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Graphene, as a new type of carbon material in the forefront of research, has been applied widely in the area
of supercapacitors with the advantages of a large positive specific surface, high conductivity, stable
chemical properties and good supercapacitor performance. In this study, an investigation on the
electrochemical performance of reduced graphene oxides (rGOs) prepared from various natural
graphites was conducted. X-ray diffraction, X-ray photoelectron spectroscopy, Fourier transform infrared
spectroscopy, Raman spectroscopy, atomic force microscopy and electrochemical performance analysis
were performed to characterize the as-prepared GOs and rGOs. The results demonstrated that
a reduction modification of GO was necessary to optimize its electrochemical performance. The rGO
has a great electrochemical performance with a good repair ability, better oxygen-containing functional
group removal effect, lower structural defects, larger average size of the in-plane sp2 region and great

rsc.li/rsc-advances specific capacitance.

1 Introduction

The increasing shortage of energy and environmental pollution
drive supercapacitors, a new type of energy storage device, to
receive more and more attention and research.' Due to their
long service life, excellent cycling performance, large specific
capacitance, high power density and safety,”® supercapacitors
have been widely used in traditional industry, transportation,
electromechanical products, new energy development and
utilization, and military affairs.®” According to the mechanism
of energy storage, supercapacitors can be divided into two
categories: double-layer capacitors and pseudo-capacitors. It is
very important to choose the electrode material since the
selection of electrode material plays a leading role in the
performance of the supercapacitor. Carbon, transition metal
oxides and conductive polymers are commonly used for elec-
trode preparation in current applications.>*°

Graphene, one of the new carbon materials in the forefront
of research, has been used widely in the preparation of super-
capacitors with the advantages of a large positive specific
surface, high conductivity, stable chemical properties, good
electrochemical performance and good supercapacitor perfor-
mance."* Numerous methods, including mechanical
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exfoliation,*'® electrostatic deposition,** chemical vapor depo-
sition (CVD),"'® liquid-phase exfoliation,” solvothermal
methods,'® epitaxial growth via thermal graphitization of silicon
carbide,"” unzipping carbon nanotubes,” and reduction of
graphene oxide*** have been proposed to synthesize graphene.
Among them, the reduction of graphene oxide has been widely
used in the large-scale preparation of graphene in industrial
applications, which is the most important field of preparation
of graphene and carbon-based composite materials.*

Due to the preparation based on different kinds of natural
graphite, there is a great difference on the degrees of structural
defects, existence and content of oxygen-containing functional
groups of graphene, all of which display a great influence on the
performance of supercapacitors.”*** Therefore, the study of the
electrochemical performance of graphene prepared from four
different types of natural graphite is of great significance to the
selection of electrode materials for supercapacitors. The elec-
trochemical performance on different types of graphene
samples was analyzed by cyclic voltammetry tests, constant
current charge-discharge tests and alternating-current (AC)
impedance tests. In addition, XPS and Raman analysis were
used to explain the difference in electrochemical performance
of the produced rGO at the microstructure level. This work
reveals the influence of different types of graphite on the
structural properties and electrochemical properties of gra-
phene oxide, establishing the correlation between natural
graphite raw materials and the application direction of
synthetic graphene oxide, and providing a theoretical basis to
select a suitable one for graphene oxide-related industrial
applications.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental
2.1 Materials and chemicals

Four different types of natural graphite were selected as the raw
materials. The vein graphite from Sri Lanka was marked as VG
(vein graphite), the large flake graphite from Madagascar was
marked as LG (large flake graphite), the fine flake graphite from
Mozambique was labeled as FG (fine flake graphite), and the
cryptocrystalline graphite from the Panshi area of Jilin Province
was named as AG (aphanitic graphite). The purities of these
were all more than 99%. Besides, the size fraction of the
samples was 38-45 pm. Potassium permanganate, sodium
nitrate, 98% sulfuric acid, 36% hydrochloric acid, 30%
hydrogen peroxide and 85% hydrazine hydrate were all
purchased from Sinopharm Chemical Reagent Co., Ltd, China.
The resistivity of the deionized water used in this experiment
was 18.25 MQ cm.

