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Introduction

Electrochemical activation of carbon cloth in
aqueous inorganic salt solution for superior
capacitive performancet

Dong Ye,? Yao Yu,*? Jie Tang,” Lin Liu® and Yue Wu©

Carbon cloth (CC) is an inexpensive and highly conductive textile with excellent mechanical flexibility and
strength; it holds great promise as an electrode material for flexible supercapacitors. However, pristine CC
has such a low surface area and poor electrochemical activity that the energy storage capability is usually
very poor. Herein, we report a green method, two-step electrochemical activation in an aqueous solution
of inorganic salts, to significantly enhance the capacitance of CC for supercapacitor application. Micro-
cracks, exfoliated carbon fiber shells, and oxygen-containing functional groups (OFGs) were introduced
onto the surface of the carbon filament. This resulted in an enhancement of over two orders of magni-
tude in capacitance compared to that of the bare CC electrode, reaching up to a maximum areal capaci-
2 2 in aqueous H,SO, electrolyte.
Electrochemical reduction of CC electrodes led to the removal of most electrochemically unstable

tance of 5055 mF cm™ at the current density of 6 mA cm™
surface OFGs, resulting in superior charging/discharging rate capability and excellent cycling stability.
Although the activated CC electrode contained a high-level of surface oxygen functional groups (~15 at
%), it still exhibited a remarkable charging—discharging rate capability, retaining ~88% of the capacitance

~2. Moreover, the activated CC electrode exhibited

when the charging rate increased from 6 to 48 mA cm
excellent cycling stability with ~97% capacitance remaining after 10 000 cycles at a current density of
24 mA cm™2. A symmetrical supercapacitor based on the activated CC exhibited an ideal capacitive be-
havior and fast charge—discharge properties. Such a simple, environment-friendly, and cost-effective
strategy to activate CC shows great potential in the fabrication of high-performance flexible

supercapacitors.

area, chemical stability, and low cost. These electrodes exhibit
some unique advantages such as high rate capabilities and

Owing to the ever-increasing demands for renewable energy of
modern societies, supercapacitors (SCs), a class of electro-
chemical energy storage devices, have drawn tremendous
attention in applications of portable electronics, electric
vehicles, and backup systems.'™ Carbon nanomaterials such
as porous carbon materials,"”"® carbon onions,’ carbon nano-
tubes,'®" and graphene'>'® are common choices of elec-
trode materials due to their high conductivity, large surface
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long cycle lives due to their intrinsic operation mechanism,
e.g. physical ion adsorption on a high surface area.'* However,
the specific capacitance is still not large enough as expected,
which is attributed to the relatively low surface area available
to charge storage from poor wettability. Introduction of doped
heteroatoms or surface functional groups into carbon nano-
materials is one of the most efficient ways to solve the insuffi-
cient capacitance issue, as the heteroatoms or the surface
oxygen groups in the carbon nanomaterials may improve the
electrical conductivity and influence the wettability, conse-
quently maximizing the electro-active surface area, or contri-
buting to extra pseudocapacitance.'>>°

Carbon cloth, a material consisting of carbon filaments
about 5-10 pm in diameter, is a highly conductive textile with
excellent mechanical flexibility, low weight, and chemical
stability, showing great potential in the fabrication of flexible
electrodes. However, because of its poor electrochemical
activity, small specific surface area, and poor porosity, CC has
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attracted very little attention for direct use as an electrode
material except for current collectors or scaffolds for loading
other capacitive materials. Recent research studies have shown
that the surface area of a CC electrode can be significantly
increased through controlled oxidative exfoliation of pristine
carbon filaments as a result of the formed thin carbon fiber
shell on the surface.*"*> However, the energy storage capability
is still not good enough (72 mF cm™> at 6 mA cm™> for CC)
and mass production suffers from drawbacks from hazardous
chemicals. By electrochemical activation of the CC in a H,SO,~
HNO; mixture solution, a remarkable capacitance enhance-
ment (756 mF cm™> at 6 mA cm™ ) was also achieved because
of the increased surface area and the introduced OFGs.>® Such
an areal capacitance is substantially higher than the values of
recently reported carbon-based materials and some metal
oxide anodes, such as CNT films (113 mF ecm > at 5 mA
em™2),>* polypyrrole/graphene oxide nanocomposites (70.2 mF
em™ at 5 mA cm?),”> V,05-PANI (421.5 mF cm > at 5 mA
em?),?® and Ni/Co304 (410 mF cm ™ at 5.6 mA cm ™ >).”” Never-
theless, over half of the capacitance was lost when the char-
ging rate increased from 6 to 40 mA cm ?, which may
originate from the slow Faraday reaction of some surface
oxygen groups. Thus, the development of a new strategy to acti-
vate CC is still quite crucial for achieving superior energy
storage and charging/discharging rate capabilities.

