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To investigate the relationship between the oxygen-containing functional groups of graphene and the
stability of supercapacitors, reduced graphene oxide (rGO) containing different oxygenic functional
groups was prepared by varying the reduction time of GO using hydrazine as the reducing agent. TEM,
XRD, Raman, and XPS characterizations revealed that, as the reduction time increased, the sp? structure
in the rGO sheet was restored and the obtained rGO had good crystallinity accompanied by removal of
the oxygenic functional groups. The analysis of the content of the different functional groups also
suggested that the reduction rate of the oxygenic functional group was C-O > C=0 > O-C=0. The
supercapacitive performance of rGO showed that the oxygenic functional groups contributed to some
pseudocapacitance and resulted in a larger specific capacitance. At the same time, however, it is also

accompanied by poorer rate performance and durability, which will be improved by removing the
Received 1st August 2022 ic functional by extending the reduction time. With timized reacti dition of
Accepted 26th Decernber 2022 oxygenic functional groups by extending the reduction time. With an optimized reaction condition o
a reduction time of 24 h, the obtained rGO exhibited excellent stability in floating tests at 3.0 V and 45 °

DOI: 10.1039/d2na005062 C for 60 days. These findings pave the way for the development of high quality graphene materials for
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1. Introduction

With the rapid development of industrial applications, the vast
consumption of oil has resulted in major environmental issues,
such as greenhouse gas emissions, and has necessitated the
development of alternative energy sources.’” Renewable energy
sources, such as solar, wind and hydro energy, are considered
ideal and promising energy sources to replace fossil fuels.®®
However, due to the large fluctuations in the generation of
electricity and the time lag between the production and use of
electricity, there is an increasing demand for the storage of the
electricity generated.'®'* Thus, it is important to develop effi-
cient, high-performance, environmentally friendly, and low-cost
energy storage devices and related energy storage materials.
Among the various energy storage devices, supercapacitors
(SCs) have attracted tremendous attention due to their rapid
charging and discharging, high power density, and outstanding
cycling stability."**® As for the electrodes, carbon materials have
been one of the most widely studied and used materials in
supercapacitors due to their abundant sources, low cost, good
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cost-effective and practical graphene supercapacitors.

chemical stability, easy processing, and high specific surface
area. Graphene, a two-dimensional carbon nanomaterial with
a large specific surface area, high electrical conductivity, high
mechanical strength, and good chemical stability, is considered
as a most promising electrode material for supercapacitors.’>*
Various methods have been reported to synthesize graphene,
including mechanical exfoliation, liquid-phase exfoliation,
chemical vapor deposition, epitaxial growth, electrochemical
deposition, microwave processing, and chemical reduction of
graphene oxide (GO). Chemical reduction is the most widely
used method due to its simplicity, low cost, and easy process-
ability for high production.*******> However, there are still some
issues in the application of graphene materials for
supercapacitors.

The current research on the application of graphene in
supercapacitors mainly focuses on the preparation of graphene
material with large capacitance by tuning the synthetic
parameters.*>** Although the stability of supercapacitors is a key
factor for their practical applications, to the best of our
knowledge, there were very few studies on the relationship
between the reduction process of GO and the stability of gra-
phene supercapacitors. The residual functional groups on the
graphene sheet after chemical reduction will usually lead to
degradation of the electrolyte. There are several oxygen-
containing functional groups attached to the graphitic carbon
plane in the structure of GO, including epoxide, hydroxyl,
carbonyl, and carboxyl, making GO a hydrophilic substance.*>**
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Furthermore, when GO is reduced to graphene, many of the
hydrophilic groups on GO are removed, making the obtained
graphene become hydrophobic, and this process will in turn
hinder the re-stacking of graphene layers.

To address the abovementioned issues, this study aims to
optimize the structure of the residual functional groups on
graphene sheets by tuning the reduction parameters, thereby
understanding the relationship between the residual functional
groups and the stability of graphene supercapacitors, and
improving the performance of graphene supercapacitors.