2.2 Preparation of reduced graphene oxide (rGO)

Graphite oxide (GrO) was prepared according to the Hummers
method as reported previously.”®*” The GrOs prepared from VG,
LG, FG and AG were labeled as GrO-VG, GrO-LG, GrO-FG and
GrO-AG. The milled GrO powders were dispersed into deionized
water to form yellow-brown suspensions. The suspensions were
ultrasonically exfoliated using a Cole Parmer ultrasonic
processor with 60% amplitude for 12 min, and then were
centrifuged at 2800 rpm for 20 min to remove the non-exfoliated
GrO, and GOs were obtained. The GOs were labelled as GO-VG,
GO-LG, GO-FG, and GO-AG based on the materials. Further-
more, 5 mL of 85% hydrazine hydrate was mixed with the GO
suspension, while the pH was adjusted to 10 using a 0.1 M
NaOH aqueous solution. Subsequently, the reaction mixture
was filtered and washed the with methanol and water several
times after being kept at 97 °C for 8 h. Finally, the rGO powders
were obtained after drying at 60 °C for 24 h in vacuo. The rGOs
obtained after the reduction of GO-VG, GO-LG, GO-FG and GO-
AG were labelled as rGO-VG, rGO-LG, rGO-FG and rGO-AG,
respectively.

2.3 Preparation of electrodes

The electrochemical performance test was completed with
a three-electrode test system under room temperature condi-
tions in the laboratory. Firstly, the KOH solution of 6.0 mol L™*
was applied as the electrolyte, and the counter electrode was
a platinum wire electrode, with a saturated Hg/HgO electrode as
the reference electrode.

The specific preparation process of the working electrode is
as follows:

First of all, a mixture composed of the testing sample, acet-
ylene black and polytetrafluoroethylene emulsion with a mass
ratio of 85 : 10 : 5 was obtained, and then a certain amount of
isopropanol was added with sustained stirring for 5 min until it
became viscous. Subsequently, the as-prepared mixture was
evenly coated in the middle of two foamed nickel sheets with
a size of 1 cm X 1 cm, drying in a constant temperature drying
oven at 60 °C for 12 hours. Finally, the dried foamed nickel

© 2021 The Author(s). Published by the Royal Society of Chemistry
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interlayer was placed in an electric tablet press under a pressure
of 10 MPa for 5 min. The tested working electrode was obtained
after cutting off the excess material over the edge of the foamed
nickel sheets.

2.4 Measurements

An X-ray diffractor (XRD) purchased from the Bruker Corpora-
tion of Germany was used to generate patterns, which were
recorded in the range 26 = 5-80° using a D8 Advance model X-
ray powder diffractometer with Cu Ko. radiation (A = 1.5406 A).

The X-ray photoelectron spectroscopy (XPS) spectra were
obtained on a VG Multilab 2000 brought from the Thermo
Electron Corporation of the USA. The machine has a mono-
chromatic Al X-ray source operating at 300 W and the spectra
were corrected using the C 1s peak at 284.6 eV.

A Nicolet IS-10 infrared spectrometer purchased from the
Nicolet Corporation of the USA was used to record the Fourier
transform infrared (FT-IR) spectra within the range from 400 to
4000 cm .

A Renishaw INVIA Raman microscope equipped with an Ar
laser probe was brought from the Renishaw Corporation of
England to obtain the Raman spectra of all the samples at the
514.5 nm mode, 500 to 3500 cm~* Raman region.

Atomic force microscopy (AFM) images of the as-prepared
rGOs were recorded using a Bruker MultiMode 8 AFM
produced by the Bruker Corporation of Germany in a peak force
tapping mode.

Cyclic voltammograms (CV) were conducted over a sweep
potential scope of —0.90 to 0.10 V at various scan rates. The
specific capacitance of the electrodes could be calculated by the
following equation:

1 0.1 0.9
C= — 1dVv
2><m><AV><v><(L),9 +J0,1

where C is the specific capacitance (F g~ ') of the as-prepared
rGO samples, I is the current response (A) for a potential, AV
(V) is the potential window, v (mV s~ ') is the potential scan rate
and m (g) is the mass of the electroactive materials.