In this study, we report a facile and green activation strat-
egy, electrochemical oxidative exfoliation followed by electro-
chemical reduction in an aqueous solution of inorganic salts,
to introduce an oxygenated carbon fiber shell with some
micro-cracks onto the surface of a carbon filament while pre-
serving the mechanical properties of CC. Without loading
other capacitive materials, the maximal areal capacitance of
the activated CC electrode showed a 632-fold increase up to
505.5 mFem™2in 1.0 M aqueous H,SO, electrolyte at a current
density of 6 mA cm™2. Electrochemical reduction can efficien-
tly remove some unfavorable surface oxygen groups (e.g. carbo-
nyl groups) and restore the conductivity of the CC electrodes.”®
Although the activated CC electrode contained a high-level of
surface oxygen functional groups (~15 at%), it still exhibited a
remarkable charging-discharging rate capability, retaining
~88% of the capacitance when the charging rate increased
from 6 to 48 mA cm™>2. Moreover, the activated CC electrode
exhibited excellent cycling stability with ~97% capacitance
remaining after 10 000 cycles at a current density of 24 mA
em™2. A symmetrical supercapacitor based on the activated
CC exhibited an ideal capacitive behavior and fast charge-
discharge properties. Activation of CC through such a
facile, environment-friendly, and cost-effective method offers
new opportunities in the fabrication of high-performance
flexible SCs.

Experimental section

All chemicals were of analytical grade and used as received
without further purification.

This journal is © The Royal Society of Chemistry 2016
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Electrochemical activation of carbon cloth

The activated CC was obtained by an electrochemical oxidative
exfoliation followed by electrochemical reduction. Before acti-
vation, a piece of carbon fiber cloth (~1 x 1 cm, mass per unit
area 12 mg cm™>, 0.32 mm in thickness, from CeTech, Taiwan)
was cleaned with an alcohol and acetone mixture solution
(v:v = 1:1), and deionized water twice in turn. The electro-
chemical oxidative exfoliation was carried out in a standard
two-electrode system in 100 mL 0.1 M (NH,),SO, aqueous solu-
tion using platinum as the cathode and a piece of carbon fiber
cloth as the anode. A direct current voltage of +10 V was
applied to the anode with a processing time of 5, 10, 15, 20,
and 25 min for each, neglecting the water splitting (denoted as
OCC-X, X represents the treatment duration in minutes). The
electrochemical reduction was carried out in a three-electrode
system with 50 mL 1.0 M NH,CI] aqueous solution as the
electrolyte, in which a platinum plate electrode was employed
as the counter electrode, an Ag/AgCl electrode worked as the
reference electrode, and the OCC-X was directly used as the
working electrode. All these electrodes were reduced under
potentiostatic polarization at —1.2 V for 30 min at room temp-
erature (denoted as ECC-X, X represents the treatment duration
in minutes). ECCs were washed with deionized water and kept
in pure water for further use.

Material characterization

The overall appearance and morphologies of the carbon fiber
cloth were characterized using field emission scanning elec-
tron microscopy (SEM, FEI Sirion 200) and transmission elec-
tron microscopy (TEM, Tecnai G2 20). The functional group
distribution was characterized by using X-ray photoelectron
spectroscopy (XPS, Kratos, and AXIS ULTRA DLD-600W),
Fourier transform infrared spectroscopy (FT-IR, VERTEX 70),
and Raman spectroscopy (Raman, LabRAM HRS800). Ultra-
violet-visible spectroscopy (UV-vis, Lambda 35) was carried out
to detect the concentration of methylene blue aqueous solu-
tion. Brunauer-Emmett-Teller (BET, Micromeritics ASAP 2020)
analysis was carried out to measure the surface area of
samples.