2. Experimental

2.1. Synthesis of graphene

Graphene was synthesized by chemical reduction of graphene
oxide (GO) using hydrazine as the reducing agent.***”** GO was
first obtained from graphite by a modified Hummers' method.*®
5 g of natural graphite (Alfa), 3.75 g of NaNO3, and 310.5 g of
H,SO, were placed in a beaker and stirred for 30 min in an ice
bath at 0 °C. Under vigorous agitation, 22.5 g of KMnO, was
then added slowly to the above solution and the temperature
was kept at below 10 °C. The resultant mixture was then stirred
for 2 days at room temperature, after which 1 L of H,SO,
aqueous solution (5%) was added drop by drop over a period of
1 h. After stirring for 2 h, 150 g of H,0, (30%, Aldrich) was
added to the mixture, making the color of the suspension
change from brown to yellow. The GO suspension was allowed
to settle down overnight and was then diluted by using
0.1 mol L™ HCI, centrifuged 5 times, diluted with deionized
water, and continuously centrifuged (30 000 rpm) until the pH
value of the supernatant reached 7 to remove impurities.

The obtained GO solution was reduced to graphene by
hydrazine using chemical reduction with different concentra-
tions of GO for different reduction times, rinsed with ethanol,
and finally dried in a vacuum at 60 °C.**** The chemical reac-
tions of GO, with the concentration fixed at 2.0 g L™, were
carried out for different reduction times (1 h,3 h,6h,12h,24 h
and 48 h) to explore the effect of reduction time on the structure
and properties of the graphene synthesized. The concentration
of hydrazine was 10 mL/1 g GO. The samples obtained with
different reduction times were denoted as rGO-t-1, rGO-t-2, rGO-
t-3, rGO-t-6, rGO-t-12, rGO-t-24, and rGO-t-48, respectively.

2.2. Microstructure characterization

Morphology of the synthesized graphene was characterized by
both scanning electron microscopy (SEM, JSM-6500F/JSM-
7001F, JEOL) and transmission electron microscopy (TEM,
JEM-2100, JEOL). Atomic force microscopy (AFM) samples were
prepared by spin-coating the rGO dispersion on a Si wafer. AFM
measurements were conducted with a scanning probe micro-
scope (JSPM-5200, JEOL) using the tapping mode. The structure
was also examined by using powder X-ray diffraction (XRD,
Rigaku SmartLab using Cu-Ko radiation with A = 1.5418 A) and
Raman spectroscopy (Nanophoton Raman Plus, 2 = 532 nm).
The functional groups on GO and graphene were characterized
with X-ray photoelectron spectroscopy (XPS, ULVAC-PHI
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Quantera SXM) and Fourier transform infrared spectroscopy
(FTIR, Shimadzu, IRTracer-100). Elemental analyses were per-
formed with energy-dispersive X-ray spectroscopy (EDS, JED-
2300, JEOL). Nitrogen adsorption-desorption data (Quantach-
rome Autosorb iQ) were collected to calculate the specific
surface area by the Brunauer-Emmett-Teller (BET) method and
the distribution of pore sizes was obtained using density func-
tional theory (DFT) calculations.

2.3. Electrochemical measurement

To evaluate the electrochemical performance of the synthesized
graphene films, coin cells were assembled using a graphene
film with a diameter of 15 mm as the electrodes, a layer of glass-
fibre membrane as the separator, and two pieces of aluminium
foil as the current collectors. 1-Ethyl-3-methylimidazolium tet-
rafluoroborate (EMI-BF,) was employed as the electrolyte in the
coin cell. The mass of each electrode was about 3 mg. To avoid
the influence of moisture in air, all operations were carried out
in a glove box filled with Ar.