I dV) (1)

3 Results and discussion
3.1 The properties of natural graphites

Fig. 1a demonstrates that the four types of graphite samples
present similar X-ray diffraction patterns with typical graphite
peaks. The sharp and strong peaks appear at 26 = 26.5°, cor-
responding to the (002) reflection plane of natural graphite. And
the relatively weak peaks appear at 26 = 54.6° due to the (004)
reflection plane of natural graphite. The high purity of the
sample means that almost no diffraction peaks of other impu-
rity minerals appear. Comparing the XRD patterns of the
samples, it can be seen that the difference in the intensity of the
characteristic diffraction peaks of the four samples was partic-
ularly obvious. Among these, the intensities of the diffraction
peaks of VG and LG were relatively higher than those of FG and
AG, which is mainly caused by the crystal difference, including
the difference in surface oxygen atom content, the degree of
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crystal defects, and crystal grain size. VG and LG have a higher
crystallinity and diffraction peak intensity. However, FG and AG
are the opposite. From the FWHM in Fig. 1a, the half-width
values of the VG and LG samples were higher than those of
FG and AG, indicating that the first two samples have a greater
crystallinity, identifying with the previous analysis results.
Graphitization can reflect the degree of graphite crystalliza-
tion.”** According to the mathematical model, the graphitiza-
tion degree can be calculated on the basis of the (002) mesh
spacing in the X-ray diffraction pattern. The formula is shown
below .33

0.3440 — d,
g(%) = %2 % 100

©0.3440 — 0.3354 2)
where g (%) is graphitization degree, 0.3440 (nm) is the layer
spacing of completely non-graphitizable carbon, 0.3354 (nm) is
the interlayer spacing of ideal graphite crystals and dy, is the
(002) surface layer spacing calculated according to the Bragg
equation.

The corresponding dy, values of VG, LG, FG and AG were
0.33786, 0.33668, 0.33596 and 0.33558 nm, respectively. The
corresponding graphitization degrees calculated according to
the formula were 97.91%, 93.48%, 85.12% and 71.39%,
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respectively, indicating that the crystalline morphology from AG
to VG gradually approached the graphitization degree of ideal
graphite.

In addition, since different crystal types also have a crucial
role in impacting the crystal structure of graphite, the content of
3R polytypes in the graphite crystals is also used as an impor-
tant indicator to measure the integrity of the graphite structure.
Besides the mesh spacing, dy, is directly proportional to the 3R
polytype content, while the graphitization degree is inversely
proportional to it. The calculation formula is as (3)-(5).

Rh" = 44.3113 — 38.7846¢ (3)
Rh® = 684.33dy, — 2283.02 (4)
Rh = (Rh + Rh®)12 (5)

The results for the 3R polymorphism content of VG, LG, FG and
AG were 9.895%, 12.06%, 16.14% and 23.26%, respectively.
Different types of natural graphite all contain 3R polytype graphite
to varying degrees. From VG to AG, there was an increasing trend
in the 3R polytype content and the degree of graphitization, while
the degree of crystallization gradually weakened.
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Fig.1 Characterization of different natural graphites. (a) XRD pattern of natural graphite samples. (b) The variation trend of unit cell volumes with
graphitization degree. (c) XPS spectrum of natural graphite samples. (d) Raman spectrum of natural graphite samples.
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Table 1 Raman spectrum parameters of natural graphite samples

Sample D peak/cm ! G peak/em ™ Ip/lg
VG 1345.12 1585.56 0.05
LG 1337.74 1585.56 0.19
FG 1336.82 1584.68 0.25
AG 1339.59 1582.90 0.36

