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Abstract: Flexible supercapacitors are demanded for energy storage of wearable electronics. In this
paper, a simple strategy for preparing flexible carbon fibers (CFs) with good energy storage capacity
using a mixed acid treatment process is reported. When the volume ratio of concentrated sulfuric acid
to concentrated nitric acid is 3:1, the carbon fiber electrodes have the best electrochemical performance
with a high capacitance of 27.83 F g~ at 15 mA g~ ! and extremely high capacitance retention of
79.9% after 500 cycles at 100 mA g_l. Furthermore, their energy density can reach 3.86 Wh kg_1
with a power density of 7.5 W kg~!. Such an excellent electrochemical performance of carbon fiber
electrodes is attributed to their surface rich oxygen-containing functional groups, rough surface,
and a certain number of graphene quantum dots (GQDs). Importantly, the all-solid-state flexible
supercapacitor performs excellent bending stability performance with a capacitance retention of
almost 100% after 500 times of bending at 180°, showing good prospects and applications in the field
of flexible energy storage devices.

Keywords: carbon fibers; mixed acid treatment; oxygen-containing functional groups; electrochemical
test; flexible supercapacitor

1. Introduction

With the development and application of flexible electronic technology, there is a grow-
ing demand for flexible energy storage devices [1-3]. At present, flexible energy storage
devices mainly include flexible supercapacitors and flexible lithium-ion batteries [4-8].
Among them, flexible-fiber supercapacitors have attracted extensive attention because
of their high power density, rapid charge—discharge rate, good flexibility, and braidabil-
ity [7,9-12]. Carbon materials have been widely used as electrode materials for flexible
supercapacitors because of their excellent conductivity, good corrosion resistance, stability,
and excellent mechanical properties [7,13,14]. Common carbon-based electrode materials
mainly include carbon fibers [15,16], carbon nanotubes [17,18], and graphene [11,19,20].
Among them, carbon fibers have outstanding mechanical properties, including high tensile
strength and modulus, excellent conductivity, and chemical stability [21,22]. Compared
with graphene and carbon nanotubes, carbon fibers’ cost is lower, and their process route
is relatively simple and mature. In addition, carbon fibers can also be directly assembled
into fibrous supercapacitors. Therefore, carbon fibers have great advantages as electrode
material for flexible fibrous capacitors.

However, due to their compact structure and small specific surface area, the electro-
chemical performance of carbon fibers is poor when they are directly used as electrode
materials [15,23]. The activation [16,24-26] and surface treatment methods [27] are usually
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used to improve their specific surface area, followed by electrochemical properties. For ex-
ample, Zhang et al. [26] prepared the specific surface area of activated carbon fibers, which
reached 1222 m? g~! with an activation temperature of 550 °C and showed good electro-
chemical and cyclic properties. However, during the activation process, a large number of
pore structures appeared on the interior and surface of the fibers, affecting the conductivity
and mechanical properties of the fibers. Therefore, the fibers cannot be directly woven into
a capacitor, which limits their application in flexible capacitors. Carbon fibers can also be
used as carriers for other active materials. By growing materials with high activity on their
surface (such as conductive polymers, transition metal oxides, etc.), the electrochemical
activity of the electrodes can be improved [28-30]. Yuan et al. [31] deposited a layer of
MnO; nanorods on the surface of carbon fibers using an electrochemical deposition method
to obtain composite electrodes. Due to the addition of active materials, the electrochemical
performance of the composite electrodes was significantly improved. However, the active
material of the assembled flexible supercapacitor easily peeled off the matrix under the
conditions of mechanical deformation such as bending and stretching, which affected the
electrochemical performance of the capacitor. The deposition methods were then optimized
to improve the combination between the active material and the matrix to avoid the active
material falling off the matrix [32-34]. However, the active material was always inevitably
separated from the matrix under the conditions of long-term mechanical deformation. The
direct use of a flexible conductive substrate as an energy storage device is an effective way
to solve this problem. At present, most researchers are committed to improving the energy
storage capacity of capacitors by adding active materials, while there are few studies on
using the matrix both as a conductive matrix and as active materials.