All electrochemical tests were carried out in a two-electrode
system using an electrochemical workstation (Biologic VSP-
300). Cyclic voltammetry (CV) measurements were conducted
at different voltage scan rates ranging from 10 mV s~ to 200 mV
s~'. Galvanostatic charge-discharge curves (GCC) were ob-
tained at current densities varying from 0.1 to 20 A g *. The CV
and GCC tests of supercapacitors in EMI-BF, were performed in
the range from 0 to 3.7 V. Electrochemical impedance spec-
troscopy (EIS) measurement was also performed over the
frequency range from 10 kHz to 0.1 Hz. The coin cell was sub-
jected to a floating test (voltage holding) at a voltage of 3.0 V and
temperature of 45 °C in an oven. The specific capacitance was
calculated from the GCC curves ranging from 0 to 3.7 V at
a constant current density of 0.2 A g~ " after 1 day, 3 days, 5 days,
10 days, 15 days, 20 days, 30 days, 40 days, 50 days, and 60 days
of floating. The cyclic performance measurements were con-
ducted at a charge-discharge current density of 1 A ¢~ " using
a Land battery test system.

Based on the results of the GCC measurements, the specific
capacitance was calculated in accordance with the discharging
time at each current density by using the following equation:***

4] x t
¢= Uxm

(1)

where C is the specific capacitance of the supercapacitor, m is
the mass of two electrodes, I/m is the applied current density, ¢
is the discharging time, and U is the potential window.

3. Results and discussion

3.1. Synthesis and characterization of rGO

The morphology of rGO synthesized with various reduction
times was studied by transmission electron microscopy (TEM).
Fig. 1 shows low magnification TEM images of rGO with
reduction times of 1 h (rGO-t-1), 3 h (rGO-t-3), 6 h (rGO-t-6), 12 h
(rGO-t-12), 24 h (rGO-t-24), and 48 h (rGO-t-48). These rGOs
exhibit a folded structure, with wrinkles on its two-dimensional
plane, and tend to fall on each other. Besides, with the increase

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Low magnification TEM images of rGO with reduction time of (a) 1 h; (b) 3 h; (c) 6 h; (d) 12 h; (e) 24 h; (f) 48 h. Insets are the corresponding
selected-area electron diffraction (SAED) patterns. Diffraction rings in the SAED patterns indicate the Bragg reflections corresponding to the

(100) and (110) planes of graphene.

of reduction time, the rGO sheets tend to aggregate together.
Selected-area electron diffraction (SAED) was also carried out to
evaluate the crystallinity of graphene, which was helpful to
understand the removal of oxygen-containing functional
groups. The disordered distribution of oxygenic functional
groups on the surface of graphene caused the diffraction rings
to be blurred and broad.** The effective removal of oxygenic
functional groups would restore the six-fold symmetry of gra-
phene. When the reduction time is below 12 h, the diffraction
rings corresponding to the (100) and (110) planes of graphene
are blurred and broad, suggesting a heavy presence of residual
oxygenic functional groups. When the reduction time is more
than 12 h, the diffraction rings corresponding to the (100) and
(110) planes of graphene can be observed clearly, indicating the
effective removal of oxygenic functional groups. Moreover, the
diffraction spots became bright and sharp from graphene after
reduction for 24 h, which indicated a sufficient removal of
oxygenic functional groups and the restoration of the sp”
bonding of graphitic carbon.

High-resolution TEM (HRTEM) images of folded graphene
edges were further used to reveal the number of stacked layers
of graphene as illustrated in Fig. 2. Multi-layered graphene is
a result of re-stacking of single-layered graphene via van der
Waals interactions, which is difficult to redisperse even with
extended sonication. The re-stacking of graphene will lead to

