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Hollow activated carbon fiber (HACF) with high specific surface area and high charge storage capa-
bility was prepared by pre-oxidation, carbonization and KOH-activation from polyacrylonitrile (PAN).
HACF was used as self-supported working electrode directly without any binder and conductive
agent. The effect of the activation time on specific surface area of HACF was studied intensively.
The results show that the specific surface area of HACF increased with the increase of activation
time from 0.5 h to 1.5 h, and then decreased with further increase of activation time. Highest spe-
cific surface area of 1873 m?g~' and micropore volume of 0.61 cm3g~' were obtained in HACF
activated for 1.5 h. Electrochemical properties of HACF can be improved with increase of activa-
tion time, but excessive activation results in the decrease of specific surface area and increase
of internal resistance of HACF. The self-supported electrode of HACF possesses a large specific
capacitance of 323 F g' at 0.05 A g and 216 F g~" at 1 A g~'. Therefore, HACF can be a
promising self-supported electrode for high performance supercapacitors.

Keywords: Hollow Activated Carbon Fiber, Self-Supported Electrode, Supercapacitor, Activation

Time.

1. INTRODUCTION

Supercapacitors, a promising power source, have attracted
intensive attention since they can provide energy density
by orders of magnitude higher than dielectric capacitors,
providing greater power density and longer cycling abil-
ity than batteries [1-6]. Electrode materials have a great
effect on the electrochemical properties of supercapacitors.
Carbon materials for energy storage systems have drawn
extreme attention due to their accessibility [7-9], espe-
cially for electrode materials, different allotropes (graphite,
diamond, fullerenes/nanotubes), various micro textures,
a rich variety of dimensionalities from 0 to 3D, avail-
ability in various forms (powder, fiber, foam, fabric and
composite) and relatively low cost. Many carbon mate-
rials such as electrodes, carbon nanotubes [10-12], acti-
vated carbon [13-15], graphene [16-18] and activated
carbon fiber [19-21] have been studied. Among them,
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active carbon fiber has been widely studied because of
large specific surface area, light weight and ease of pro-
duction. Moreover, plenty of micropores open directly
to the exterior of active carbon fiber with fast adsorp-
tion/desorption of molecules [22, 23]. Ma et al. [24]
prepared microporous carbon nanofiber through electro-
spinning and activation processing from resole-type pheno-
lic resin. The maximum specific capacitance of 256 F g~!
and high specific surface capacitance of 0.51 F m~2 were
achieved at 0.2 A g~'. Xu et al. [21] prepared activated
carbon fiber (ACF) by pyrolyzing polyacrylonitrile fiber
and activation. The surface area of the ACF was as high
as 3291 m?g~!. Moreover, the pore volume of the car-
bon reached 2.162 cm® g~!, and the specific capacitance
reached 196 F g~!. So far, activated carbon fiber has been
widely applied in electronic industry [25]. With further
research, scientists have discovered a kind of activated
carbon fiber with hollow structure (HACF). The special
hollow structure, rich porous structure in inner and outer
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surface of HACF, provides larger surface area and higher
adsorption—desorption rate compared to solid active car-
bon fiber [26]. Meanwhile, the special hollow structure of
HACEF can result in fast ion/electron transfer and sufficient
contact between active materials and electrolyte in a super-
capacitor [27]. HACF used as supercapacitors electrodes
was reported in 2013 by Du [28] that ramie fiber were used
as precursors to produce HACF with a specific capacitance
as high as 287 F g~! and surface area of 2087 m?g~!. The
electrode was prepared by mixing HACF, acetylene black
and PTFE, kneading and then rolling to nickel grid that
served as a current collector.