Electrochemical evaluation

For a three-electrode system, a small piece of related CC with a
surface area of 1.0 cm® (1 cm x 1 cm) was used exclusively as
the working electrode. Ag/AgCl (saturated KCI solution) and a
Pt plate were used as the reference and counter electrodes,
respectively. Cyclic voltammetry and galvanostatic charge-dis-
charge were performed over the potential range of —0.2-0.8 V,
and electrochemical impedance spectroscopy was carried out
between 10 k and 0.1 Hz with a potential perturbation of
10 mV, with 1.0 M H,S0O, as the electrolyte solution. For super-
capacitor tests, two ECC-15 electrodes with the same area were
connected to two platinum wires as working electrodes, and
the test was carried out in a two-electrode system. The electro-
des were first attached to glass slides, and both the glass slides
were assembled with a filter paper sandwiched in between.

Nanoscale, 2016, 8, 10406-10414 | 10407


http://dx.doi.org/10.1039/c6nr00606j

Published on 15 April 2016. Downloaded by Huazhong University of Science & Technology on 05/07/2016 10:13:37.

Paper

Then the cell assemblies were dipped in 1.0 M H,SO,
electrolyte. Cyclic voltammetry (CV) and galvanostatic charge-
discharge (GCD) were performed over the potential range of
0-1 V, and electrochemical impedance spectroscopy was
carried out under open-circuit voltage from a frequency of 10 k
to 0.1 Hz. All the tests were performed using a PARSTAT 4000
electrochemical workstation (Princeton Applied Research).

Calculation

Specific areal capacitances of carbon cloth electrodes were cal-
culated from their cyclic voltammograms according to the fol-

_ Qave

lowing equation: Cs = Vs’ where Cs is the specific areal

capacitance with the unit of F ecm™>, Qg is the average charge
with the unit of coulomb during the charging and discharging
process, V is the potential window with the unit of volt, and
S is the projected area of the carbon cloth with the unit of
square centimeters. Alternatively, the specific areal capaci-
tances of electrodes were measured using the galvanostatic
charging-discharging method based on the following
I-At
AV-S
current, At is the discharging time, and AV is the potential
difference with consideration of the IR drop (I = current, R =
resistance).

equation: Cs = where I is the constant discharging
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Results and discussion

Motivated by the previous studies on electrochemical exfolia-
tion of graphite into graphene®*>' and electrochemical
reduction of graphene oxide,*®*? our strategy for the activation
of CC involves two steps: electrochemical oxidative exfoliation
and electrochemical reduction in aqueous solution of in-
organic salts, as shown in Scheme 1 (see details in the Experi-
mental section). Electrochemical oxidative exfoliation of CC
was performed in a two-electrode system in 0.1 M (NH,4),SO,
aqueous solution taking a platinum plate as the cathode and a
piece of CC as the anode. A series of measurements was taken
when a direct current voltage of +10 V was applied to the CC
electrodes for the desired processing time. As the generated
OFGs deteriorated the electrical conductivity of a single carbon
filament and increased the contact resistance between the fila-
ments, the square resistance of the CC electrodes increased
rapidly from ten ohms to dozens of kilohms. Previous studies
have shown that an insulating graphene oxide hydrogel film
can be electrochemically reduced in 1.0 M NH,Cl aqueous
solution by using a three-electrode system while the film is
brought into contact with an Ag wire by a multi-line contact,
and this served as the working electrode.*” Though the insulat-
ing film isn’t fully in contact with the Ag wire, the whole film
is still reduced by optimizing the processing time. Inspired by