In this study, carbon fibers were treated with an ultrasonic hydrothermal treatment in
mixed acid solutions with different volume ratios. The electrochemical performance of the
carbon fibers treated with mixed acid was significantly improved. The fibers’ electrodes
showed high specific capacitance with 27.83 F ¢! at 15 mA g~ ! and excellent stable
cycle performance with capacitance retention of 79.9% after 500 cycles at 100 mA g~ 1.
The fiber electrodes were assembled into an all-solid flexible-fiber supercapacitor with
H,SO4/PVA as the solid electrolyte. When the current density was 5 mA g~!, the mass
specific capacitance was 3.8 F g~ 1. After 1000 cycles of testing, the capacitance retention
was 73.05%, showing excellent stability. The capacitor also showed an excellent bending
stability with a capacitance retention of almost 100% after bending 180° 500 times. In
practical application, the capacitor continuously lit an LED bulb for 12 min after charging
under constant voltage. Our results demonstrate important practical significance for the
application of a flexible matrix in the field of energy storage and flexible equipment.

2. Materials and Methods
2.1. Ultrasonic Hydrothermal Treatment of Carbon Fibers

Carbon fibers (T700, Toray, Tokyo, Japan) were ultrasonically cleaned in acetone,
ethanol, and deionized water for 30 min, respectively. After ultrasonic cleaning, CFs were
dried in an oven at 60 °C for 30 min. We prepared a certain volume ratio of concentrated
H5S04 (18 M) and concentrated HNOj; (15 M) mixed acid solution at room temperature,
and then we put the CFs into the mixed acid solution for an ultrasound for 2 h. After
the ultrasound, the CFs were put into the reaction kettle for hydrothermal reaction. The
hydrothermal reaction time was 30 min with a hydrothermal temperature of 100 °C. The
reaction kettle was opened to take out the CFs after the hydrothermal reaction, and the
CFs were washed repeatedly with deionized water. Finally, we put the CFs into an oven at
60 °C for drying for 6 h. The schematic diagram for the process is shown in Figure 1.
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Figure 1. Ultrasonic hydrothermal process schematic diagram of carbon fibers.

CF-Nx5x represents the carbon fibers obtained after mixed acid treatment in different
volume ratios. For example, CF-N1S1 represents the carbon fibers prepared after ultrasonic
hydrothermal treatment when the volume ratio of concentrated H,SO4 to concentrated
HNOj; was 1:1.

The set mixed acid volume is shown in Table 1.

Table 1. Concentrated HNOj3 and concentrated H,SO,4 with different volume ratios.

HzSO4 / mL
HNO3/mL
VN ZVS
Abbreviation

0:0
CF

120
1:0
CE-N

60 40 24 40 90 100 105 120
60 80 96 80 30 20 15 0
1:1 2:1 4:1 1:2 1:3 1:5 1:7 0:1

CE-N1S1 CF-N251 CF-N4S51 CF-N1S2  CFE-N1S3  CF-N1S5 CF-N1S7  CF-S

2.2. Preparation of the All-Solid-State Flexible Supercapacitor

An amount of 5 g of concentrated H,SO4 was added to 50 g deionized water and
stirred evenly. Then, 5 g PVA powder (Polyvinyl alcohol, Aladdin Reagent Co., Ltd.,
Shanghai, China) was added to a three-necked flask, and the prepared H,SO, solution
was added to the three-necked flask. Then, it was put into a water bath pot and heated
at 90 °C while being stirred for 1 h. After heating, the H,SO,/PVA gel electrolyte was
successfully prepared.

The carbon fibers were cut into 6 cm short fibers. We put one end of the carbon
fibers into the HySO4/PVA gel electrolyte for 30 s and then cooled it at room temperature
for 1 min. The above steps were repeated 3 times, and then the carbon fibers coated
with electrolytes were put into the culture dish and dried at room temperature for 3 h.
After cooling, two fiber electrodes were intertwined to form an all-solid-state flexible-fiber
supercapacitor.

2.3. Test Characterization

The surface morphology of carbon fibers was characterized using a thermal field emis-
sion scanning electron microscope (Hitachi, SU-70, Tokyo, Japan). The micro morphology,
crystal structure, and crystal plane spacing of carbon fibers were measured and analyzed
using a transmission electron microscope (Electronics Co., Ltd., Kagawa, Japan, JEM-2100).
The phase composition and surface structure of carbon fibers were characterized using
X-ray diffraction (Dandong, China, TD-3700) and Raman spectroscopy (HORIRA Jobin
Yvon, Glasgow, Scotland, LabRaAM-HR800). The surface functional groups and elemental
compositions of carbon fibers were measured and analyzed using an Infrared spectrometer
(Bruker, Leipzig, Germany, TENSOR II) and X-ray diffractometer (Rigaku D/max-RC,
Tokyo, Japan).

