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Electrochemical performance of activated carbon
fiber with hydrogen bond-induced high sulfur/
nitrogen dopingt

Chaohui Ruan and Yibing Xie & *

The sulfur/nitrogen co-doped activated carbon fiber (S/N-ACF) is prepared by the thermal treatment of
thiourea-bonded hydroxyl-rich carbon fiber, which can bond the decomposition products of thiourea
through hydrogen bond interaction to avoid the significant loss of sulfur and nitrogen sources during the
thermal treatment process. The sulfur/nitrogen co-doped carbon fiber (S/N-CF) is prepared by the
thermal treatment of thiourea-adsorbed carbon fiber. The doping degree of the carbon fiber is improved
by reasonable strategy. S/N-ACF shows a higher amount of S/N doping (4.56 at% N and 3.16 at% S) than
S/N-CF (1.25 at% N and 0.61 at% S). S/N-ACF with high S/N doping level involves highly active sites to
improve the capacitive performance, and high delocalization electron to improve the conductivity and
rate capability when compared with the normal S/N co-doped carbon fiber (S/N-CF). Accordingly, the
specific capacitance increases from 1196 mF cm™2 for S/N-CF to 2704 mF cm™2 for S/N-ACF at 1 mA
cm™2. The all-solid-state flexible S/N-ACF supercapacitor achieves 184.7 pW h cm™2 at 350 pW cm™2.
The results suggest that S/N-ACF has potential application as a CF-based supercapacitor electrode material.

1. Introduction

Flexible mobile electronics, smart textiles and large display
screens have grown significantly, stimulating the rapid devel-
opment of flexible energy storage devices. Supercapacitors™>
have been regarded as one of the most important energy storage
devices due to their intrinsic advantages of high power density,
fast charge-discharge rate and good cycling reliability.>*
However, the electrode materials of conventional super-
capacitors usually lack flexibility and toughness, and severely
hinder their applications for flexible and wearable electronic
devices. Thus, as an ideal candidate for flexible energy storage
devices, the flexible supercapacitor has attracted a lot of atten-
tion.® The crucial features of a flexible supercapacitor are good
mechanical strength, flexibility and electrochemical perfor-
mance, which put forward higher requirements for electrode
materials. Carbon fibers (CF), as one of the flexible super-
capacitor electrode materials, have attracted sustained atten-
tion due to its advantages such as lightweight, advanced
flexibility, inexpensiveness, chemical stability and deformable
mechanical properties.®® However, CF has some defects, like
lacking an electrochemical active site and low specific surface
area, resulting in poor electrochemical performance.> More-
over, the faradaic capacitance is much higher than the electrical
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double layer capacitance of carbon materials.”* In recent years,
the surface modification of carbon materials has been
a research hotspot.**” Notably, N/S co-doping has been shown
to be helpful in adjusting the electronic properties of carbon
materials, such as creating charge sites, polarizing electron
pairs, as well as enhancing the electrochemical properties.**>°
The thermal treatment of heteroatom-enriched sources and CF
is an appropriate method to introduce heteroatoms into the
surface of CF. As a sulfur and nitrogen source, thiourea (TU) is
an ideal choice for the preparation of S/N co-doped CF (S/N-CF).
However, TU is sublimated at about 150 °C and decomposed at
about 180 °C in a vacuum or inert gas atmosphere.® This
decomposition reaction might be described as the formula (1):*

2SC(NH2)2 i CSZ + H2NCN + 2NH3 (1)

CF adsorb the above decomposition products via weak inter-
molecular interaction during the thermal treatment hard to
avoid the significant loss of sulfur and nitrogen sources on the
CF surface, leading to the low doping of carbon material.

In this paper, the sulfur/nitrogen co-doped activated carbon
fiber (S/N-ACF) is prepared by the thermal treatment of the
hydroxyl-rich carbon fiber (CF-OH) that tightly bonded thio-
urea. CF-OH as a substrate achieves sufficient adsorption of
thiourea and its decomposition products via hydrogen bonds.
The N and S atomic percentage of S/N-ACF (4.36 and 3.16 at%)
was much higher than that of S/N-CF (1.25 and 0.61 at%). The
highly enhanced S/N doping degree contributes to improving
the specific capacitance and rate capability of CF. S/N-CF and S/
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N-ACF show specific capacitance of 2704 and 1196 mF cm ™ > at 1
mA cm ™2, respectively, and a capacitance retention of 64.71 and
54.48% when the current density increases from 1 to 40 mA
cm 2 The all-solid-state flexible supercapacitor using two S/N-
ACF electrodes achieves 184.7 yW h ecm™2 at 350 pyW cm >
and good cycling performance. These results proved that S/N-
ACF has potential application as CF-based supercapacitors.