The unit cell parameters calculated based on the X-ray
diffraction results of the natural graphite sample were
0.03533 Vnm ™ for VG, 0.03540 Vnm° for LG, 0.03554 Vnm
for FG, and 0.03593 V nm~* for AG. It can be seen from Fig. 1b
that the unit cell volume of AG was the largest, followed by FG,
and the unit cell volumes of LG and VG were relatively small. The
reason was that from VG to AG, the graphitization degree of
graphite was getting increasingly low, and the amount of other
oxygen-containing impurity components and oxygen-containing
functional groups that can increase the oxygen content in the
graphite crystal structure gradually augmented, resulting in
a gradual upgrade in the degree of defects. In addition, the larger
atomic radius of oxygen atoms than of carbon atoms balanced the
small size effect of the graphite sample, so that the unit cell volume
increased with the boost of oxygen content.
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It can be seen from Fig. 1c that the XPS full spectrum scans
of the four natural graphite samples had similar shapes, with
strong peaks appearing at around 284.50 eV, and relatively weak
peaks appearing at the binding energy of about 531.5 eV, indi-
cating that carbon was the highest element content on the
sample surface, followed by the oxygen element. Since the
content of Si was tiny, the intensity of the Si 2p peak at about
153.30 eV was very weak. Among them, from VG to AG, the
binding energy of O 1s and C 1s showed a gradually increasing
trend. According to the results of the relative content of C/O
elements, it can be concluded that a larger C/O ratio corre-
sponded to the more complete graphite crystals, which is
consistent with the XRD results.

Fig. 1d shows that all the Raman spectra of the four natural
graphite samples have a D peak caused by the breathing mode
of A, symmetric K-order phonons, and the G peak caused by the
scattering of the first-order E,, phonons, located at 1350 ecm 'and
around 1585 cm™ ", both were closely related to the lattice defects
and disorder of graphite. Generally, the calculated relative strength
ratio (Ip/Ig) of the two can be used to measure the degree of
structural defects and crystal disorder of graphite and its derivative
materials.* Table 1 illustrates that the intensity ratio Ip/I; of the D
peak to the G peak of the four samples from VG to AG continued to
swell, implying that the graphite with a low graphitization degree
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Fig. 2 CV curves of rGO-VG with different reduction rates at different scanning rates.
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had an inferior crystallinity and severe crystallinity defects. In
addition, the higher the degree of defect in graphite, the more
activated carbon atoms exposed on the surface.

3.2 Electrochemical performance of the rGOs

The CV curves of graphene products with different reduction
degrees after adding different dosages of hydrazine hydrate to
the GO-VG suspension are shown in Fig. 2a-d. A small dose of
hydrazine hydrate was not enough to remove a large dose of
electrochemically inert oxygen-containing functional groups on
the surface of the graphene oxide hydroxyl and carboxyl groups,
resulting in a poor specific capacitance. Therefore, a sloping
curve appears in Fig. 2a.** The CV curve gradually approached an
ideal rectangle and had an excellent double-layer capacitor
performance when the amount of hydrazine hydrate was higher
than 5.0. Due to the high degree of graphitization of VG, great
crystallinity and difficulty of oxidization,* the oxidation degree of
GO-VG was relatively low. This sample can be completely reduced
as the amount of hydrazine hydrate was 5.0, and had a satisfying
specific capacitance value. As the amount of hydrazine hydrate
continued to increase, too much of the strong reducing hydrazine
hydrate slightly damaged the structure of the graphene, and the
specific capacitance of graphene oxide after the reduction slightly
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decreased.”” In addition, the shape of the CV curve deviated at
different scan rates, and the quicker the scan rate, the more
obvious the deviation of the curve from the ideal rectangle.

Fig. 3 shows CV curves of the graphene products with
different degrees of reduction after hydrazine hydrate was
added to the GO-LG suspension. It can be seen from the curve
that the overall change trend was similar to that of rGO-VG. A
small amount of hydrazine hydrate caused a larger curve slope,
severe polarization, and a poor double capacitor. The CV curve
gradually approached the ideal rectangular shape as the amount of
hydrazine hydrate became higher than 5.0, and there was no
obvious Faraday redox peak at both ends of the voltage window,
which showed a good double capacitance.®® Compared with rGO-
VG, the sufficient oxidation and reduction process removed
more oxygen-containing functional groups on the surface of rGO-
VG, resulting in an electron mobility and electrical conductivity
that were superior to those of rGO-VG, so it showed a more
excellent electrochemical performance. Similar to the reduction
process of rGO-VG, when the amount of reducing agent was
extreme, the specific capacitance tended to drain away.