Pt CC

Carbon Cloth

e oxygen-containing functional group

Microcracks

ECC

0.1IM(NH4)2804

Electrochemical
Oxidative Exfolition

Ag/AgCl
OoCC

P =

1M NH4Cl

Electrochemical Reduction

Scheme 1 Schematic diagram illustration of in situ electrochemical activation of the carbon fiber cloth in aqueous solution of 0.1 M (NH,4),SO,4 and
electrochemical reduction of this oxidized carbon fiber cloth in aqueous solution of 1.0 M NH,4CL
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this approach, by directly taking the OCC-X samples as the
working electrode, we carried out the electrochemical
reduction process in 1.0 M NH,Cl aqueous solution under the
three-electrode system by potentiostatic polarization at
—1.2 V.*%373% Ag the high diffusion of electrons can diffuse
anywhere the electrolyte exists, the electrochemical reactions
between the electrons and the surface OFGs are efficient. The
ECC-X electrodes with a square resistance of several dozens of
ohms could be obtained after 30 min of reduction. The ECC-X
electrodes preserved the good flexibility (similar to ECC-15 in
Fig. S17), and further electrochemical energy storage capa-
bility tests indicated that the optimal performance was
achieved at 15 min of electrochemical oxidative exfoliation.
SEM reveals that the pristine CC consists of interlaced carbon
filaments with a smooth surface (Fig. la-c). After electro-
chemical activation, the surface of carbon filaments became
relatively rough with a number of nano-channels, a typical
sign of oxidative exfoliation.”’*>** And some micro-cracks
were formed at the same time (Fig. 1d, red arrows), which
may originate from the gaseous species such as SO, and O,
evolution inside the initial nano-cracks during the electro-
chemical process (Fig. 1d-f).*>*' To further examine their
modified surface, the ECC-15 sample was characterized by
TEM (Fig. 1f and g). Fig. 1e clearly reveals the formation of
core-shell shaped carbon filaments with a shell of ~100 nm
in thickness. The high resolution TEM image and selected
area electron diffraction pattern both show the signature of
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the fully amorphous structure of the well-exfoliated carbon
fiber shell (Fig. 1f).

To test our hypothesis of the enhancement in the effective
electrode surface area through electrochemical exfoliation, we
investigated the variation of the surface area of pristine CC
and ECC-15 electrodes using the dye-adsorption method.*?
Methylene blue (MB) is a widely chosen dye to determine the
surface area of a solid adsorber. The pristine CC and ECC-15
electrodes (sizes: 1 cm x 1 ¢cm) were soaked in 50 mL of 2 mg
L~' MB aqueous solution under constant stirring in the dark,
respectively. After 16 hours, the MB solution with the ECC-15
electrode became colorless while that with the pristine CC
sample remained blue as the original MB solution, suggesting
that a significant portion of dye molecules was adsorbed onto
the activated sample (Fig. 2a, inset). Moreover, the UV-vis
absorption spectra (Fig. 2a) collected from these solutions
reveal an obviously decreased MB intensity (665 nm) with the
ECC-15 sample. This indicates that more MB dye molecules
were adsorbed on the activated sample than the pristine
sample, confirming the enhanced ion accessible surface area
in the ECC-15 sample. Further nitrogen adsorption-desorption
isotherm analysis reveals that the specific surface area is
increased from 0.4 m* g~* for CC to 14.3 m* g~* for ECC-15
(the averaged pore size is estimated to be about 200 nm),
which agrees with the dye-adsorption results. These results are
consistent with the SEM and TEM results, and it supports the
fact that the surface area of the activated CC was substantially

Fiber core

Fig. 1 SEM images of carbon filaments in pristine carbon cloth (a), (b), (c) and ECC-15 (d), (e), (f); (g) TEM image of ECC-15 and (h) high-resolution
TEM image corresponding to the square area in (g), the inset shows the selected area electron diffraction pattern of ECC-15.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) UV-vis absorption spectra collected for the pristine MB solution (2 mg L™ in water) and for the MB solutions after reacting with pristine
CC, and ECC-15 for 16 h. The inset photograph is a digital image of these solutions; FT-IR spectra (b), high-resolution C;s XPS spectra (c), and

Raman spectra (d) of pristine CC, OCC-15, and ECC-15, respectively.

increased by the two-step electrochemical treatment in salt
aqueous solution.