However, many studies have proven that addition of
binder (PTFE) in electrode increased the resistance, reduc-
ing the discharge of the capacitor [29]. Self-supported
electrodes which did not use binder, conductive agent or
even current collector have been widely studied due to
its low cost, stable structure and excellent electrochem-
ical performance [30]. There were mainly two methods
to prepare self-supported electrodes: (1) combining active
electrode material on the surface of self-supported sub-
strate (carbon cloth, nickel grid, sponge) [31]; (2) directly
using self-supported materials with electrochemical prop-
erties as electrode materials via electro-deposition, CVD,
electrospinning and hydrothermal method [32-36]. Huang
et al. [36] directly used PANI/PVA hydrogel as self-
supported electrode for supercapacitor. The electrochem-
ical properties of PANI/PVA hydrogel electrodes showed
high specific capacitance of 240 F g~! at current density
of 1 A g=!. Zhao et al. [37] prepared coal based active
carbon nanofiber to apply as binder-free electrode which
showed a specific capacitance of 230 F g~! at a current
density of 1 A g~!. To our knowledge, there is no report
respected to HACF as a self-supported electrode.

In present study, HACF was used as self-supported
electrode without binder, conductive agent and current
collector. HACF with high surface area, well developed
porosity and good electrochemical performance were pre-
pared from hollow polyacrylonitrile (PAN) fiber through
the process of stabilization, carbonization and KOH-
activation. The effects of the activation time on specific
surface area and electrochemical properties were discussed
in detail. The self-supported electrode of HACF possessed
excellent electrochemical performance.

2. EXPERIMENTAL DETAILS
2.1. Preparation of Hollow Activated
Carbon Fiber (HACF)

Polyacrylonitrile (PAN) hollow fiber with outside diameter
1.0 mm, inner diameter 0.6 mm obtained from ShuiFuYuan
environmental protection Co., Ltd., Shenzhen were the
precursors of HACF. The preparation process of HACF
was as follows: (1) PAN hollow fiber was immersed in
ethanol for 8 h and dried at room temperature; (2) the
dried PAN hollow fiber undergoes a stabilization step at
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230 °C for two hours in air atmosphere; (3) the fiber was
carbonized at 700 °C for one hour at nitrogen atmosphere
to obtained PAN based hollow carbon fiber; (4) the hollow
carbon fiber was impregnated with 40 wt% KOH solu-
tion for 12 hours and dehydrated in an oven at 80 °C
during 10 hours. The 40 wt% KOH impregnated hollow
carbon fiber was placed in a ceramic boat and activated
in a horizontal tubular furnace under nitrogen flow. The
temperature was increased from ambient temperature to
final temperature (850 °C) at a heating rate of 3 °C min~!
with retention time of 1 hour. The activated samples were
washed by distilled water to neutral and then dried to
obtain HACF with outside diameter of 0.8 mm and inner
diameter of 0.5 mm. HACF prepared in this experimental
setup remained its original shape of PAN hollow fibers.

2.2. Characterization

Scanning electron microscope (SEM) Quanta FEG 200
field emission scanning electron microscopy was applied
to observe the morphology of HACF samples. The N,
adsorption—desorption isotherms of HACF were measured
at 77 K using ASAP2020 (Micromeritic, USA) in order
to determine the specific surface areas and pore structure
parameters. Prior to measurement, samples were outgassed
at 300 °C for 24 hours in a vacuum oven. The BET equa-
tion was used to calculate the specific surface area. The
pore size distribution of HACF was calculated based on
the density functional theory (DFT).

2.3. Electrochemical Measurements

All electrochemical behaviors of the HACF electrodes
were performed by cyclic voltammetry (CV), galvano-
static charge—discharge, and electrochemical impedance
spectroscopy on a CHI660E electrochemical workstation
(Shanghai, Chenhua Limited Co.) in a conventional three-
electrode system in which Pt and Ag/AgCl electrode were
used as counter and reference electrode. The prepared
HACF was directly used as a working electrode with-
out conductive agent and binder. 1 mol L™' H,SO, solu-
tion was used as electrolyte. The current change curves of
the HACF in the scanning rate of 0.5 V s7!, 0.3 V s7!,
02VsH01VsH005Vs"003Vs!and0.01 Vs
were measured by cyclic voltammetry test. The voltage
range for the cyclic voltammetry test varied from 0 to 1 V.
Galvanostatic measurement varied from 0 to 0.8 V. The
specific capacitance is calculated with Eq. (1) using the
integral current areas of the discharge curves.