2. Experimental section

2.1. Materials

CF was obtained from Jiangsu Sutong CF Co., Ltd. Sulfuric acid
(98%, AR); polyvinyl alcohol (PVA) and TU were obtained from
Sinopharm Chemical Reagent Co., Ltd.

2.2. Computational model and method

The adsorption of TU on the surface of CF or oxygen-
functionalized CF was investigated via density functional
theory (DFT) calculations.>** The periodic supercell of the 4 x
4 graphene unit cells formed by 32 carbon atoms (Cs;,) was
applied to simulate the interaction between TU and CF. Single
hydroxyl or epoxy groups grafted onto C3, to fabricate C;,-O and
C;,-OH were used to simulate the adsorption of TU by CF-O and
CF-OH. The CASTEP code of Materials Studio was applied to
optimize the structure of the adsorption of TU on Cs,, C3,-O and
C3,-OH. Additionally, the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional of generalized gradient
approximation (GGA) and ultrasoft pseudopotential was
applied. Furthermore, a 2 x 2 x 1 Monkhorst-Pack grid in the
Brillouin zone and a 350 eV cutoff energy were selected after
testing. The convergence tolerance was set as the total energy
converged to 2 x 107> eV per atom. In addition, the residual
stress was less than 0.02 GPa, and the residual force was less
than 0.01 eV A~L. To evaluate the interaction of TU with Cs,, Cs,-
O or C;,-OH, the binding energy (E,) was calculated by the
following formulas (2)—(4):

Ep = (E(TU) + E(C3;)) — E(TU/Cs,) (2)
E, = (E(TU) + E(C3,-0)) — E(TU/C5,-0) 3)
E, = (E(TU) + E(C3,-OH)) — E(TU/C1,-OH) 4)

E(Cs,), E(C3,-0), E(C3,-OH) and E(TU) are the total energies of
isolated Cs,, C3,-O, C3,-OH and free TU, respectively. Moreover,
E(TU/C3,), E(TU/C3,-0O) and E(TU/C;,-OH) are the total energies
of the complex systems of Cj,, C3,-O and C;,-OH with the
adsorbed TU molecule, respectively.

2.3. Preparation of S/N co-doped activated CF (S/N-ACF)

The surface density and thickness of the carbon fiber (CF, 1 x 4
cm?®) were 6.6 mg cm™> and 2.0 mm, respectively. Before the
thermal treatment, CF was ultrasonically washed by acetone,
alcohol, and distilled water in order. After that, CF was dried at
60 °C. The electrochemical activation of CF was performed in
a standard three-electrode cell, and the electrolyte was 3.0 M
H,SO,. Here, CF was used as the working electrode, the platinum
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electrode was the counter electrode and the saturated calomel
electrode (SCE) was reference electrode. CF was electrochemically
oxidized under +10 V for 10 min, followed by electrochemical
reduction under —10 V for 30 min. The samples obtained were
defined as CF-OH. As a comparison, CF only conducted electro-
chemical oxidation (+10 V for 30 min). The samples obtained
were defined as CF-O. These electrochemically activated CF
samples were washed with distilled water three times. CF, CF-O
and CF-OH were impregnated in 50 mL TU solution (0.2 M)
overnight, respectively. These samples were dried at 60 °C, and
were defined as TU/CF, TU/CF-O and TU/CF-OH, respectively.
Finally, TU/CF, TU/CF-O and TU/CF-OH conducted thermal
treatment in a tube furnace at 1000 °C for 2 h in N, atmosphere
(5 °C min "), which were defined as S/N-CF, S/N-CF-O and S/N-
ACF. The mass density of S/N-ACF was 5.5 mg cm™ .

2.4. Preparation of the S/N-ACF supercapacitor

The S/N-ACF supercapacitor was assembled via two S/N-ACF,
H,SO,-PVA gel electrolyte and porous dialysis membrane
shown in Fig. 11a. First, the H,SO,-PVA gel electrolyte was ob-
tained with a solution-casting method that was similar to the
papers of our research group.”® The rectangular S/N-ACF (total
area: ~1 x 3 cm?, working area: ~1 x 2 cm?) was immersed into
the H,SO,-PVA gel electrolyte three times to make sure that the
electrolyte was in full contact with the electrode. Two S/N-ACF
electrodes of the same shape were placed face-to-face, and
assembled into S/N-ACF FSC. The overlapped part was wrapped
with plastic wrap, and dried at room temperature to evaporate
extra water.

2.5. Characterization

The morphological characteristics of the samples were studied
via field emission scanning electron microscopy (FESEM, Zeiss
Ultra Plus). In addition, the surfaces of various activated CF
were analyzed utilizing the X-ray photoelectron spectroscopy
spectrometer (XPS, ESCALAB 250 X-ray photoelectron spec-
trometer, Al Ka radiation), as well as energy-dispersive X-ray
spectroscopy (EDX, Phenom ProX, The Netherlands). Further-
more, thermogravimetric analysis (TGA) was carried out on
a synchronous thermal analyzer (STA449F3, Netzsch, Germany)
under N, atmosphere (5 °C min™").

