seen that the BET surface area of the ACF increases from
498 m? g1 atR=1t03291 m? g-! at R=4.Then it decreases slightly
as R further increases. The dependence of the total pore volume on
the Rvalueis similar to that of the BET surface area. It reaches a max-
imum of 2.162 cm3 g~1 at R=4, indicating that the porous structure
of the material is well developed. However, the dependences of the
volume of the micropores and the mesopores on R are different.
The mesopore volume keeps increasing with increasing R values. In
contrast, the volume of the micropores turns to decrease after R>3.
This means that more micropores expand to mesopores at high

Molar ratio of LiTFSI:0ZO Eutectic temperature (°C)

Decom. temperature (°C)

Electrochem. window (V) Conductivity (mScm~")

0 25 40 60 80

1:4.5 —60.9 232.7

3.0 0.143 0.753 1.61 3.50 6.19
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Fig. 2. The pore features of the ACF samples as a function of the R.
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Fig. 3. . Pore size distribution of the ACF samples calculated by DFT method.
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Fig. 4. SEM imagines of ACF1: a and b; ACF3: c and d; ACF5: e and f.

R values. As a result, the content of the mesopores (the ratio of
the mesopore volume to the total pore volume) increases with
increasing R. At R=3, the mesopores contribute almost half of
the total pore volume. At R> 3, the contribution of the mesopores
becomes dominant in the total pore volume. The average pore size
also increases with the R value. The ACF samples at R > 3 possess
both high specific surface area and well-developed mesoporous
structure, indicating that the ACF is an attractive candidate of EDLC
electrode material.

Fig. 3 shows the distribution of the pore size in the ACF calcu-
lated by the density function theory (DFT) method. As the R value
increases, the pore size distribution becomes wider. The distribu-
tions of the pore sizes of ACF1 and ACF2 are unimodal. The size of
most of the pores is ca. 1 nm. At R> 3, the ACF samples have a more
dispersed pore size distribution over the wider range from 0.5 to
5nm with a bimodal feature at ~1.5 and ~3 nm.

Porous carbon fiber was obtained after the char was etched off
with NaOH at high temperature. Fig. 4 presents the surface mor-

phology of the ACF. The shape of the PAN fiber is well kept when the
R value is low (ACF1). With increasing NaOH content for the activa-
tion, the damage to the precursor fiber becomes obvious. Although
ACF3 roughly reserves a fibrous feature, the fiber become short and
their surfaces are rough. As the R increases to 5, the fiber is severely
damaged and the surface becomes very rough.

Two processes are involved in chemical activation, the pore for-
mation and pore widening [24]. Pore widening usually begins when
a number of opened pores are created and the chemical activation
agent is abundant inside the pores. In this work, some microp-
ores are expanded to mesopores at R > 3. Therefore, the mesopore
volume increases while the micropore volume decreases. As the R
value is further increased, the abundant alkali etches off the walls
of some pores entirely, resulting in a slight decrease of the specific
surface area and the total pore volume. One porous material cannot
be characteristic of both high specific surface area and large pore
size. In this work, however, ACFs with both high surface area and
mesoprous structure were obtained by optimizing the activation
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Fig. 5. Typical CV curves of the ACF-based EDLCs (ACF6 is used here) using IL elec-
trolyte in different potential ranges (inset: CV curves in 0-2 V), scan rate: 1mVs~!.

condition.

3.2. Electrochemical performances of ACF in IL electrolyte

EDLCs were assembled with the ACF as the electrode and the
IL as the electrolyte. Fig. 5 shows the typical CV curves of the
EDLC in different potential ranges. A weak oxidation peak appears
when the cutoff charge voltage increases to 2.5V. Therefore, the
cutoff charge voltage of the EDLC was set to be 2.0V in the subse-
quent tests. The well-defined rectangular CV curves in the range
of 0-2V demonstrate the typical capacitive behavior of the ACF
electrodes.

Galvanostatic charge-discharge cycling is performed to eval-
uate the capacitance of the ACFs. Fig. 6 shows the typical
charge-discharge profiles of the ACF samples in the IL electrolyte
at room temperature. The linear voltage-time dependence demon-
strates the typical capacitive behavior of the cell. The sharp voltage
change at the beginnings of the charge and discharge processes is
related to the equivalent series resistance (ESR) of the capacitor
(AV=IR). The relative high ESR of the capacitor is attributed to the
low ionic conductivity of the IL electrolyte at room temperature.

The dependence of the capacitance of the ACF at 50mAg~! on
the R value is plotted in Fig. 7(a). Sample ACF1 with a surface area
of 498 m? g~ shows very low capacitance (0.7 Fg~1). Even when
the surface area increases to 2085 m2 g1 (ACF2), the capacitance
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Fig. 6. Charge-discharge curves of an ACF6-based EDLC using IL electrolyte (current
density 50mAg-1).

of the material is still low (54 Fg~1). Previous studies show that the
capacitance of ACF2 electrode is as high as 180Fg~! in a LiClO4/PC
electrolyte (PC for propylene carbonate)[10]. Clearly the low capac-
itance of ACF2 in the IL electrolyte is due to the large ions of the IL
electrolyte. Micropores are dominant in ACF1 and ACF2 but are too
small for the large IL ions to access.