© 2023 The Author(s). Published by the Royal Society of Chemistry

a decrease in the specific surface area of materials. Fig. 2 reveals
that the number of stacked layers increases with increasing
reduction time, suggesting simultaneous increase of the
restacking of graphene. Generally, when the reduction time is
less than 24 h, graphene usually consists of few-layered nano-
sheets (1-5 layers), while they would have more multi-layered
graphene nanosheets (3-10 layers) in the case of more than
24 h. Furthermore, the thickness of the obtained rGO sheets
was also analysed using AFM. Fig. S1f shows a typical AFM
image of rGO-t-3, showing rGO sheets of micron size overlapped
with several other rGO sheets, similar to those observed with
TEM and SEM. The partial stacking is resulted from the evap-
oration of the solvent in the sample preparation process. The
rGO-t-3 sheet has a thickness ranging from 0.79 nm to 1.78 nm,
corresponding to 2-5 graphene layers. On the other hand, rGO-
t-24 has a thickness ranging from 2.13 nm to 3.87 nm (Fig. S27),
corresponding to 6-11 graphene layers. A structural study of
graphene reveals that a longer reduction time is helpful for the
removal of oxygenic functional groups but will promote the re-
stacking of graphene. A reduction time of 24 h is an optimum
condition to sufficiently remove the oxygenic functional groups
and reduce the re-stacking of graphene (3-8 layers).

To characterize the specific surface area of the rGO synthe-
sized with different reduction times, nitrogen adsorption/
desorption isotherms were obtained, and the results are

Nanoscale Adv, 2023, 5, 163-1171 | 1165
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Fig. 2 High-resolution TEM images of rGO with reduction time of (a) 1 h; (b) 3 h; (c) 6 h; (d) 12 h; (e) 24 h; (f) 48 h.

displayed in Fig. 3. In accordance with the IUPAC classification,
all the curves exhibit a typical type IV isotherm, indicating the
presence of micropores and mesopores. And the specific surface
areas of the rGOs are 506 m® g~ ' (rGO-t-1), 487 m> g ' (rGO-t-3),
491 m* g (rGO-t-6), 481 m* g ' (rGO-t-12), 440 m* g " (rGO-t-
24), and 404 m” g~ (rGO-t-48), corresponding to reduction time
of 1h,3 h, 6h,12h, 24 h, and 48 h, respectively, as illustrated in
Fig. 3. The reason for the decrease in the specific surface area of
rGO with increasing reduction time is the re-stacking of rGO
sheets, as also confirmed by the TEM observations.*>*®

——rGO-t-1
—a—rGO-t-3
—a—rGO-t-6
—o—rGO-t-12
—o—rGO-t-24
—o—rGO-t-48

2]

(=3

o
T

Volume Adsorbed (cm® g™)

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (p/p,)

Fig. 3 Nitrogen adsorption/desorption isotherms of rGO synthesized
with different reduction times (1 h, 3 h, 6 h, 12 h, 24 h, and 48 h).
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To further characterize the evolution of the microstructure of
GO during reduction, the XRD patterns of rGOs synthesized
with various reduction times were collected and analysed. As
shown in Fig. 4, GO exhibited a sharp diffraction peak at 26 =
11.0° (corresponding to a d-spacing of 0.80 nm). Compared with
the typical (002) diffraction peak of graphite (26 = 26.6°, cor-
responding to a d-spacing of 0.34 nm) as shown in Fig. S3,} the
increase in the d-spacing of GO is due to the oxygenic functional
groups (epoxy, hydroxyl, carboxyl, and carbonyl groups) in the
basal plane of GO. After 1 h reduction by hydrazine, the sharp
diffraction peak of GO at 20 = 11.1° disappeared, and a new
broad diffraction peak of rGO appeared at 26 = 22.6° (corre-
sponding to a d-spacing of 0.39 nm). With the increase of
reaction time, the diffraction peak of the obtained rGO shifted
to a higher angle and stayed almost constant (at 26 = 24.7°,
corresponding to a d-spacing of 0.36 nm) after the reaction time
reached 12 h. This result suggests that these oxygenic functional
groups had an important effect on the interlayer spacing of rGO.
With the reduction of GO, most of the oxygenic functional
groups were removed, and the interlayer spacing of the result-
ing rGO gradually decreased. In addition, the removal of func-
tional groups also led to the re-stacking of graphene sheets due
to van der Waals forces to create a thicker layer, which is
consistent with the features observed in the TEM images.*’

Raman spectroscopy is a widely used technique to charac-
terize the structural characteristics and properties of graphene

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD patterns of GO and rGO prepared with various reduction
times.