2.6. Electrochemical measurements

Cyclic voltammetry (CV), galvanostatic charge/discharge (GCD)
and electrochemical impedance spectroscopy (EIS) measure-
ments of various activated CF were tested with a CHI760C
electrochemical workstation at room temperature. The acti-
vated CF samples above were used directly and served as the
working electrode. Here, the effective immersed area is 1 cm?.
Furthermore, the platinum electrode was used for the counter
electrode, and the saturated calomel electrode served as the
reference electrode. 1.0 M H,SO, solution was applied as the
electrolyte for S/N-ACF. The EIS spectra were collected with an
open potential, and the frequency range was 10 mHz to 100 kHz.
The cycling stability test was carried out, making use of the
LAND CT2001A battery testing system. Moreover, the area

This journal is © The Royal Society of Chemistry 2020
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specific capacitance (C;, mF cm ?) was calculated by the
formula (5):

Co=1x AllS x AV (5)

Here, I (A) is the constant charge and discharge current, AV
represents the voltage window (V), At represents the discharge time
(), S represents the effective immersion area (cm?) of the activated
CF samples. The E (energy density, yW h ecm™?) and P (power
density, mW ¢cm~?) were calculated by the formulas (6) and (7).

E=C, x (AV)2 (6)

P=1xAV2S 7)

3. Results and discussion

Carbon fiber (CF) is considered to be the perfect candidate as an
electrode material for the supercapacitor, but suffers from low
specific capacitance and rate capability. The S/N co-doping is an
ideal route to boost the electrochemical performance of CF. The
post-treatment of CF with thiourea (SC(NH,),) is an effective
strategy to prepare S/N-CF (Fig. 1). Thiourea is adsorbed onto
the surface of CF, and then conducts pre-heating treatment
from room temperature to 200 °C. Thiourea is thermally
decomposed into CS,, H,NCN and NH;. Finally, CS,, H,NCN
and NH; will react with CF to prepare S/N-CF. Unfortunately,
bare CF adsorbs the decomposition products of thiourea via
weak intermolecular interaction. Thus, CS,, H,NCN and NH;
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Fig. 2 XPS spectrum of CF and CF-OH.
can easily escape from the CF surface. In addition, the S and N
sources involved in the doping reaction will be reduced. Obvi-
ously, S/N-CF showed a very low S/N co-doping degree. So, how
to avoid the loss of S and N sources during thermal treatment
are the key issues to improve the S/N co-doping degree of CF.
In this work, we propose a strategy of interfacial activation to
increase the doping level of CF. The sulfur/nitrogen co-doped
activated carbon fiber (S/N-ACF) was prepared by the thermal
treatment of thiourea bonded hydroxyl-rich carbon fiber (CF-
OH). CF-OH can bond the decomposition products of thiourea
(CS,, H,NCN and NHj;) through hydrogen bonds (-NH---O and
-S---OH) to avoid the significant loss of sulfur and nitrogen
sources during the thermal treatment process, thus causing the

Heating
CF (ACF) + CS,+H,NCN+NH ;=% S/N-CF (ACF)

Heating

at 1000 °Cin N,

SC(NH,) CS,, H,NCN and NH Low dopi
CF 2 2 Hy 3 ow doping
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H H-—-@ at 200 °C in N,
H OH OH-@ OH-®
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(CF-OH, ACF) bonded ACF bonded ACF S/N-ACF

Fig. 1 Schematic illustration for the preparation process of S/N-CF and S/N-ACF.
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highly doped S/N-ACF. S/N-ACF with the high S/N doping level
involved the highly active sites to improve the capacitive perfor-
mance, and the high electron delocalization improved the
conductivity and rate capability when compared with S/N-CF.

Fig. 2 shows the XPS spectrum of CF and CF-OH. The atomic
binding states of CF and CF-OH illustrate the obvious differ-
ence. Both CF and CF-OH show the C 1s peak. Comparatively,
CF-OH also shows the O 1s peak of the hydroxyl group, which
indicates that the carbonyl group could be electrochemically
reduced into the hydroxyl group.””** So, the electrochemical
treatment could improve the activation of CF.

The surface of CF is modified by oxygen-containing functional
groups under electrochemical oxidation. Marrani et al. proposed the
mechanism of electrochemical reduction of graphene oxide.** The
conjugated structure of the carbon skeleton is restored due to the
reduction of the epoxy group, as shown in the formula (8). In
addition, formula (9) shows that the carbonyl group is reduced to
the hydroxyl group, which provides a route for hydroxylation of the
CF surface.