The capacitance of the ACF in the IL electrolyte increases dra-
matically when the mesopores become predominant in the carbon
of R> 3. The capacitance of ACF4 is as high as 188 Fg~!, close to its
capacitance in LiClO4/PC electrolyte. This implies that the pores in
ACF4 have been sufficiently expanded for the large ions in the IL
to access. The strong dependence of the capacitance on the pore
size of the ACF confirms that the matching of the pore size of the
carbon electrode with the ion size of the electrolyte is critical for
the performance of the EDLCs [13]. The capacitance of the ACF at
R>3is also much higher than that of the carbons (80-120Fg~1)in
traditional non-aqueous electrolyte [27]. The extraordinarily high
capacitance of the ACF in the IL electrolyte is attributed to the
unique microstructures of the ACFs, i.e. the highly accessible meso-
porous structure and super high surface area.

Fig. 7(b) shows that the capacitance per surface area increases
from 0.14wFcm~=2 at R=1 to 5.7 wFem~2 at R=4 and finally to
6.5 wFcm™2 at R=6. This variation agrees with that of the average
pore size of the carbon (Fig. 2c). As the R value increases, the pore
widening process becomes dominant, resulting in the increase of
the average pore size. As more pores become sufficiently large for

" (b)

Capacitance per area/ uF.cm'2

Fig. 7. Specific capacitance (a) and capacitance per area (b) of the ACF in IL electrolyte as a function of R value.
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the IL electrolyte to access, the capacitance per area increases. This
confirms that the mesopores are more efficient than the micropores
in contributing to the electric double layer capacitance, especially
when electrolyte with large ions is applied.

Fig. 8 presents the rate performance of the ACFs. The specific
capacitance of all the ACFs decreases with increasing current den-
sity. The larger is the pore, the easier will it be for the ions to get
in and out of the pores. Hence the carbon prepared at larger R
value exhibits better rate performance. The sample ACF6 shows the
best rate performance because of its highly mesoporous structure
(Fig. 3). At a current density of 500 mA g~1, the specific capacitance
of ACF6 is still as high as 82Fg 1.

Fig. 9 shows the typical cycling performance of an EDLC with
ACF electrodes at room temperature (current density 350mAg-1).
Excellent capacitance retention is obtained over prolonged cycling
test. The capacity decay is only 10% in 500 cycles. Fig. 10 shows the
typical self-discharge performance of the capacitor at room tem-
perature. The voltage of the capacitor drops from 2.0V to ca. 1.6V
in 24 h, while the voltage of the EDLCs with IL electrolyte LiTFSI-
acetamide at a molar ratio of 1:6 drops from 2.0V to 1.4V during
3.3h[22].

The low volatility and high thermal stability of the IL electrolyte
permit it to work at high temperatures. Meanwhile, the resistance
of the electrolyte, sensitive to temperature, strongly affects the
rate performance of the capacitor. Therefore, EDLCs using IL elec-
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Fig. 9. Cycle performance of an ACF-based EDLC using IL electrolyte at 350 mAg~!
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22
2.0

18} \
16}
14|
1.2
1o}
08
06|
04

02

OO [ 1 i | i 1 i 1 i 1
0 20000 40000 60000 80000

Times /s

Voltage / V
T T

Fig. 10. Self-discharge performance of an ACF-based EDLC using IL electrolyte.

20}
15|
>
e 10}
s
(=]
>
05k
\\
0or 25°C 40°C 60°C
1 1 1 1

" 1 " 1 n 1 1 1 " N 1
0 500 1000 1500 2000 2500 3000 3500
Charge-discharge time /' s

Fig. 11. Charge-discharge curves of ACF5-based EDLC using IL electrolyte at differ-
ent temperatures at a current density of 100mAg-'.

trolyte are expected to have improved rate performance and higher
capacitance at high temperatures. Fig. 11 indicates that the sharp
voltage drop at the beginning of discharge decreases remarkably,
from 0.255V at 25°C to 0.161V at 40°C and 0.084V at 60°C. The
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Fig. 12. Comparison of the rate performance of ACF5 in IL electrolyte at various
temperatures.
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decrease of the sharp drop is attributed to the increased conduc-
tivity of the IL electrolyte at elevated temperature (Table 1). As a
result, the specific capacitance of ACF5 increases from 160Fg~! at
25°Cto 169F g1 at 40°Cand 181Fg-! at 60°C.

Fig. 12 shows the rate performances of the ACF5-based capaci-
tors at different temperatures. As the temperature increases from
25t060 °C, the rate capability is dramatically improved. The capaci-
tance of ACF5 increases from39Fg~1 at25°Cto 100Fg~! at 60°C at
a current density of 500 mA g~!. The enhanced rate performance at
elevated temperatures is mainly attributed to the increasing mobil-
ity of the ions in the IL electrolyte. In contrast, the performances of
EDLCs with conventional organic electrolyte cannot work at such
high temperatures due to the volatility and flammability of the
organic solvent.

4. Conclusions

ACFs with super high surface area and highly mesoporous struc-
ture have been prepared and evaluated as electrode materials for
EDLCs using LiTFSI-OZO ionic liquid electrolyte. The BET surface
area of the ACFis as highas 3291 m2 g~!. The pore volume of the car-
bonreaches2.162 cm3 g~1, of which 66.7% is the contribution of the
small mesopores of 2-5 nm. The unique microstructures enable the
ACFs to have good compatibility with the IL electrolyte. The specific
capacitance reaches 187 Fg~! at room temperature. The EDLC also
shows good cycling and self-discharge performances. As the tem-
perature increases to 60 °C, the capacitance increases to 196Fg~1,
and the rate capability is dramatically improved. Therefore, the ACF
can be a promising electrode material for high-performance EDLCs.
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