2.4. Electrochemical Test

The single electrode electrochemical test adopted the three-electrode system under the
electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd., Shanghai, China),
in which the prepared carbon fibers were used as the working electrodes, a platinum
electrode was used as the counter electrode, and a saturated calomel electrode was used as
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the reference electrode. The electrolyte was 1M H,SOj, solution. The voltage window was
set to 0-1.0 V.

The electrochemical test of the all-solid-state flexible-fiber supercapacitor adopted
a two-electrode system to test, in which the working electrode was connected to the positive
electrode of the capacitor, and the counter electrode and reference electrode were connected
to the negative electrode of the capacitor. The electrolyte was HySO4/PVA gel electrolyte,
and the voltage window of the capacitor was set to 0-1.0 V.

The cyclic voltammetry (CV), the galvanostatic charge-discharge (GCD) measure-
ments, and the electrochemical impedance spectroscopy (EIS) were measured using
a CHI660E electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd., Shanghai,
China). EIS was carried out using an open-circuit potential and frequency ranges from
0.01 Hz to 100 kHz.

3. Results and Discussion
3.1. Analysis and Characterization of Mixed-Acid-Treated Carbon Fibers

Figure 2 shows the SEM of carbon fibers treated with different mixed acids. The surface
of untreated carbon fibers is relatively smooth and flat, while the surface roughness of
carbon fibers treated with mixed acids increases to varying degrees. For CF-N1S1, CF-N152,
CF-N1S3, CF-N1S5, CE-N157, and CF-S, the number and depth of grooves on the surface
of carbon fibers gradually increased with the increase in the proportion of concentrated
sulfuric acid. This shows that concentrated sulfuric acid can etch the fiber surface under
ultrasonic and hydrothermal conditions and increase the surface roughness of the fiber,
which helps to improve the surface activity of the fiber. From the TEM diagram of original
CFs and CF-N1S3, the graphite microcrystalline structure of carbon fibers can be observed.
The disordered graphite structure of the fibers does not change before and after acid-mixing
treatment, which indicates that acid-mixing ultrasonic hydrothermal treatment will not
affect the amorphous carbon structure of carbon fibers. Figure 3a shows the XRD patterns
of CFs treated with different mixed acids. There is an obvious diffraction peak at about
25.3° in all CFs treated with mixed acids, which corresponds to the (002) crystal plane
diffraction peak of graphite microcrystals on the CF surface [35]. Figure 3b shows the
Raman spectra of CFs treated with different mixed acids. The Raman curves of all samples
show two distinct characteristic peaks, one of which is the disordered vibrational D peak
around 1350 cm ! representing the structural defects or edges in the graphene sheets, and
the other is the G peak near 1580 cm !, which is caused by the in-plane vibration of sp2
carbon atoms [36]. For carbon materials, the area ratio R (Ip/Ig) of D peak to G peak is
usually used to describe the graphitization degree of carbon materials. The smaller the
R value, the higher the graphitization degree of CFs. It can be seen that compared with
the original CFs, for CF-S, CE-N1S1, CE-N1S2, CF-N1S3, CF-N1S5, and CF-N1S7, the R
value is positively correlated with the amount of concentrated sulfuric acid. The graphite
microcrystals on the surface of the CFs are slightly oxidized under the actions of ultrasound
and mixed acid, leading to the formation of a series of oxygen-containing functional groups.
The induced defects on the surface reduce the graphitization degree of the CFs’ surface,
resulting in the increased R value.

The infrared spectra are shown in Figure 3c. The surface of carbon fibers treated
with mixed acids includes rich oxygen-containing functional groups such as carboxyl
and hydroxyl groups, while the surface of the original carbon fibers contains almost no
functional groups. For CF-N1S3, due to its carbon structure, the absorption peak at about
1633 cm ! represents the stretching vibration of the C=C skeleton. The 3400 cm ! and
1430 cm~! absorption peaks represent the stretching vibration and deformation vibration of
—OH, respectively. This indicates the carboxyl group on the fiber surface. For hydrocarbon
functional groups, the absorption peaks at 2932 cm !, 2855 cm 1, 1430 cm ™!, and 1380 cm !
correspond to C-H bonds. The absorption peaks at about 3400 cm~! and 1633 cm ™! are
the characteristic peaks of N-H. 1700 cm~! and 1120 cm ™! represent the C=O and C-O
groups, respectively. Figure 3d shows the XPS full spectrum of carbon fibers treated with
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different mixed acids. The Ols intensity in the original carbon fiber spectrum is low, and
there is almost no N1s peak. After different mixed acid treatments, the O1s peak intensity
is significantly improved.