,II,,‘-

v

(o}

/\ o

—c +2¢ + 2H'
C C.

Electrochemical

reduction
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n,, H Electrochemical m,,, 3
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)

Fig. 3 shows the schematic illustration of the oxygen func-
tional groups on the carbon skeleton of CF, CF-O and CF-OH.
The carbon atoms in CF are arranged in a similar manner to
graphite. Specifically, the carbon atoms are in a regular hexag-
onal pattern, preferentially aligned along the CF axis.** The
carbon skeleton of CF-O includes the oxygen-containing func-
tional groups of the hydroxyl, epoxy and carbonyl groups. The
epoxy or hydroxyl groups exist on the basal plane of the carbon
skeleton, leading to the rehybridization from the sp® to sp®
state. Thus, the electrochemical oxidation of CF results in the
decreased graphitization degree of CF-O. The electrochemical
reduction of CF-O results in the restoration of the conjugated
structure of the carbon skeleton. Furthermore, the electro-
chemical reduction of the carbonyl groups produces extra
hydroxyl groups on the edge of the carbon skeleton.

"l”. N ( 8)
“c=c + H,0
v ~ :

Fig. 3 Schematic illustration of the oxygen functional groups on the carbon skeleton of (a) CF, (b) CF-O and (c) CF-OH.
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Fig. 4 shows the SEM images of S/N-CF and S/N-ACF. Both S/
N-CF and S/N-ACF keep the similar morphology (Fig. 4a and b).
This indicates that the S and N doping reaction on both CF and
ACF does not have a great influence on the surface morphology
of S/N-CF and S/N-ACF.

The surface chemical components of S/N-CF, S/N-CF-O and
S/N-ACF were fully calculated by XPS analysis. As shown in
Fig. 5a-c, the XPS survey spectra indicates that there are three
primary peaks at around 284, 400, 532 eV, and two weak peaks
at around 168 and 230 eV, which were assigned to C 1s, N 1s, O
1s, S 2p and S 2s, respectively.**=** These results further indicate
that the S and N atoms have been incorporated into CF. Fig. 5d
and e show the N 1s and S 2p XPS spectra of S/N-ACF. The N 1s
spectra can be fitted into N-Q (401.2 eV), N-6 (398.4 eV), and N-5
(399.8 eV), and the pyridine-N-O (403.2 €V).**** N-6 and N-5 can
offer extra free or delocalized electron that participate in pseu-
docapacitive faradaic reactions.* Thus, the high content of N-6
and N-5 are in favor of the enhancement of the capacitance of
CF. Meanwhile, many papers have reported that the presence of
graphitic nitrogen can enhance the charge transfer of carbon
materials for excellent ionic or electronic conductivity.* The
content of N-6, N5 and N-Q of S/N-ACF are much higher than
those of S/N-CF and S/N-CF-O, which is conducive to the
enhancement of S/N-ACF's electrochemical performance (Table
S17). The S 2p XPS spectral analysis of S/N-ACF shows that there
are five binding modes of the sulfur dopants. The peaks located
at 163.8 and 165 eV correspond to thiophene-S (C-S-C, 2p3,
2p1/2)- The peaks located at 166.7, 167.9 and 168.9 eV corre-
spond to sulfur oxide C-SO,~C (x = 1-4).*****> Thiophene-S
provides additional delocalized electrons on the conjugated
backbones of carbon, making for enhanced conductivity. Sulfur
oxide (C-SO,-C) can take part in the faradaic reactions and
create plenty of reversible pseudo-sites, which is in favor of the
improvement of the capacitance. Fig. 5¢ and h show the total N
contents and S contents of S/N-CF, S/N-CF-O and S/N-ACF. The
elemental contents of N and S for S/N-CF-O are 1.45 and 0.78%,
for S/N-CF are 1.25 and 0.61%, respectively. The N and S
elemental contents of S/N-ACF are 4.36 and 3.16 at% in atomic
ratio, respectively, which is higher S,N co-doping contents than
the reported carbons*® (Table S21). S/N-ACF exhibits much
higher content of thiophene-S and C-SO,-C than those of S/N-
CF and S/N-CF-O. So, the N and S functionalities can not only
enhance the electrical conductivity of CF, but also contributed

View Article Online
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to the pseudocapacitance by participating in the redox reac-
tions. Obviously, S/N-ACF shows a high degree of S/N doping,
which will be beneficial to improving the electrochemical
performance.