The CV curves of graphene products with different degrees of
reduction after adding hydrazine hydrate to the GO-FG
suspension are presented in Fig. 4. The overall curve is
inclined and shows an irregular shape as less hydrazine hydrate
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Fig. 3 CV curves of rGO-LG with different reduction rates at different scanning rates.
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was added. As the amount of hydrazine hydrate increased, the
CV curve gradually approached the ideal rectangular shape for
electrode materials with different reduction degrees. Compared
with rGO-VG and rGO-LG, the lower graphitization and crystallinity
made FG less problematic when oxidized during the oxidation
process, and its surface exposed more oxygen-containing func-
tional groups, which made it difficult to entirely remove a large
number of electrochemically inert groups during the reduction
process, and the surface still remained. In addition, as the scan-
ning rate increased, the CV curve gradually deviated from the
rectangular contour, and an electrochemical polarization was
manifest, which led to irregular diffusion of ions in the electrolyte
and a deterioration in the specific capacitance.

Fig. 5 illustrates the CV curves of graphene products with
different degrees of reduction by adding hydrazine hydrate to
the GO-AG suspension. It can be seen from the curves that the
overall trend of change was similar to that for the rGO-FG
products. A little bit of reducing agent left a large number of
oxygen-containing functional groups on the surface, and the
polarization effect was stronger during the electrochemical
reaction. The curve as a whole extended to the window at both
ends of the voltage, which deviated significantly from a rectan-
gular shape. With an increase in the amount of reducing agent,
the surface electrochemical inert functional groups were
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removed significantly, and the CV curve gradually approached
a rectangular shape. Compared with the other three samples,
AG's inferior crystallinity, graphitization degree, and superior
degree of oxidation made it require a larger amount of reducing
agent in the reduction process. The sufficient oxidation process
made the surface of the product full of oxygen-containing
functional groups, so that the reduction process couldn't thor-
oughly remove them, and the structural defects were serious,
which reduced its conductivity.

Fig. 6 shows the AC impedance diagrams of rGOs with
different degrees of reduction as electrodes. The AC impedance
diagram of the electrode material shows a significant change with
the increase in the amount of reducing agent. The entire spectrum
is composed of two parts, the high-frequency area in the shape of
a circular arc and the low-frequency area in the form of a linear
curve. The diameter of the incomplete semicircular arc in the high-
frequency region represents the interface resistance between the
electrode and the electrolyte. The smaller the semicircle diameter,
the weaker the interface resistance. The slope of the similar linear
curves in the low frequency region is related to the double layer
capacitance of the electrode material. The closer the linear curve
was to the vertical, the preferable the double layer capacitance of
the electrode material, and the weaker the resistance of electrolyte
ions in the diffusion process.
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It can be seen from Fig. 6a and b that the trends in imped-
ance change of the rGO-VG and rGO-LG products as electrodes
were relatively similar. As the degree of product reduction
upgraded, the diameter of the semi-circular arc curve in the
high-frequency region first decreased and then increased,
which was contrary to the law in the low-frequency region.
When the amount of reducing agent was 5.0, the transfer
resistance of the electrode and electrolyte interface and the
diffusion resistance of electrolyte ions were the minutest, and
an excellent capacitance performance occurred, consistent with
the previous test results. Compared with the rGO-VG products
as electrode materials, the rGO-LG products had a weaker
resistance to interface diffusion and ion flow, so they exhibited
a better capacitance and outstanding specific capacitance. It
was worth noting that when rGO-LG products with different
reduction levels were used as the electrode materials, the slope
of the curve in the AC impedance spectrum was relatively large,
close to the vertical line, indicating that the oxygen-containing
functional groups on the surface were effectively removed
during the reduction process. With the result that the capaci-
tance of the reduction product was better than that of the other
three graphene electrode materials, the specific capacitance
value was relatively high, which was consistent with the
previous electrochemical test results.