In order to confirm the oxidative activation, the pristine
CC, OCC-15, and ECC-15 samples were further characterized
by FT-IR, XPS and Raman spectroscopy. The FT-IR spectra
show that there is an obvious enhancement of the band cen-
tered at ~1730 em™" and ~1120 cm™' in the OCC-15 sample
compared to the pristine CC electrode (Fig. 2b), indicating the
formation of hydroxyl and carboxyl groups on the CC
surface.’® The oxygen content in OCC-15 is 24.3 at%, about
five times larger than that of the pristine CC (4.6 at%). And its
high resolution C;s spectrum has a broader signal than the
untreated sample, showing the existence of other chemical
states of carbon on the surface (Fig. 2c, upper). Application of
the bias voltage (DC, +10 V) can result in the reduction of
water at the cathode, creating hydroxyl ions (OH™) that act as a
strong nucleophile in the electrolyte. Due to the nucleophilic
attack of CC by OH™, active site atoms on the filament surface
could be oxidized to form such OFGs as C-OH, C=0, and
COOH, and this is the reason for the deterioration of electrical
conductivity. The oxygen content of ECC-15 is 14.8 at%, which
is much lower than OCC-15 but is still higher than the pristine
CC.>**7 The C,s XPS spectrum of ECC-15 can be deconvoluted
into four peaks assigned to C-C (285.0 eV), C-OH (286.1 eV),
C=O0 (287.1 eV), and -COOH (288.8 eV) groups, respectively

10410 | Nanoscale, 2016, 8, 10406-10414

(Fig. 2c, lower).>**® These peaks reveal that there are still many
residual OFGs on the surface, though the electrical conduc-
tivity is restored apparently in ECC-15. The Raman spectra
show that the G bands of both OCC-15 and ECC-15 samples
were broadened and exhibited some upshift compared to the
pristine CC (Fig. 2d). Besides, the D bands also became promi-
nent, indicating the reduction in the size of the in-plane sp>
domains. These features indicate a larger disorder degree on
the surface of the activated CC samples, possibly due to the
introduced OFGs and surface etching. The increase in the Ip/Ig
ratio from 1.0098 to 1.1688 suggests a decrease in the average
size of the sp> domain on the surface of the ECC-15 sample,
suggesting that many new sp” graphite domains were created
that are smaller in size than the ones present on the surface of
OCC-15. This indicates that the disorder degree reduced at
some local site on the surface of ECC-15 due to the partial
removal of OFGs, confirming the real reduction of OCC-15 as
well.?®*> Similar to the electrochemical reduction of the gra-
phene oxide hydrogel film, the negative potential could over-
come the energy barriers and the OFGs on the surface of
OCC-15 can be reduced. And the electrochemical reactions
between the electrons and the OFGs are efficient because the
electrolyte can diffuse throughout the OCC-15 electrode.

The electrochemical performances of the pristine CC,
OCC-15 and ECC-15 samples were first investigated using a

This journal is © The Royal Society of Chemistry 2016
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three-electrode system in 1.0 M H,SO, aqueous electrolyte. As
can be seen in Fig. 3a, the ECC-15 electrode produces a non-
rectangular shape of the CV curve with a pair of redox peaks
around 0.2 V and 0.5 V, suggesting the existence of pseudo-
capacitance of the ECC-15 electrode due to the surface
residual functional groups.*>*® And its curve exhibits an area
two orders of magnitude larger than that of the pristine CC
and OCC-15 electrodes at the scan rate of 20 mV s™*, showing
a substantially enhanced charge storage capability of the
ECC-15 electrode. The OCC-15 electrode shows several times
larger current density than that of the untreated CC electro-
des; however, it is still about an order of magnitude less than
that of the ECC-15 electrode. The slight increase in capacitive
of the OCC-15 electrode should be attributed to the increased
surface area and the introduced OFGs, while too many OFGs
result in a relatively low capacitance because of its low
conductivity.*>”** Further GCD tests as shown in Fig. 3b show
similar results as well. The ECC-15 electrode exhibits a sym-
metrical triangle shaped curve with a much longer discharge
time than that of the pristine CC and OCC-15 electrodes. The
enhancement in capacitance of the ECC-15 compared with
OCC-15 should be attributed to the significantly improved
electrical conductivity, where similar effects occur in the
electrochemical reduction of graphene oxide.***® These
characteristics confirmed the successful activation of the CC
electrodes and demonstrated that the reduction step is cru-
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cially essential for such efficient electrochemical activation,
the reason for which can also be concluded from EIS ana-
lyses. Among the three electrodes, the vertical curve of the
pristine CC electrode has the largest slope with respect to the
real impedance axis (Z,) in Nyquist plots (Fig. 3c), implying
the highest conductivity or lowest internal resistance nature
of the pristine CC electrode. In contrast, the low-frequency
Nyquist plot of the OCC-15 electrode shows the typical
Warburg impedance characteristic, where the electro-
chemical reaction mechanism is dominated by the ion
diffusion effects at the electrolyte/electrode interfaces, indi-
cating that the abundance of the introduced OFGs decreased
the ion transport at the electrode-electrolyte interface. These
groups also induce a rather high charge transfer resistance
(~5.0 Q, the diameter of the incomplete semicircle as shown
in Fig. 3c inset), eventually causing the low charge storage
capability of the OCC-15 electrode. Fortunately, the redun-
dant surface functional groups can be removed off the
carbon filament through the electrochemical reduction
process, leaving an ECC-15 electrode with low Warburg impe-
dance and charge transfer resistance (~0.8 Q). The slight
increase in the series resistance (the intersection point on
the Z, axis) from 1.5 Q of the pristine CC to 2.1 Q of the
ECC-15 electrode suggests that the electrochemical activation
has caused subtle deterioration in the internal conductivity
of the CC electrode.