Figure 2. (a—j) SEM of carbon fibers treated with different mixed acids; (k,1) TEM diagram of original
CFs and CF-N1S3.

In order to explore the change of chemical bond on the surface of carbon fibers
after mixed acid treatment, the Cls spectrum with bond energy of 282-292 eV and Ols
spectrum with bond energy of 528-538 eV were fitted using XPS-PEEK software(version
number:6.0.72.9589). The peak fitting curve and the relative content of chemical bond are
shown in Figure 4. The C1s spectrum is divided into four peaks, in which 284.8 eV, 286.2 eV,
288.5 eV, and 289 eV represent C-C, C-O, C=0, and —-O-C=0, respectively [37]. According
to Figure 4a,c, the oxygen-containing functional groups on the surface of the original carbon
fibers are mainly contributed via C-O such as hydroxyl and ether bonds. After the acid-
mixing ultrasonic hydrothermal treatment, the active carbon atoms on the surface of carbon
fibers are oxidized to form C-O, C=0, O-C=0 and other oxygen-containing functional
groups. For CF-N1S3 and CF-N1S5, the relative content of C-C is low, and the proportion
of C-0O, C=0, and -O-C=0 is relatively large. Figure 4b,d show the Ols peak fitting curve
and its chemical bond relative content; all Ols spectra are divided into three peaks, in
which 532 eV, 533.5 eV, and 535 eV represent -OH, -COOH, and H,O, respectively [27].
The oxygen on the surface of the original carbon fibers mainly exists in the form of single
bond, with only a small amount of -COOH. After mixed acid treatment, the relative content
of -COOH increases, and the relative content of -OH decreases, which indicates that the
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surface oxidation degree of the carbon fibers increases. The mixed acid treatment reduces
the relative content of C—C on the surface of carbon fibers, while the relative contents of
C-0O and C=0 on the surface of the fibers increase, which indicates that a certain number
of graphene quantum dots (GQDs) are formed on the surface of carbon fibers during the
mixed acid treatment, caused by the oxidation of large-size graphite [38—41].
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Figure 3. (a) XRD patterns of CFs; (b) Raman spectra of CFs; (c) Infrared spectra of CFs; (d) XPS full
spectrum of CFs.
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Figure 5 shows the mechanism diagram for strengthening oxygen-containing func-
tional groups and GQDs on the surface of carbon fibers treated with mixed acid, which can
better explain the formation process of GQDs. During the ultrasonic process, the activated
carbon atoms on the surface of carbon fibers are oxidized under the action of mixed acid,
and the oxygen-containing functional groups are introduced into the oxidized, amorphous
carbon layer. These functional groups tend to be arranged in a straight line on the carbon
skeleton. Then, the oxidized graphite layer is treated under hydrothermal conditions, and
its oxygen-containing groups are removed, which leads to the rupture of the layer and the
formation of GQDs. Abundant oxygen-containing functional groups and a certain number
of GQDs can increase the surface activity of carbon fibers and provide more active reaction
sites in the electrochemical process, which improves some pseudocapacitance properties
and the electrochemical properties of carbon fibers.

I Surface groove

9 | Oxgenated Mixed acid ultrasonic hydrothermal treatment . .
functional group CFs o m— Mixed acid treated

carbon fiber

H,SO,:HNO0; (3:1)
)
Ultrasonic hydrothermal
treatment

Graphite Graphene quantum dots

Figure 5. Mechanism diagram for strengthening oxygen-containing functional groups and GQDs on
the surface of CFs treated with mixed acid.