4048 | RSC Adv,, 2021, N, 4042-4052

Comparing Fig. 6¢c and d, it can be seen that the changes in
the processes of the AC impedance diagram of the rGO-FG and
rGO-AG products as electrodes were similar. When the amount
of reducing agent increased continuously, the radius of the
semicircular arc in the high frequency region decreased, and
the electrode interface resistance tapered off. At the same time,
the curve in the low frequency region was became more sloping,
and the diffusion resistance of the electrolyte ions in the reac-
tion gradually degraded. In particular, when rGO-AG products
with different reduction degrees were used as the electrode
materials, the semicircular arc diameter in the AC impedance
spectrum was larger than those of the other three products, and
the slope of the linear curve was relatively gentle, meaning that
there were still more oxygen-containing functional groups
remaining on the surface of the AG reduced graphene oxide
product after the reduction reaction. Hydration reduction could
only remove part of them, resulting in a larger degree of struc-
tural defects of the product, and the capacitance was weaker
than that of the other three graphene electrode materials, such
that the specific capacitance value was relatively low, which was
consistent with the previous electrochemical test results.

The results of equivalent circuits on different graphene
samples is shown in Table 2. The R, values of rGO-AG and rGO-
FG decreased with an increasing reduction degree, while the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 AC impedance curves of rGOs with different degrees of reduction and the equivalent circuit used to analyze EIS.

values of rGO-VG and rGO-LG first decreased and then rose,
displaying an identical trend to the previous CV and charge-
discharge curves.

3.3 Characterization of the rGOs

Fig. 7a shows the XRD spectra of reduced graphene oxide
products with different degrees of reduction. Unlike the XRD
spectra of the four kinds of GO, the sharp diffraction peak

Table 2 The results of equivalent circuits on different graphene
samples

Samples
Hydrazine
dose rGO-VG rGO-LG rGO-FG rGO-AG
1.67 0.85 Q 0.74 Q 1.26 Q 1.60 Q
3.33 0.79 Q 0.68 Q 1.21Q 1.55 Q
5.0 0.75 Q 0.65 Q 1.19 Q 1.51 Q
6.67 0.81 Q 0.70 Q 1.15Q 1.43 Q

© 2021 The Author(s). Published by the Royal Society of Chemistry

disappeared at 26 = 10° and a clear diffraction peak appeared at
20 = 26.53°, with the characteristic peak wider than that of
natural graphite. The (002) mesh spacings calculated by the Bragg
formula of rGO-VG, rGO-LG, rGO-FG and rGO-AG were 0.3554,
0.3546, 0.3569 and 0.3579 nm, respectively, close to that of natural
graphite, indicating that the original destroyed graphite crystal
structure could be repaired to a certain extent by hydration
reduction with hydrazine hydrate. Nevertheless, the remaining
large amount of oxygen-containing functional groups introduced
during the oxidation process caused the (002) surface to widen,
evidencing that the reduced graphene products were not
completely stacked in order.** Moreover, compared with the mesh
spacing of ideal crystalline graphite, the (002) mesh spacing of the
reduced product increased in the order of rGO-LG, rGO-VG, rGO-
FG, to rGO-AG, implying that the repair degree of the reduced
product structure decreased in turn, the impedance effect of the
electrochemical performance was boosted successively, and the
specific capacitance value subsided in turn.