materials. The G peak at ~1580 cm ™' represents the in-plane
stretching vibrations of the sp> bonded carbon, and the D
peak at ~1350 cm ™' represents the defective and disordered
structures in the hexagonal lattice of graphene. The intensity
ratio of the D peak and G peak (Ip/Ig) is often useful to evaluate
the degree of defective structure of carbon materials. Fig. 5
shows the Raman spectra of GO and rGO synthesized with
various reduction times. For GO, the G peak is located at 1687
em ™!, while the G peak of rGO moved to 1575 cm ™!, which is
attributed to a graphitic “self-healing” with the removal of
oxygenic functional groups and restoration of the hexagonal
structure of graphene.*® The Ip/I; ratio for GO is 0.98 and it
increased to 1.14 for rGO-t-1, indicating the introduction of
more lattice defects accompanied by removal of the oxygenic
functional groups in the reduction process. This is because,
although the reduction process restores the conjugated sp”
carbon structures, the accompanying removal of carbon atoms
bonded to the oxygenic functional groups would leave some
vacancies and the defects would eventually lead to an increase
in the Ip/I; value. As shown in Fig. 5, the value of Ip/I increased
from 1.14 to 1.34 when the reduction time increased from 1 h to
24 h and remained almost unchanged with further prolonga-
tion of the reduction time to 48 h, indicating that the degree of
reduction reached its limitation.

XPS measurements were also employed to monitor the
reduction behaviour of rGO. The XPS survey spectra of GO and
rGOs with various reduction times are shown in Fig. 6a. The GO
presents a strong O 1s peak with an oxygen concentration of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Raman spectra of GO and rGO prepared with various reduction
times.

32.2%, corresponding to an atomic C/O ratio of 2.1. After
reduction, the C/O ratio increased from 2.1 for GO to 6.3 (rGO-t-
1), 10.0 (rGO-t-3), 10.8 (rGO-t-6), 11.9 (rGO-t-12), 12.8 (rGO-t-24),
and 16.7 (rGO-t-48) for rGO with a reduction time of 1 h,3 h, 6 h,
12 h, 24 h, and 48 h, respectively. Specifially, the C/O ratio (rGO-
t-48) is in good agreement with the theoretical simulation value
of 16.0.* These results suggest that the oxygenic functional
groups were effectively removed from the carbon planes during
the reduction process. Furthermore, an EDS elemental analysis
of the obtained rGO was also carried out (Fig. S4t). The C/O
ratios are 7.2 (rGO-t-1), 9.8 (rGO-t-3), 10.8 (rGO-t-6), 11.7 (rGO-
t-12), 12.9 (rGO-t-24), and 17.1 (rGO-t-48) for rGO with a reduc-
tion time of 1 h, 3 h, 6 h, 12 h, 24 h, and 48 h, respectively. These
EDS measurements are consistent with the XPS analyses.

To obtain a quantitative picture of the evolution of the
oxygenic functional groups during the reduction process, the C
1s XPS spectra of GO and rGOs were deconvoluted into five
peaks at binding energies of 284.5 eV, 285.5 eV, 286.5 eV,
287.9 eV, and 289.1 eV, corresponding to the sp>hybridized
carbon (C=C), sp>-hybridized carbon (C-C), hydroxyl and epoxy
groups (C-0), carbonyl groups (C=0), and carboxyl groups (O-
C=0), respectively.**** To monitor the evolution of individual
functional groups during the reduction process, the contents of
each functional group were estimated by the percentage of its
area relative to the whole area of the C 1s peak. Fig. 6b and ¢
show the C 1s XPS spectra of GO and rGO-t-24, and the contents
of the individual functional groups are plotted in histograms
shown in Fig. 6d and e. According to Fig. 6d and e, it is clear that

Nanoscale Adv., 2023, 5, 1163-1171 | 1167


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00506a

Open Access Article. Published on 10 2023. Downloaded on 09.11.2025 16:00:00.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

(a) (b)

View Article Online

Paper

(c)