3.2. Electrochemical Properties of Carbon Fiber Electrodes

Figure 6a shows the CV curves of carbon fiber electrodes at 20 mV s~!. The CV curve
of the original carbon fibers is almost a straight line, which means its specific capacitance is
almost zero. Compared with the original carbon fibers, the specific capacitances of CF-N
and CF-S are slightly improved, but their values are still very low and do not have practical
application value. The specific capacitances of the carbon fiber electrodes treated with
mixed acid increase in varying degrees. For CF-N15S1, CF-N152, CF-N1S3, CF-N1S5, and
CF-N157, the CV curve loses its “nearly rectangular” shape, and the redox peak can clearly
be seen in the CV curve, indicating that the capacitance behavior is the joint action of electric
double-layer capacitance and faraday capacitance. According to the CV curve integral area,
the specific capacitances first increase and then decrease, and the curve area of CF-N1S3 is
the largest, indicating the best capacitance property. Figure 6b shows the GCD curve of
carbon fiber electrodes at 25 mA g~!. It can be calculated that the specific capacitance of
the original CFs’ electrodes is only 0.1825 F g~!. For the CF electrodes treated with mixed
acid, the specific capacitances clearly increase. Additionally, the specific capacitances of
CF-N1S1, CF-N1S2, CF-N1S3, CF-N1S5, and CF-N1S7 reach 9.7 Fg~!,11.2Fg 1,161 Fg !,
151 Fg~!,and 9.425 F g, respectively. Among all fiber electrodes, the specific capacitance
of the CF-N1S3 electrode reaches the maximum. Combined with surface morphology,
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phase structure, surface functional group distribution, and elemental analysis of CFs, the
excellent electrochemical performance of CF-N1S3 results from its rough surface structure,
rich oxygen-containing functional groups, and a certain number of GQDs. Rough carbon
fiber surface and GQDs can improve the double-layer capacitance of fiber electrodes by
increasing the fiber’s specific surface area and its surface activity. The oxygen-containing
functional groups can not only improve the surface activity of a fiber, but they also have
a redox reaction with electrolyte ions during charge and discharge, so as to increase the
pseudocapacitance of fiber electrodes.

a b‘V.D —CF ——CF-N451
——CF-N
20 —CF-§  ——CF-N1S
——CF-N1§1 ——CF-N1$5
10 0.8] ——CF-N2§1 ——CF-N1ST
%‘ £
g 0 S 0
€ £
g &
5 19 ” &
o 0.4
—CF ——CF-N181
-20 ——CF-§ ——CF-N1S2
E CF-N ( N1S3
” ——CF-N251 ——CF-N155 0.2]
30 v ——CF-Nd4§1 ——CF-N1S7
0.0 0.2 0.4 0.6 08 10 005 200 200 500 0 1000 1200
C Potential/(V) d Timel(s)
15
——15mA g’
10 10 ——20mA g’
——25mAg’
——30mAg"
PR 0.8 ——40mA g’
g s —
= = J— 1
s 0 3 06 100mA g
° <
£ 2
3 -5 8
© 0.4
-10 —10mv 5 50mV s
—15mV 8" ——100mV s’ 0.2)
15| —20mV s 200mV s W
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0 500 1000 1500 2000 2500 3000 3500 4000
Potential/(V) Time/(s)
e f
12 1
i WW (1, 8.56)
10 - = R T
o ‘o 8] sves
. w el UL LI SRR, (500, 6.84)
s . = Ll L TTTRY TPy
@
E 8 Capacitance retention
a £ 79.90%
_-.g: 6 ®
N g
34
¥ €
(%]
; g
2 - ~ ) 2|
7 3 ] 0 12 0 100 200 300 400 500
ZiQ) Number of cycles

Figure 6. (a) CV curves of carbon fiber electrodes (scanning speed: 20 mV s~1); (b) GCD curves
of carbon fiber electrodes (current density 25 mA gfl); (c) CV curves of CF-N1S3 electrodes at
different scanning speeds; (d) GCD curves of CF-N153 electrodes under different current densities;
(e) Impedance spectrum of CF-N1S3 electrode, the built-in diagram is the fitting circuit (upper left)
and the enlarged diagram of semicircle part (lower right); (f) Cyclic performance test of CF-N153
electrodes (current density: 100 mA g~1, 500 cycles).

Figure 6¢c shows the cyclic voltammetry curve of carbon fiber electrodes at different
scanning speeds. In order to ensure the stability of electrolyte system, the voltage window
of the CF-N1S3 electrode was set to 0-1.0 V. At a low sweep speed, there is an obvious
redox peak on the curve, which indicates the redox reaction in the process of energy
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storage, caused by the oxygen-containing functional groups within the fiber electrodes.
With an increase in scanning speed, the intensity of the redox peak decreases gradually
until it disappears, due to the insufficient redox reaction at a higher scanning speed.