To gain insight, DFT was applied to research the adsorption
of TU on CF, CF-O and CF-OH. TU/Cj3,, TU/C53,-O and TU/C3,-OH
were used to simulate the adsorption of TU by CF, CF-O or CF-
OH, respectively. The relaxed structures obtained by plain DFT
are shown in Fig. 6a—f. The top views of TU/Cj3,, TU/C3,-O and
TU/C3,-OH are shown in Fig. 6a, b and c, respectively. Fig. 6d, e
and f show the side views of TU/Cj3,, TU/C3,-O and TU/Cj;,-OH,
respectively. The binding energies (E},) for TU on the different
surfaces are shown in Table S3.1 The binding energy of TU/C;3,
(0.74 eV) is much larger than that of TU/C;,-O (0.79 eV) and TU/
C3,-OH (1.46 eV), indicating that the interaction between the
OH group and TU molecule is very strong.

The TU molecule interacts with Cs,-OH to form double H-
bonding. The S atom in the TU molecule interacts with the
hydroxyl group of C;,-OH to form a H-bonding of -OH--S.** The
amino group of the TU molecule interacts with the oxygen atom
in C3,-OH to form another H-bonding of -NH---0.*° Notably, the
amino group of the TU molecule interacts with the O atom in
C;3,-0 to form only single H-bonding of -NH:--O. Double
hydrogen bonds are stronger than single hydrogen bonds.
Thus, the binding energy of TU/C;,-OH is much larger than that
of TU/C3,-O. Hydrogen bonds are also much stronger than van
der Waals forces.>® Cs, interacts with the TU molecule by van der
Waals force. Thus, the binding energy of TU/C3, is the smallest
of all.

Based on the calculated result, the OH group enhanced the
bonding energy between C3,-OH and TU through the double H-
bonding. These enhancements of the H-bonding interaction
also appeared in the adsorption of graphene oxide to NO, or
SO,.*>% In other words, the OH group enhanced the adsorption
of CF to nitrogen and sulfur atoms. The interaction between the
hydroxyl and thermal decomposition products of TU (such as
CS,, H,NCN and NH;) must be very strong due to H-bonding.
So, it can be inferred from this that CF-OH binds sulfur and
nitrogen sources (such as SC(NH,), and CS,, H,NCN and NHj;)
tightly by H-bonding. Thus, CS,, H,NCN and NH; cannot easily
escape from the ACF (CF-OH) surface. More S and N sources are
provided for doping reactions at the intermediate temperature
stage.

Fig. 4 SEM images of (a) S/N-CF and (b) S/N-ACF.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) XPS survey spectra of S/N-CF, S/N-CF-O and S/N-ACF. (b) High-resolution N 1s and (c) S 2p XPS spectra of S/N-CF, S/N-CF-O and S/

N-ACF. High-resolution N 1s (d) and S 2p (e) XPS spectra of S/N-ACF. (f) N contents and (g) S contents of S/N-CF, S/N-CF-O and S/N-ACF.

3.1. Dye-absorption method

The dye-absorption method was used to study the adsorption of

CF, CF-O and CF-OH to methylene blue (MB) (Fig. 7a).

37636 | RSC Adv, 2020, 10, 37631-37643

Specifically, CF, CF-O and CF-OH were soaked in 40 mL high
concentration MB solution (1000 mg L™ ") for 12 h in the dark,
respectively. Compared to the original MB solution, the MB
solution impregnated with CF-OH presented the significantly

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Optimized structures of (a and d) GP, (b and e) GP-O and (c and f) GP-OH adsorbed with TU. All lengths are given in A. (9) Hydrogen

bonding between the hydroxyl, epoxy and carbonyl groups and TU.

decreased MB intensity. This indicates that more MB molecules
were absorbed by CF-OH than CF and CF-O, confirming the
enhanced adsorption capacity of CF-OH. The adsorptive
capacities of MB for the samples calculated by the standard
curve (Fig. 5a, inset (e)) were 207.24 (CF), 333.24 (CF-O) and
702.29 (CF-OH) mg g~ ', respectively. Fig. 7b shows that the
interaction mechanism between methylene blue and hydroxyl is
similar to that between TU and hydroxyl. The MB molecule also
interacts with CF-OH to form H-bonding.

DFT and the dye-absorption method proved the strong
adsorption of CF-OH to sulfur and nitrogen sources. Ther-
mogravimetric analysis was applied to measure the loss degree
of the sulfur source or nitrogen source on the surface of CF or
CF-OH during thermal treatment (under 200 °C). Significantly,
the weight loss of TU/CF-OH (13.02%) was much lower than that
of TU/CF (16.12%) from 150 to 320 °C, indicating that the
hydroxyl group reduced the loss of sulfur and nitrogen sources
(TU and its thermal decomposition products). Below 800 °C, the
weight loss of TU/CF-OH (28.01%) was also lower than that of
TU/CF (31.35%), proving that more N and S atoms were doped
into the surface of CF-OH.