—— Experi | —
‘ GO —_— F;:;:mm rGO-t-24 5 Ell::::monm
L Cc/0=16.7 rGO-t-48 - — g:‘é"“m""" = —g:::kgvound
N i s i 2 \ cc 3 ’ cc
1 1 1 1 1 s / \ g.oo s | c0
= | \ # P (1 c=0
 Clo=128 [rGO-t-24 2 [ — 0250 2 [ —0c0
) pd S ’ § |1
1 1 1 1 1 s E | \
— / \-‘
s C/0=119 rGO-t-12 A~ — =
© | 7_7!, T B~
- - * : t : . 280 284 288 292 280 284 288 292
@ c/0=10.8 rGO-t-6 Binding Energy (eV) Binding Energy (eV)
c A S~
3 ——— 1 1 1 1 1 (d ) (e)
E 100 100
Cc/0=10.0 rGO-t-3 GO rGO-t-24
. /1 80 80
9 z 66.09
cl0=63 rGO-t1 < %0 < 60t
) ) E, 46.921 §
1 1 1 1 L £ 40 £ 4
S 30.84 S 0 o
C/0=21 GO 20 20
l,__‘ 7.84 081 o
00 800 800 1000 12 | 42 1328 2%
0 T v — T T v T T T T
200 400 600 800 1000 1200 R e B
Binding Energy (eV) Oxygen-C gF ional Groups Oxygen-Containing Functional Groups

Fig. 6
of individual oxygenic functional groups of (d) GO and (e) rGO-t-24.

C-0 is the major component in GO. And the histograms show
the value of the peak area of each type of the oxygenic functional
group. Compared with GO, after chemical reduction by hydra-
zine, the intensity of the C-O group was significantly decreased,
while the C=C bonding and C-C bonding increased corre-
spondingly. The relative proportion of the C=C bonds
increased from 46.92% (for GO) to 66.09% (for rGO-t-24), and
the relative proportion of the C-C bonds increased from 7.84%
(for GO) to 27.25% (for rGO-t-24), while the relative proportion
of the C-O group decreased significantly from 30.84% (for GO)
to 1.30% (for rGO-t-24), which implies that GO was reduced to
graphene effectively by hydrazine.

Fig. 7 depicts the evolution of hydroxyl and epoxy groups (C-
0), carbonyl groups (C=O0), and carboxyl groups (O-C=O0)
during the reduction process. As shown in Fig. 7, the relative
contents of all the three types of functional groups were
decreased with the increase in reduction time, suggesting the
removal of oxygenic functional groups and restoration of the
conjugated sp> graphitic structures. From the changing trend of
each oxygenic functional group with the reduction time, each
type of functional group changed significantly in the first 5 h.
After that, the trend of change slowed down and it remained
almost unchanged after 12 h, implying that the chemical
reduction mainly occurred in the initial stage. And regarding
the reduction rate of the various functional groups, the hydroxyl
and epoxy groups (C-O) are the fastest ones, followed by the
carbonyl groups (C=0), and the slowest ones were the carboxyl
groups (O-C=0). It was also found that the contents of C-O,
C=0, and O-C=0 groups in GO were 30.8%, 9.8%, and 4.6%,
respectively, but after 48 h reduction, these three types of

1168 | Nanoscale Adv., 2023, 5, 1163-1171

(a) XPS survey spectra of GO and rGOs synthesized with various reduction times. C 1s XPS spectra of (b) GO and (c) rGO-t-24. Percentage

functional groups in rGO-t-48 were decreased to 1.0%, 2.4%,
and 2.4%, respectively. It means that 96.8% C-0, 75.5% C=0,
and 47.8% O-C=O0 functional groups were removed after 48 h
reduction, indicating that the C=0 and O-C=O0 groups were
more stable and less likely to react with hydrazine. The C-O
groups are expected to react first in the presence of hydrazine
since they are single bonded groups with a bonding energy of
358 kJ mol',** while the C=0 groups are double bonded
functional groups with a higher bonding energy of 745 kJ mol
and need more energy to break them apart.>

40
——C-0
35| ——C=0
——0-C=0
3
[2]
2
c
[
o
c
=]
(&}
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1 —0
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Fig. 7 Changes in various oxygenic functional groups in graphene
synthesized with different reduction times.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00506a