IAt
C=—— 1
mAV O
Where C (F g7!) is the specific capacitance, I (A) is the
discharge current, AV (V) is the potential window of dis-
charge, At (s) is the discharge time and m (g) is the mass
of the active material.
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3. RESULTS AND DISCUSSION

3.1. Structure of HACF

Hollow activated carbon fiber was prepared by pre-
oxidation, carbonization and activation of PAN fiber. SEM
images of hollow activated carbon fiber were shown in
Figure 1. It can be seen from Figures 1(a)—(c) that HACF
has two surfaces and a finger-like porous layer on the
cross section. The hollow structure and porous layer can be
used to store electrolytes and produce electrostatic attrac-
tion. After KOH activation, a large number of micropores
and mesopores can be directly exposed to the inner and
outer surface of HACF. Due to the limitations of SEM,
only few macropores can be observed at the surface of
HACEF, illustrated in Figure 1(d). Micro- and mesopores
at HACF-surface are in direct contact with the electrolyte
and thus reduce the ion-diffusion length. Meanwhile, the
self-supported structure which acts as an electrode avoids
the negative effect brought by binder, conductive agent and
current collector. All of these advantages provide benefi-
cial conditions for the hollow activated carbon fiber as a
working electrode.

To understand the influence of activation time on the
specific surface area of HACF, the HACF was charac-
terized by N, adsorption—desorption analysis. The nitro-
gen adsorption isotherms and specific surface area of
HACF prepared with different activation time are shown
in Figure 2. As shown in Figure 2(a), the N, isotherms of
samples exhibited typical type I isotherms with inconspic-
uous hysteresis loop which are characteristics of highly
microporous materials. Maximum and minimum adsorp-
tion volume was obtained at 1.5 h and 2.5 h respectively.
It can be seen from Figure 2(b) that specific surface area of

Figure 1.
magnification figure of d.
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HACEF increases with the increase of activation time from
0.5 h to 1.5 h. When the activation time further increases,
specific capacitance and surface area of HACF decrease
because collapse of pores. HACF for 1.5 h activation pos-
sesses the highest specific surface area of 1873 m?g~!,
while HACF for 2.5 h activation has specific surface area
of only 1406 m*g~". In order to quantitatively understand
the pore structure of the two typical samples, the charac-
teristic porosity of HACF for 1.5 h and 2.5 h activation are
given in Table I. HACF for 1.5 h activation shows larger
surface area and pore volume than for 2.5 h activation.
However, fraction of micropore volume in any sample is
above 75% which indicates a small amount of mesopores
in HACF. From the sharp decrease of total pore volume in
HACEF activated for 2.5 h, it can be deduced that pore col-
lapsing from excessive activation will be the possible main
reason for the decrease of total pore volume and specific
surface area of HACF.

3.2. Electrochemical Properties of HACF
Self-Supported Electrode
HACEF with outside diameter of 0.8 mm and inner diameter
of 0.5 mm was selected as working electrode, as illustrated
in Figure 3. The electrode was clipped by fixtures and then
immersed in electrolyte. The electrochemical performance
of HACF electrode was tested via three electrode system.
Electrochemical impedance spectra measurements were
performed to investigate the resistance change of HACF
electrode. Electrochemical impedance spectra of HACF
electrodes with different activation time are presented in
Figure 4. Ideal curves of electrochemical impedance spec-
tra present a straight line, which is nearly perpendicular

SEM images of hollow activated carbon fiber (a) HACF; (b, c) finger-like porous layer of HACF; (d) surface of HACEF, the inset is
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Figure 2.
different activation time.

Table I. Characteristics of porosity of HACF electrodes prepared with
activation time.