Fig. 8b shows the differential thermogravimetry (DTG) curve
of TU/CF and TU/CF-OH. According to the previous reports, TU
was sublimated at about 150 °C and decomposed at about
180 °C. From 174 to 320 °C, the decomposition rate of TU on the
surface of CF or CF-OH increased rapidly with temperature and

This journal is © The Royal Society of Chemistry 2020

reached the maximum at 195 °C. This is because TU and its
thermal decomposition products were carried away by the
nitrogen gas flow. However, the weight loss rate of TU/CF-OH
was much slower than that of TU/CF, which indicates that
—-OH reduces the mass loss caused by the thermal decomposi-
tion of TU. During the heating process, it was more difficult for
TU and its thermal decomposition products on the surface of
CF-OH to escape to N, than for CF. According to previous
reports, the thermal reduction of GO occurred around 177 °C,
releasing CO,, H,O, and CO at the same time.** Thus, the
thermal reduction of CF-OH (dehydroxylation) occurs at around
177 °C, too. However, the sublimation or thermal decomposi-
tion of TU was the main factor for the quality change of TU/CF-
OH, from 174 to 320 °C. So, the weight loss rate of TU/CF-OH
was much slower than that of TU/CF. Thermogravimetric
analysis proved that CF-OH has a strong adsorption effect on S
and N sources through H-bonding (-NH---O and -S:--OH),
which contributed to the doping reaction. Thus, S/N-ACF shows
a much higher S/N doping degree than S/N-CF.

Fig. 9a exhibits the typical CV curves of CF, S/N-CF, S/N-CF-O
and S/N-ACF at 5 mV s~ . Obviously, the area under the CV curve
of CF is much smaller than that of S/N-CF, S/N-CF-O, and S/N-
ACF. This is mainly due to the high content of S and N
contributing to the enhancement of the specific capacitance. It
is noteworthy that the occurrence of reversible humps at around

RSC Adv, 2020, 10, 37631-37643 | 37637
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0.3 to 0.4 V indicates the presence of pseudocapacitance
behavior due to the redox reactions, as shown in Fig. S1.1°%°¢

Fig. 9b shows the CV curves of the S/N-ACF electrode at
different scan rates. Here, these CV curves show approximate
rectangular features at different scan rates. The potential
window is from —0.2 to 0.8 V. In addition, the CV curve of the S/
N-ACF electrode shows a box-like shape with good symmetry,
even at a high scan rate (100 mv s %).

To deeply investigate the performance of the CF samples,
GCD curves of CF, S/N-CF, S/N-CF-O and S/N-ACF were tested at

20 mA cm 2 (Fig. 9¢). According to eqn (5), the specific capac-
itances of CF, S/N-CF, S/N-CF-O and S/N-ACF were calculated as
10, 744, 858 and 1940 mF cm >, respectively. S/N-ACF shows
extremely excellent capacitive performance at high current
density. Fig. 9d shows that all of the GCD curves are relatively
symmetrical, indicating good electrochemical reversibility of
the S/N-ACF electrode. Fig. 9e exhibits the rate capability of S/N-
CF, S/N-CF-O and S/N-ACF, which were derived from the GCD
curves. The specific capacitance of S/N-ACF (2704 mF cm ™ %) was
much higher than that of S/N-CF (1196 mF cm™?) and S/N-CF-O

a b
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Fig. 8 (a) TG and (b) DTG curve. (c) Hydrogen bonding between the hydroxyl group and thermal decomposition products of TU.
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Fig. 9 (a) The compared CV curves of CF, S/N-CF, S/N-CF-O and S/N-ACF collected at 5 mV s (b) CV curves of the S/N-ACF electrode at
different scan rates. (c) The compared GCD curves at 20 mA cm™2. (d) GCD curves of the S/N-ACF electrode at different current densities. (e)
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versus the current density of the S/N-ACF electrode and other previously reported electrodes. (g) Cycling stability performance of S/N-CF, S/N-
CF-O and S/N-ACF at 20 mA cm™2. (h) Nyquist plots of S/N-CF, S/N-CF-O and S/N-ACF. The insets show the enlarged Nyquist plots in the high
frequency region, and the corresponding equivalent circuit. (i) The progression of the imaginary capacitance for S/N-CF, S/N-CF-O and S/N-

ACF.