Figure 6d shows the GCD curve of the CF-N1S3 electrode under different current
densities. The curve shows an asymmetric triangle, which is a typical feature of pseudoca-
pacitor material. At the moment of charge—discharge conversion, the curve shows a vertical
voltage drop, which is due to the internal resistance and solution contact resistance of the
fiber electrodes. When the current density is 15 mA g’l, 30 mA g’l, and 50 mA g’l, the
specific capacitances of CF-N1S3 are 27.83 F g1, 17.04 F g~ !, and 12.67 F g !, respectively
(Table 2). Hence, the CF-N1S3 electrode has an excellent electrochemical and magnification
performance. In order to analyze the internal resistance of fiber electrodes and to under-
stand the ion diffusion process, an impedance test of CF-N1S3 was carried out, and its
Nyquist diagram is shown in Figure 6e. The Nyquist diagram consists of a high-frequency
semicircle and a straight line in the low-frequency region, in which the semicircle corre-
sponds to the charge transfer resistance (RCT) at the interface between the electrode and
the electrolyte, the intercept between the semicircle and the real axis represents the internal
resistance (RS) of the electrode, and the straight line in the low-frequency region is related to
the capacitive performance of the material [42]. Through spectrum analysis and data fitting,
the RS and RCT of the CF-N1S3 electrode are 2.3 () and 1.2 (), respectively. The RS and RCT
of the CF-N1S3 electrode are very small, indicating that the internal resistance and charge
transfer resistance of the fiber electrodes are low. This is very beneficial to charge transfer
and reaction kinetics. Figure 6f shows the cycle stability curve of the CF-N1S3 electrode for
500 cycles at 100 mA g~!. After a 500-cycle test, its specific capacitance changes from the
initial 8.56 F g~ ! to 6.84 F g1, and the capacitance retention is 79.90%, indicating that the
CF-N1S3 electrode has an excellent cycle stability. Figure 7a shows the relationship between
the energy density and power density of the CF-N153 electrode. When the power density
of the CF-N1S3 electrode is 7.5 W kg 1, its energy density can reach 3.86 Wh kg !, while its
energy density can be maintained at 1.20 Wh kg~! with a power density of 50 W kg~!. Our
reported values are in line with other studies featuring flexible supercapacitor electrodes
with or without active materials, as shown in Figure 7b. Compared to other surface-active
methods, the mixed acid treatment method is simpler and more efficient, and we directly
use carbon fibers as fiber electrodes, which avoids problems such as the active material
falling off the substrate [43—47].

Table 2. Specific capacitances of CF-N1S3 electrode calculated at different scanning speeds and
current densities.

Scanning Specific Current Specific
Speed/(mV s—1) Capacitance/(F g—1) Density/(mA g—1) Capacitance/(F g—1)
5 22.33 15 27.83
10 18.08 20 21.94
15 15.50 25 19.00
20 13.79 30 17.04
30 11.83 40 14.52
50 9.76 50 12.67
100 5.29 100 8.65

200 4.00

A series of electrochemical tests and characterization show that the CF-N153 electrode
has an excellent electrochemical performance. In order to explore the capacitor performance
and practical application effect of the CF-N1S3 electrode, CF-N1S3 electrode was assembled
into an all-solid-state flexible-fiber supercapacitor for testing and characterization.
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Figure 7. (a): Energy density and power density of CF-N1S3 electrode; (b): Capacitance values of
various flexible electrode materials in the literature compared to this work.