SBET VTu(al VMicm Dp FMicm
Sample (m’g”")  (em’g™!)  (em’g’)  (mm) (%)
HACF-1.5 h 1873 0.80 0.61 1.72 76
HACF-2.5 h 1406 0.59 0.49 1.70 83

Notes: Sgpr: Specific surface areas using BET equation; V., : Total pore volume;
Vicro: Micropore volume; D,: Average pore diameter; Fyjic,: Fraction of micropore
volume.

to the horizontal axis. However, many electrodes cannot
present the ideal curves due to their internal resistance.
A semicircle is observed in all HACF electrodes, which
indicates the charge-transfer resistance from electrolytes
moving through the electrodes. HACF for 1.5 h activation
possesses much smaller resistance compared with other
electrodes. This may be attributed to the large specific
surface area and large micropores/mesopores volume of
HACEF for 1.5 h activation. A short 45° Warburg region
at low frequencies in HACF electrodes indicates the fast
ion transport at the electrode electrolyte interface. The spe-
cial self-supported structure of HACF electrode avoids the
negative effect of binder (PTFE). Even more, micropores
and mesopores expose on the surface of HACF electrode
directly, which can decrease the electrolyte ions transfer
path.

The cyclic voltammograms (CV) of HACF prepared
with different activation time are presented in Figure 5.
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(a) N, adsorption isotherms of HACF electrodes prepared with different activation time; (b) specific surface area of HACF prepared by
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Figure 4. Electrochemical impedance spectra of HACF electrodes with
different activation time.

It can be observed from Figure 5(a) that CV curves of
HACEF self-supported electrode have good symmetry and
reproducible capacitance behavior. With the increase of
activation time from 0 to 1.5 h, the specific surface area of
HACEF increases and a larger CV area is obtained, which
indicates higher capacitance storage. However, with fur-
ther increase of activation time after 1.5 h, the CV area
decreases because the low specific surface area results in
low capacitance storage. As illustrated in Figure 5(b), the
CV curve of HACF activated for 1.5 h presents obvious

Figure 3. Figures of working electrode (a) HACF electrode and PAN fiber; (b) HACF electrode clipped by fixture.

4
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Figure 5. Cyclic voltammograms of HACF electrodes, (a) CV curves of the HACF prepared with different activation time at a scan rate of 100 mV/s;
(b) CV curves of the HACF activated for 1.5 h measured at scan rates of 10~500 mV/s.

rectangular shape at the scan rate of 10 mV s~!'. However,
the loop is distorted into an oblique angle when scan rate
increases, suggesting internal contact resistance existence
in HACF electrode. This is caused by higher scan rate
results in faster charge and discharge.

The charge/discharge performance of HACF electrodes
with different activation time at 1 A g~! current density
is illustrated in Figure 6. Specific capacitances of HACF
electrodes are calculated by Eq. (1). Specific capacitances
of HACF electrodes activated for 0.5 h, 1 h, 1.5 h, 2.0 h,
25hare 125 F g ', 173 F g ', 216 Fg', 192 F g,
150 F g1, respectively. The highest specific capacitance of
HACEF electrodes is obtained after 1.5 h activation, which
is coincided with the cyclic voltammogram results. The
specific capacitance of HACF is not proportional to the
specific surface area. For example, HACF electrode for
2.5 h activation with the lowest specific surface area pos-
sesses a higher specific capacitance than that of HACF
electrode for 0.5 h activation, proving that specific sur-
face area is not the only factor to affect electrochemical
performance of HACFE.

Galvanostatic charge/discharge curves of the HACF
electrodes at various current densities are presented in

——0.5h
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o
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e
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Figure 6. The charge/discharge performance of HACF electrodes with
different activation time at 1 A g~'.