(1780 mF cm™?) at 1.0 mA cm ™. The capacitance retention of S/
N-ACF is 64.71% when the current density increases from 1.0 to
40 mA cm %, which is much high than that of S/N-CF (54.48%)
and S/N-CF-O (39.22%). S/N-ACF shows remarkable electro-
chemical performance (capacitive performance and rate capa-
bility), which is mainly due to the high S/N co-doping degree of
S/N-ACF. More importantly, as shown in Fig. 9f, this impressive
specific capacitance and rate capability is also much higher
than some of the recently reported CF-based electrodes, such as
ONCC (oxygen-containing groups modified nitrogen-doped CF,
1385 mF cm ™~ at 1 mA cm™ %), CFC-750-N-S (362 mF cm > at 1
mA em™),*” ACF (activated carbon felt, 1441 mF cm™> at 0.5 mA
em™?)® and EACC (electrochemically activated carbon cloth,
756 mF cm™ 2 at 6 mA cm™ 2).> Fig. 9g shows the cycling stability
of S/N-CF, S/N-CF-O and S/N-ACF after 10 000 cycles at 20 mA
cm >, The capacitance retentions of S/N-CF, S/N-CF-O and S/N-

This journal is © The Royal Society of Chemistry 2020

ACF electrodes are 99.83, 85.09 and 99.75%, respectively.
Obviously, these results demonstrate that S/N-CF and S/N-ACF
retained good cycle stability. However, the S/N-CF-O electrode
exhibited relatively poor cyclic stability, which may be due to the
high oxygen content of S/N-CF-O. Some of the unstable groups
(epoxy and carbonyl group) on the surface of S/N-CF-O lead to
the decrease of cyclic stability.****

The Nyquist plots and the corresponding fitting curves of the
S/N-CF, S/N-CF-O and S/N-ACF electrodes are shown in Fig. 9h.
The inset shows the enlarged Nyquist plots of the electrodes in
the high frequency region. Table S4t lists the fitting values of
the equivalent circuit elements for S/N-CF, S/N-CF-O and S/N-
ACF. The ohmic resistances (R,) of the S/N-CF, S/N-CF-O and
S/N-ACF electrodes are 2.36, 4.15 and 1.36 Q, respectively. S/N-
ACF shows the lowest ohmic resistance of all, which is due to
the high S/N co-doping degree of S/N-ACF. Meanwhile, S/N-ACF

RSC Adv, 2020, 10, 37631-37643 | 37639
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shows the smallest Warburg resistance (1.35 Q) of all. It is
relatively easy for the electrolyte ions to diffuse to the surface of
S/N-ACF for electrochemical reactions. The capacitance-
frequency curves can precisely reflect the relationship between
frequency and the electrochemical characteristics.®* The imag-
inary part (C") of the capacitance was calculated by the formula
(10):2
Z Z,

= (10)
where |Z| stands for the module of impedance. w is calculated
by the formula of w = 27f, in which f means the alternating
current frequency. Fig. 9i exhibits the progression of the

37640 | RSC Adv, 2020, 10, 37631-37643

imaginary capacitance. When the alternating current frequency
is fo, the value of the imaginary part (C”) reaches its maximum.
The characteristic relaxation time constant (t,) represents the
significant quantitative indicators of how fast the electrode
material can be reversibly charged or discharged. Here, 7o = 1/
fo- Thus, a smaller 7, value means a better rate capability. In
addition, the S/N-ACF electrode shows the 7, value of 1.38 s. As
a comparison, the 7, value of the S/N-CF and S/N-CF-O elec-
trodes are 17.79 and 10 s, respectively, which is much larger
than the 7, value of the S/N-ACF electrode, indicating the
excellent rate capability of the S/N-ACF electrode.

Fig. 10a shows the excellent bending performance of S/N-
ACF. The S/N-ACF electrode still kept up the original state

This journal is © The Royal Society of Chemistry 2020
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Fig. 11
ACF//SIN-ACF FSC powering a LED and driving an electric fan. (d) CV

Potential (V) Cyde number

(a and b) Schematic of charging—discharging processes of the symmetrical supercapacitors with the PVA-H,SO, electrolyte. (c) S/N-

curves at 10 mV s~! under different operating potential ranges. (e) GCD

curves of different operation potential ranges at 0.5 mA cm™2. (f) GCD curves at different current densities. (g) CV curves at different scan rates.
(h) Ragone plot of S/N-ACF//S/N-ACF FSC and as-reported supercapacitors. (i) CV curves collected at a scan rate of 50 mV s~ for the flexible
device under different bending conditions. (j) Cycling performance of S/N-ACF//S/N-ACF FSC at a current density of 2 mA cm™2 for a GCD test
repeated 10 000 times. The inset shows the GCD curves of S/N-ACF//S/N-ACF FSC before and after being repeatedly bent for 600 cycles.

after bending tests of more than 5000 times, indicating the
outstanding mechanical property. Fig. 10b shows the excellent
conductive stability of S/N-ACF. Obviously, the brightness of the
light-emitting-diode (LED) was held steady during the cyclic
bending test, which indicates the prominent conductive
stability of the S/N-ACF electrode. Clearly, S/N-ACF shows that
the prominent performance of the conductive stability and
bending can be applied to the flexible supercapacitor.