Open Access Article. Published on 10 2023. Downloaded on 09.11.2025 16:00:00.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

3.2. Electrochemical measurements

As mentioned in Introduction, the aim of this work was to study
the relationship between the structure of rGO and its super-
capacitor performance and stability. To examine the super-
capacitor performance and stability of the rGOs synthesized
with various reduction times, symmetric two-electrode cells
were assembled using EMI-BF,, an ionic liquid with a large
electrochemical window up to 3.7 V, as the electrolyte. Fig. 8a
and b display the CV curves of rGO based supercapacitors at
a scanning rate of 100 mV s~ . As shown in Fig. 8a and b, all CV
curves exhibited a near-rectangular shape, revealing character-
istics of an electrochemical double-layer capacitor (EDLC).
Comparing the CV curves of rGOs obtained at different reduc-
tion times, it is clear that the CV curves of rGO-t-1 and rGO-t-3
exhibited a pair of redox peaks (Fig. 8a). And with the increase of
the reduction time, this pair of redox peaks gradually weakened
and completely disappeared in the CV curves of rGO obtained
with a reduction time greater than 12 h (Fig. 8b). This pair of
redox peaks is attributed to the electrochemical reactions of
oxygenic functional groups on the surface of rGO. With the
increase in reduction time, the oxygenic functional groups on
the surface of the obtained rGO decreased (as shown in Fig. 8b),
and the peaks in CV became weakened accordingly. It is also
worth noting that these electrochemical reactions also
contributed a small amount of pseudocapacitance, as we can
see that the CV curves of rGO-t-1 and rGO-t-3 have larger areas
compared to other CV curves.

As shown in Fig. 8c, their charge-discharge curves at current
density of 0.2 A g~ " have triangular shapes. Consistent with the
results obtained in the CV curves, the charge-discharge curve of
rGO-t-1 exhibited a slight deviation from the linear slope of an

),
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ideal triangular shape, indicating a pseudocapacitive behaviour
due to the presence of a large number of oxygen-containing
functional groups with a C/O ratio of 6.3. With an increase in
the reduction time, the charge-discharge curves of the obtained
rGO returned to the ideal isosceles triangular shape, suggesting
an excellent capacitive behaviour with further removal of the
oxygenic functional groups. The specific capacitance calculated
from the charge-discharge curves of rGO with different reduc-
tion times is plotted in Fig. 8d. It can be seen that the capaci-
tance of rGO decreased from 176 F g~ (rGO-t-1) to 157 F g~
(rGO-t-6) when the reduction time was increased from 1 h to 6 h,
due to the disappearance of the contributions of pseudocapa-
citance accompanied by the removal of oxygenic functional
groups. Moreover, as the reduction time was further increased
to 48 h, the capacitance of rGO was maintained at about 150 F
g~ " without any obvious decrease. When the current density was
increased from 0.2 to 20 A g~ ', the specific capacitance of rGO-t-
1 exhibited a large decrease, and the capacitance retention was
only 69% as shown in Fig. 8e. However, the specific capacitance
of rGO-t-48 showed only a slight decrease with a higher capac-
itance retention rate of 85%, which proved that the rGO sample
obtained with a longer reduction time had an excellent rate
capability.