3.3. Electrochemical Performance of Flexible Supercapacitor

Figure 8a shows the CV curve of the capacitor. The curve shape at all scanning rates
is nonrectangular, indicating both a redox reaction and charge adsorption and desorption
in the process of energy storage. The specific capacitances of the capacitor are shown in
Figure 8c (black curve). When the scanning speeds are2mV s, 6 mVs~!,and 15mV s},
the specific capacitances of the capacitor are 2.35 F g=!, 1.99 F g~!, and 1.65F g1, re-
spectively. Figure 8b shows the GCD curve of the capacitor. The GCD curve features
an asymmetric triangle, indicating that the redox reaction occurs on the electrode sur-
face during charge and discharge. The mass-specific capacitances of the capacitor under
different current densities can be seen in Figure 8c (red curve). When the current den-
sities are 5mA g1, 15 mA g, and 30 mA g~ !, the specific capacitances are 3.8 F g7,
232F ¢!, and 1.56 F g~ !, respectively. The cycle stability of the capacitors is tested, as
shown in Figure 8d. The specific capacitance changes from 1284 mF g~! to 938 mF g~!
after 1000 cycles at 15 mA g~!, and the capacitance retention rate reaches 73.05%, showing
a good cycle stability.
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Figure 8. (a) CV curves of capacitors at different scanning speeds; (b) GCD curve of capacitor under
different current densities; (c) The specific capacitances of capacitor under different scanning speeds
and current densities; (d) Cycle stability curve of capacitor (current density: 15 mA g1, 1000 cycles).
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Figure 9a shows the CV curve of capacitor bending at different angles at 30 mV s,
and Figure 9c shows the optical picture corresponding to the test. There are almost no
changes in the CV curves of the capacitor under bending angles of 45°, 90°, 135°, and 180°,
indicating excellent bending properties of the capacitor. Figure 9b gives the CV curve of
the capacitor bent 500 times at 180° at 30 mV s~!. The capacitor exhibits excellent flexural
stability with a capacitance retention of almost 100% after 500 bending cycles at 180°,
playing a very important role in practical application.
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Figure 9. (a) CV curve of capacitor under different bending angles (scanning speed is 30 mV s 1);
(b) CV curve of capacitor bent 500 times at 180° (scanning speed is 30 mV s71); (o) Optical photos of
capacitor tested under different bending conditions.

The capacitor was charged by the constant voltage in the experiment. The charging
device was composed of three 1.5 V dry batteries in a series. After charging, when the
capacitor was connected to the LED, the LED continuously emitted light. The optical
photos before and after LED emission are shown in Figure 10a,b. A timer was used to
record the LED luminous time, and the optical photos are shown in Figure 10c,d. When
the LED lit up for 3 min, its brightness decreased slightly. After 6 min, its brightness
decreased significantly, indicating that the electric energy stored in the capacitor is gradually
dissipated in the form of thermal energy and light energy. The LED was completely
extinguished after 12 min, indicating that the voltage of the capacitor was not enough to
run the LED. At that point, the voltage of the capacitor measured using the multimeter
was 1.5 V, which is less than the LED luminous voltage. The phenomenon of lighting the
LED continuously shows that the prepared CF-N1S3 electrode and the assembled capacitor
have practical application value.
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Figure 10. (a) Optical photo of capacitor connected to LED; (b) Optical photo of capacitor lighting
LED; (c) Optical photos of capacitors with durations of 3 min lighting LED; (d) Optical photos of
capacitors with durations of 12 min lighting LED.

4. Conclusions

In this paper, we demonstrate how the electrochemical performance of carbon fibers
improved significantly after mixed acid treatment. The results show that carbon fiber
electrodes have the best electrochemical performance when the volume ratio of concen-
trated H,SOy to concentrated HNOj is 3:1. Specifically, the capacitance of the CF-N1S3
electrode is as high as 27.83 F g~ ! at 15 mA g~!, while that of the original carbon fibers is
only 0.1825 F g~ 1. The electrode also shows an excellent cycle stability, considering that
the capacitance retention is 79.9% after 500 cycles at 100 mA g~!. Its energy density can
reach 3.86 Wh kg ! with a power density of 7.5 W kg~ !. The excellent electrochemical
performance of CF-N1S3 results from its rough surface structure, rich oxygen-containing
functional groups, and a certain number of GQDs. The rough carbon fibers’ surfaces and
GQDs can improve the double-layer capacitance of fiber electrodes, by increasing the fibers’
specific surface areas surface activities. The oxygen-containing functional groups can not
only improve the surface activity of fiber, but they also have a redox reaction with elec-
trolyte ions during charge and discharge, so as to increase the pseudocapacitance of fiber
electrodes. Without adding any active materials, the CF-N1S3 electrode was assembled into
an all-solid-state flexible-fiber supercapacitor. The capacitor shows excellent electrochemi-
cal performance with a capacitance retention of 73.05% after 1000 cycles at 15 mA g~!. The
capacitor also features excellent bending performance with capacitance retention of almost
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100% after bending 180° 500 times. In practical application, the capacitor can continuously
light an LED bulb for 12 min.
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