To further verify the performance of the S/N-ACF electrode
for practical application, the S/N-ACF//S/N-ACF flexible super-
capacitor (FSC) was assembled. Fig. 11a and b shows the sche-
matic diagram of the charging and discharging process of the S/
N-ACF//S/N-ACF FSC. Additionally, Fig. 11c shows that just one

This journal is © The Royal Society of Chemistry 2020

unit of S/N-ACF//S/N-ACF FSC powered a LED and an electric
fan. This indicates that the S/N-ACF//S/N-ACF FSC shows
outstanding energy storage performance, as well as practical
application potential. As eqn (8) and (9) shows, the voltage
window (AV) is an important parameter for the energy density of
SC. Fig. 11d exhibits the CV curves of the S/N-ACF//S/N-ACF FSC
at 10 mV s~ with different voltage windows. Obviously, even at
the large voltage window of 0 to 1.4 V, these approximate rect-
angular shaped CV curves show an ideal capacitive behavior.
Thus, 0-1.4 V was selected as ideal voltage window for follow-up
research. Additionally, the discharge GCD curves (Fig. 11e) were
still nearly symmetrical with the corresponding charging
counterpart as the operation potential increased from 1.0 to

RSC Adv, 2020, 10, 37631-37643 | 37641
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1.4V, indicating a good electrochemical reversibility of the FSC.
Fig. 11f shows that the CV curves of FSC kept a nearly rectan-
gular shape when the scan rates increased from 5 to 100 mV s~ %,
proving that the S/N-ACF FSC showed outstanding capacitive
behavior in the voltage window of 0-1.4 V. Moreover, Fig. 11g
shows that the GCD curves of S/N-ACF//S/N-ACF FSC at different
current densities exhibited an approximately linear relationship
between the discharge/charge time and voltage, proving that
this FSC showed fast charge-discharge ability and good capac-
itive performance. Fig. 11h shows the Ragone plot of S/N-ACF//
S/N-ACF FSC. This FSC shows a high energy density of 184.7
uW h cm™? under the power density of 350 uW cm ™2, which is
much higher than that of other recently reported FSC.*"37:5%6467
Fig. 9i shows the excellent flexibility of the S/N-ACF//S/N-ACF
FSC. What is noteworthy is that the CV curves obtained at
bending angles of 0°, 30°, 60°, 90° and 150° have similar shapes
and sizes. Additionally, as shown in Fig. 11j, the supercapacitor
exhibits exceptional cycle stability. When the current density is
1.0 mA cm ™2, the capacitance of FSC retains about 97.77% of
the initial specific capacitance after 10 000 cycles of the
charging-discharging test. The inset of Fig. 11j shows the GCD
of S/N-ACF//S/N-ACF FSC before and after being repeatedly bent
for 600 cycles, demonstrating the outstanding mechanical
property and electrochemical stability of the FSC. To sum up,
the acquired S/N-ACF can serve as an efficient electrode for high
performance flexible energy storage devices.

4. Conclusions

In this paper, CF sequentially conducts electrochemical oxida-
tion (CF-0), electrochemical reduction to form CF-OH, and then
a high-temperature treatment of CF, CF-O and CF-OH impreg-
nated with TU to prepare S/N-CF, S/N-CF-O and S/N-ACF,
respectively. At the molecular level, the strong adsorption of
CF-OH to thiourea (high binding energy between hydroxyl
group and thiourea) was demonstrated by density functional
theory. Thermogravimetric analysis demonstrated that CF-OH
reduces the loss of sulfur and nitrogen sources, which is the
main reason that S/N-ACF shows much higher S/N doping
degree than S/N-CF. The N and S atomic percentage of S/N-ACF
(4.36 and 3.16 at%) was much higher than that of S/N-CF (1.25
and 0.61 at%) and S/N-CF-O (1.45 and 0.78 at%). This led to an
improvement in an electrical conductivity in an enhanced
specific capacitance. In addition, the electrochemical reduction
caused an improvement in the cycling stability of S/N-CF-O
because of the removal of an unstable group. S/N-ACF shows
higher cycling durability with nearly 99.75% capacitance
retention after 10 000 cycles than S/N-CF-O. S/N-CF, S/N-CF-O
and S/N-ACF showed specific capacitance values of 2704, 1780
and 1196 mF cm ™~ at 1 mA cm™ 2, respectively, and capacitance
retention of 54.48, 39.22, and 64.71% when the current density
increased from 1 to 40 mA em™ > The all-solid-state flexible
supercapacitors using two S/N-ACF electrodes achieved 184.7
uW h em ™2 at 350 uW em ™2 and good cycling performance. The
results suggested that S/N-ACF has the potential to be used in
CF-based supercapacitors.
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