The rate performance was also verified by the EIS measure-
ments. Fig. 8f shows the Nyquist plots for the graphene super-
capacitors that showed a semicircle in the high-frequency
region and a 45° straight line in the low-frequency region and
the intermediate-frequency region. As shown in Fig. 8f, the
equivalent series resistance (R;) of rGO is 6.9 Q,5.9 Q, 4.8 Q, 4.5
Q, 4.3 Q and 4.3 Q for rGO-t-1, rGO-t-3, rGO-t-6, rGO-t-12, rGO-t-
24, and rGO-t-48, respectively, indicating an increase of the
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conductivity of the rGO film with the increase of reduction time.
The semicircle in the high frequency region represents a charge
transfer resistance (R.) and the diameter of the semicircle is
related to the diffusion of charge carriers at the electrode/
electrolyte interface. The continuous decrease in the diameter
of the semicircle from rGO-t-1 to rGO-t-48 reveals the decrease
of R with increasing reduction time of rGO. These results
indicate that rGO obtained with a longer reduction time,
accompanied by the removal of more oxygenic functional
groups and restoration of the conjugated sp> carbon structures
as discussed above, on the one hand, facilitated electrolyte ions
to be reversibly physiosorbed/desorbed on the surface of gra-
phene, while on the other hand, improved the conductivity of
rGO and allowed fast electron transfers. All these factors
contributed significantly to the excellent rate performance of
the graphene electrode obtained with a longer reduction time.
Furthermore, the straight line in the low frequency region can
explain the capacitive characteristics of the electrode material.
The relatively smaller slopes in rGO-t-1 and rGO-t-3 indicate
a deviation from the ideal capacitive behaviour, while the slopes
for rGO with increasing reduction time approached being
vertical, suggesting a return to the ideal capacitive behaviour.
These features are in agreement with their CV and charge-
discharge curves.

To characterize the stability of the graphene electrode,
supercapacitor cells were tested by a very hard constant-voltage
holding method with an applied voltage of 3.0 V at an atmo-
spheric temperature of 45 °C for a period of 1500 h. As shown in
Fig. 9, the capacitance of rGO-t-1 exhibited a near-linear
decrease during the whole test process, and its capacitance
retention was only 16% after 1500 h, while the other rGOs
exhibited no decrease in capacitance within the first 120 h, and
all maintained a good stability. Furthermore, a slight increase
in capacitance was also observed. It is attributed to the elec-
trochemical activation effect which allowed ions to intercalate
into the stacked rGO sheets and created more surfaces for ion
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Fig.9 The average specific capacitance of graphene synthesized with
different reduction times after the floating test (voltage holding) at
voltage of 3.0 V and temperature of 45 °C in an oven for 1 day, 3 days, 5
days, 10 days, 15 days, 20 days, 30 days, 40 days, 50 days, and 60 days.
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storage. However, rGO-t-3, rGO-t-6, and rGO-t-12 also showed
different degrees of capacitance decrease as the test progressed,
and their capacitance retention rates after 1500 h were 52%,
71%, and 91%, respectively. In contrast, rGO-t-24 and rGO-t-48
retained their initial capacitance after 1500 h, demonstrating
excellent stabilities in the hard accelerated stability test at high
temperature and high voltage. In addition, cyclic tests of the
supercapacitors with rGO electrodes at a current density of
1 A g~ " were also carried out at room temperature. As shown in
Fig. S5, the retention rates of specific capacitance after 10 000
cycles were 70%, 81%, 94%, 97%, 97%, and 99% for rGO-t-1,
rGO-t-3, rGO-t-6, rGO-t-12, rGO-t-24, and rGO-t-48, respec-
tively. These results once again confirmed the excellent stability
of rGO-t-24 and rGO-t-48 electrodes.

4. Conclusions

In this study, we optimized the structure of residual functional
groups on graphene sheets in the preparation of GO and
established an effective process by tuning the operation
parameters to reduce GO. With a comprehensive consideration
of the synthesis parameters for graphene production and the
performance of supercapacitors, we have developed a mecha-
nism accounting for the structural and electrochemical prop-
erties. With an increase in reduction time, more oxygenic
functional groups were removed. The reduction rate follows
C-O > C=0 > O0-C=O0. The performance of the graphene
supercapacitor is largely determined by the carboxyl functional
groups that remained on the basal planes of graphene. In the
process of GO reduction, the reducing agent needs a longer time
to reach these oxygenic functional groups to react with them.
Combining the functional groups, the structure of graphene,
and the results of durability tests, it indicates that the deterio-
ration of graphene supercapacitors is a result of the redox
reactions of the acidic carboxyl functional groups on the gra-
phene sheets. It has guiding significance for the production of
high-performance graphene for supercapacitor applications.
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