J. Nanosci. Nanotechnol. 20, 1-8, 2020

Figure 7. The results show that the smaller the current
density, the higher the specific capacitance HACF elec-
trodes have. Small current density indicates that charge
and discharge rate are slow, electrolyte ions have enough
time to move into the micropores of HACF electrodes
and form an electrochemical double layer structure. Since
the HACF electrodes possess large amount of microp-
ores, these pores can be utilized to store charges at low
current density. As shown in Figure 7(b), the specific
capacitance of HACF electrode activated for 1.5 h reaches
216 Fg',269 Fg',297 Fg',301 Fg',319F g,
33Fglatl Ag',05A¢g",03Ag",02A¢g",
0.1 A g7',0.05 A g7!, respectively, which is higher than
shown for active carbon fiber in other studies, presented in
Table II.

The cycle life of the self-supported electrode HACF
was investigated. As illustrated in Figure 8, HACF elec-
trode was working under 1 A/g with potential window
of 0~0.8 V. The mass specific capacitance of HACF was
reduced from 216 F/g to 200 F/g after 2000 cycles. The
results confirmed that HACF electrode possesses good
cycle repeatability.

As illustrated in Figure 9, the results can be illus-
trated by the scheme diagram of HACF and ACF. HACF
electrode has two surfaces from whom pores exposed on
the surface directly in Figure 9(a). When bias voltage is
applied on the HACF electrodes, both the exposed pore on
two surfaces and the finger-like porous can attract the neg-
ative ions in electrolyte and store charges. In contrast, ACF
working electrodes produced by mixing HACEF, acetylene
black and PTFE, then kneading and rolling to nickel grid
are investigated in many studies. When ACFs electrodes
are applied bias voltage, electrolyte ions need more time to
reach the pores of ACFs electrodes due to a longer transfer
path than that of HACF electrodes (Fig. 9(b)). Even more,
electrolyte needs additional time to impregnate the pore
of ACFs electrode compared with HACF. In conclusion,

5
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Figure 7. (a) The specific capacitance of HACF electrodes at different current density (0.2 A g7', 03 A g ', 05A g, 1Ag ", 2Ag "3 A",

4 A g"); (b) the specific capacitance of HACF activated by 1.5 h at different current density (1 A g7', 0.5 A g ', 03 A g, 02 Ag",0.1 Ag',
0.05Ag™).

the specific surface area and self-supported structure of
HACF electrode are the factors that affect the elec-
trochemical performance and is a promising production
methodology.

Table II. Comparison of the specific surface area and specific capaci-
tance of active carbon fiber in different studies.

Specific Specific Current
surface capacitance density
Samples area (m’g™") (Fg™h (Ag™) Reference
ACF 597 256 0.2 [24]
ACF 2066 194 0.05 [38]
ACF 804 215 0.2 [39]
ACF 764 158 1 [40]
ACF 3291 196 0.5 [21] . .
ACF 447 222 0.1 [41] Figure 9. Scheme diagram of HACF electrode and ACFs electrode;
ACF 2294 225 0.5 [42] (a) HACF; (b) ACFs.
ACF 2100 175 1 [43]
ACF 843 208 1 [44]
HACF 2087 287 0.05 [28] 4. CONCLUSION
HACF 1873 gég (1) s In this study [ ACF firstly used as self-supported electrode of superca-
301 0.2 pacitors possessed excellent electrochemical performance.
. electrode prepared in this paper possess large
319 0.1 HACF electrode prepared this paper p larg
323 0.05

amount of micropores and large specific surface area of
1873 m*/g. A maximum specific capacitance of 323 F g~!
at 0.05 A g ' and 216 F g7! at 1 A g~! were observed.

237 e aNtae e s This was attributed to (i) their special hollow structure as
T ., - a storage of electrolyte, (ii) its inner and outer surface pro-
2 sl e vide double layer effect, and (iii) micropores or mesopores
= ' exposed on the surface to reduce the length of the move-
g 175 > % ment of ions. HACF electrode avoided the negative effect
% g 04 brought by the addition of binder, conductive agent and
§. 150 ~ § 02) current collector. Therefore, this study offers new oppor-
© tunities to prepare HACF self-supported electrode which

125 - °0l ‘ ‘ ‘ ‘ can be a promising application in supercapacitors.
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