19 21
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Fig. 3 CV curves collected at the scan rate of 20 mV s™* (a), GCD curves collected at a current density of 6 mA cm~2 (b), and Nyquist plot (c) from
the pristine CC, OCC-15, and ECC-15 as the working electrodes in 1.0 M aqueous H,SO, electrolyte in a three-electrode configuration; (d) areal
capacitance (calculated from both the CV curve at the scan rate of 20 mV s™* and the GCD curve at the current density of 6 mA cm™) and the
content of oxygen-containing functional groups of the corresponding electrodes.
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Fig. 3d shows the areal capacitance, which is calculated
from both the CV curve at the scan rate of 20 mV s™* and the
GCD curve at the current density of 6 mA cm™, and the
content of OFGs based on the O 1s XPS spectrum of the corres-
ponding CC, OCC-15, and ECC-15 electrodes (seen in Fig. S27).
The electrochemical oxidative exfoliation step induces the
surface exfoliation of the carbon filaments and the introduc-
tion of tremendous OFGs onto the surface of CC, leading to
the increase in the content of C=0, C-OH or C-O-C, and C(O)
OH on the surface of CC from 0.6 at%, 1.9 at%, 2.1 at% to 6.6
at%, 11.6 at%, and 6.1 at%, respectively. Such a high content
of OFGs surely will contribute much more pseudocapacitance;
however, the conductivity of the OCC-15 electrode is so poor
that it could not exhibit a high capacitance as expected. After
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carrying out electrochemical reduction process, some unstable
OFGs were removed off the surface of the OCC-15 electrode,
resulting in significant improvement in its electrical conduc-
tivity. As we expected, most of the unfavorable surface carbonyl
groups are removed, the content of which decreases from 6.6
at% to 3.1 at%; while the hydroxyl and carboxyl groups that
can contribute to an extra reversible pseudocapacitance are
furthest maintained, the whole content of which is about 11.7
at%.>* The slightly increased surface area along with the oxy-
genated carbon fiber shell with balanced OFGs and conductivity
lead to the significant enhancement in the charge storage
capability of the ECC-15 electrode, reaching up to a maximum
areal capacitance of 505.5 mF cm™> at the current density of
6 mA cm™? in aqueous H,SO, electrolyte. A further study as
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ponding rate capability of these electrodes at a current density from 6 mA cm™ to 48 mA cm™2 (b); cyclic stability of the ECC-15 electrodes col-
lected at 24 mA cm™2 for 10 000 cycles (c); all the tests were carried out in 1.0 M aqueous H,SOj, electrolyte in a three-electrode configuration. CV
curves collected at the scan rate from 10 mV s~ to 200 mV s™* (d), GCD curves collected at a current density from 3 mA cm™2 to 24 mA cm™2 (e)
from ECC-15 as the working electrodes in 1.0 M aqueous H,SO4 electrolyte in a two-electrode configuration; (f) areal capacitance as a function of

the current density of the supercapacitor.
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follows shows that it exhibits a remarkable charging-dischar-
ging rate capability as well.