Fig. 7b presents the FT-IR spectra of the reduced oxidized
graphene products at different levels of reduction. The

RSC Adv, 2021, 11, 4042-4052 | 4049
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absorption peaks in of 3440, 1724, 1400, 1224 and 1063 cm *
were, respectively, attributed to the ~OH stretching vibration,
C=0 stretching vibration, -OH bending vibration, and O-C-O
and C-O stretching vibrations. Compared with the FT-IR
spectra of graphene oxide, the intensity of the absorption
peaks near 1724, 1400 and 1224 cm™ " subsided significantly,
even almost disappeared. The absorption peak intensity at
1063 cm ™' was obviously enhanced, meaning that water and
the reduction process could effectively remove the hydroxyl
group, carboxyl group and other oxygen-containing func-
tional groups in the structure of graphene oxide, accompa-
nying the vibration peak intensity of these oxygen functional
groups being obviously weak. But the oxidized functional
groups still remaining on the surface meant the absorption
peak did not completely disappear. The intensity of the
absorption peak at 1063 cm™ " increased in the order of rGO-
AG, rGO-FG, rGO-VG, rGO-LG, implying that the removal of
oxygen-containing functional groups of the rGO-LG reduc-
tion products was the best, and the electrochemical inert
groups were reduced. The performance of double capacitance
was more incomparable.

From the Raman spectra of the reduced graphene oxide
products with different reduction degrees displayed in Fig. 7c,
similar to the Raman spectrum of graphene oxide, obvious peak
D and peak G appeared near 1350 and 1580 cm ™, respectively.
Peak G of graphene reduction products shifted slightly to the

4050 | RSC Adv, 2021, 11, 4042-4052

low-frequency region, indicating that the hydration reduction
process repaired the structural defects of graphene oxide, which
was consistent with the results of XRD analysis. The I/l values
of rGO-VG, rGO-LG, rGO-FG and rGO-AG were calculated to be
1.24, 1.15, 1.28 and 1.31, respectively, implying that hydrazine
hydrate reduction could remove some oxygen-containing func-
tional groups on the surface. However, structural defects still
existed, and defect degree gradually increased in the order of
rGO-LG, rGO-VG, rGO-FG, rGO-AG. In addition, L, can be used
to measure the average size of the sp® region in the plane, and
the specific calculation is as follows:

L, =44 x (Ipllg)™! (6)

The calculated L, values of rGO-VG, rGO-LG, rGO-FG and
rGO-AG were 35.48, 38.26, 34.38 and 33.59 nm, respectively,
signifying that the average size of the sp” region in the plane was
rGO-LG > rGO-VG > rGO-FG > rGO-AG.

Fig. 7d shows the AFM images of rGOs. Since there were
residual epoxy groups, carboxyl groups and hydroxyl groups on
both sides of the rGO sheet, the thickness of these samples was
much higher than the ideal graphene thickness (0.335 nm). It
can be seen from the figure that the thicknesses of rGO-VG and
GO-LG were significantly larger than those of rGO-FG and rGO-
AG, meaning that natural graphite with a low degree of graph-
itization was more suitable to synthesize few-layered rGO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusion

The Hummers hydration oxidation method was used to prepare
graphene oxide with four different types of natural graphite as
raw materials, and the amount of reducing agent was controlled
to reduce the GOs to different degrees. The electrochemical
properties of the GOs and rGOs with different reduction degrees
were also studied. The raw samples are all typical graphite
crystal structures, belonging to vein graphite, large flake
graphite, fine flake graphite and cryptocrystalline graphite. The
results demonstrated that graphite with a lower graphitization
degree contained more 3R polytypes, lower C/O ratio, and more
oxygen content on the surface, as well as more exposed activated
carbon atoms. For the four types of natural graphites, the lower
the graphitization degree, the weaker the degree of crystallinity,
which was more conducive to the oxidation process, exposed
with more oxygen-containing functional groups on the surface
after oxidation, and higher defects. Based on the experiments,
the interface charge resistance and diffusion resistance of
different rGO-AG and rGO-FG products gradually reduced with
the elevating reduction degree. However, the electrochemical
impedances of rGO-VG and rGO-LG first enhanced and then
declined under the same variables. Comparing four graphene
products with the same reduction degree, the interface and
diffusion resistance have the law of rGO-LG < rGO-VG < rGO-FG
< 1GO-AG. The results indicate that rGO-LG has a better repair
degree, a great oxygen-containing functional group removal
effect, lower structural defects and a larger average size of the
sp® region in the plane, which gives rGO-LG a more excellent
electrochemical performance.
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