The effect of the activation time on the capacitive perform-
ance of CC electrodes was also studied. Fig. 4a shows that all
GCD curves exhibit a symmetrical triangle shape with a slight
distortion, suggesting excellent reversibility of the pseudocapa-
citance. The discharge time gradually increased with the acti-
vation time from 5 to 15 min at a low current density of 6 mA
em™?, while both the series resistance and charge transfer
resistance show little changes (Fig. S3t), indicating that the
substantially increased surface functional groups are helpful
for enhancing the pseudocapacitance. However, the ECC elec-
trodes exhibited a decreased discharge time, and an increased
series resistance and charge transfer resistance when the acti-
vation time is over 15 min, showing that excessive functional
groups will lead to an inferior electrode/electrolyte interface.”?
Nevertheless, there is little differences among the CV curves of
samples with an activation time over 10 min collected at a
higher scan rate of 100 mV s~* (seen in Fig. S41), maybe due to
the slow redox reaction of the introduced OFGs that could not
keep pace with such a high scan rate. Fig. 4b plots the areal
capacitance of the activated electrodes as a function of oxi-
dative exfoliation time. All the activated electrodes processed a
prominent rate capability with more than 88% retention of its
initial capacitance as the current density increased from 6 to
48 mA cm > The ECC-15 electrode achieves a high areal
capacitance of 505.5 mF cm™> at the current density of 6 mA
em™? (~15.8 F em™>, seen in Table S11) and exhibits excellent
cycling stability with ~97% capacitance remaining after 10 000
cycles at a high charging rate of 24 mA cm™>. The areal capaci-
tance of the ECC-X (X is not less than 10) electrodes was calcu-
lated from the CV curves at a high scan rate of 100 mV s~ to
be around 300 mF cm > (seen in Fig. S5), the value of which
is higher than 208.9 mF cm™ of the previous similar study.”®
Electrochemical reduction of CC electrodes induced the
removal of most electrochemically unstable OFGs and the
restoration of the electrode conductivity, resulting in the above
superior electrochemical performances. To estimate the feasi-
bility of the activated CC as electrode materials, two pieces of
the ECC-15 electrodes are directly assembled with a filter
paper sandwiched in between for the symmetrical supercapaci-
tor test. Fig. 4e, and f show the corresponding CV and GCD
curves of the device collected at various scan rates and current
densities, respectively. The rectangular-like CV curves and sym-
metric triangular charge/discharge curves show the ideal
capacitive behavior and fast charge-discharge properties of the
activated CC based supercapacitor. Fig. 4g shows the areal
capacitance of the symmetrical device as a function of current
density, and the device delivered a maximum areal capacitance

of 197 mF em ™2 at a current density of 3 mA cm™>.

Conclusions

In conclusion, we presented a green and facile approach to sig-
nificantly enhance the capacitance of pure CC for supercapaci-
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tor applications. Through electrochemical oxidative exfoliation
followed by electrochemical reduction in an aqueous solution
of inorganic salts, micro-cracks, exfoliated carbon fiber shells,
and OFGs are introduced onto the surface of a carbon filament
while preserving its flexibility. This results in an enhancement
of over two orders of magnitude in capacitance compared to
that of the bare CC, reaching up to a maximum areal capaci-
tance of 505.5 mF cm™> at the current density of 6 mA em™? in
aqueous H,SO, electrolyte measured in a three-electrode cell.
More importantly, it exhibits a remarkable charging-dischar-
ging rate capability, retaining 88% of the capacitance when the
charging rate increased from 6 to 48 mA cm™>. Moreover, the
electrode shows excellent cycling stability with ~97% capaci-
tance remaining after 10 000 cycles at a charging rate of 24 mA
em 2. A symmetrical supercapacitor based on the activated CC
exhibits an ideal capacitive behavior and fast charge-discharge
properties, and delivers a maximum areal capacitance of
197 mF ecm™> at 3 mA cm > This simple, environment-
friendly, and cost-effective strategy to activate CC shows great
potential in the development of high-performance electrode
materials for flexible supercapacitors.
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