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graphites with different graphitization degrees
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In this study, an investigation on the characterization of reduced graphene oxides (rGOs) prepared from
natural graphites with different graphitization degrees using Hummers method was conducted. X-ray

diffraction,

X-ray photoelectron spectroscopy, Fourier
spectroscopy, atomic force microscopy and electrochemical

transform infrared spectroscopy, Raman

performance were performed to

characterize the as-prepared graphene oxides (GOs) and rGOs. The results demonstrate that graphites

with a lower graphitization degree are more easily oxidized due to the active carbon atoms exposed on
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their edges and the effective diffusion of oxidants that intercalate into the graphitic layers. In addition,

graphites with a low graphitization degree were more suitable for the synthesis of thin layer graphene

DOI: 10.1039/c7ra10809e

rsc.li/rsc-advances capacitance.

1. Introduction

Since the discovery of graphene in 2004, two-dimensional
graphitic material containing hexagonal networks comprised
of carbon atoms have gradually gained increasing amounts of
attention and research efforts for industrial applications
worldwide."” Graphene is extensively applied in electronics,
energy storage, photovoltaic devices, membrane materials,
resources recovery, biological engineering, biocatalysis, original
filtration, and lightweight/strong composite materials, attrib-
uting to its superior properties, such as outstanding electrical
conductivity, high optical transparency, favorable adsorption
performances, high thermal conductivity and mechanical
strength.*” With the development of advanced technology,
several useful methods have been proposed to synthesize gra-
phene, including mechanical exfoliation,® liquid-phase exfolia-
tion,” bottom-up assembly,’® epitaxial growth via thermal
graphitization of silicon carbide,"* unzipping carbon nano-
tubes,** epitaxial growth of graphene via chemical vapor depo-
sition (CVD) on substrates**** and the reduction of graphene
oxide."'® Among these methods, chemical reduction in wet
conditions using graphene oxide has been considered as a cost-
effective and optimized approach for the large-scale production
of graphene materials."”

Graphite oxide (GrO) is regarded as a superior precursor for
the synthesis of graphene and the electrochemical reduction
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with a high defect degree and small size in the in-plane sp2 domains as well as a relatively high specific

and chemical reduction methods have been demonstrated to be
efficient and productive methods.'" During the oxidation and
reduction processes with the exfoliation of GrO, graphene oxide
(GO) and reduced graphene oxide (rGO) are generated. Both GO
and rGO are graphene derivatives that have structures con-
taining defects due to the oxygen-containing functional groups
exposed on the edges of the carbon layers. It is evident that
numerous variable factors could affect the structure of gra-
phene and the properties of graphene products notably depend
on the structure.”® As previously reported in the literature, the
graphite used as starting material could directly influence the
structure and properties, hence, the selectivity of the raw
material plays an important role in the preparation of graphene.

Due to its abundant reserves worldwide, graphene is usually
prepared from the natural graphite. It has been reported that
the crystallinity of the graphite, used as the starting material,
can strongly influence the graphene layers formed in the
chemical reduction process.”* In general, natural graphite can
be classified into crystalline graphite and aphanitic graphite.
On the basis of the different crystalline morphologies, as well as
the presence of oxygen-containing groups on the edges of the
structural layers, there is a remarkable difference on the
graphitization degree of natural graphites, which can be used to
evaluate the development of the graphitic structure in various
carbon materials.””** The degree of graphitization, as a rule, is
the extent to which a material approaches the ideal graphite
structure, which can be distinguished using XRD and theoret-
ical calculations based on the values of dyg,. As reported in the
literature, numerous factors were found to affect the charac-
teristics of rGO, such as the lateral size,*® impurity content,*

geographical origin®” and various synthesis methods.?
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However, the concept of graphitization degree of natural
graphite has recently attracted attention in scientific research as
well as its connection with the characteristic properties of
graphitic derivatives. In addition, few studies have investigated
the effects of the graphitization degree of graphite used as raw
material on the characteristics and properties of rGO prepared
from these materials.

Therefore, natural graphites with different graphitization
degree was used to prepare GOs and rGOs using the chemical
reduction method. In this study, the objective was to focus on
the effect of the different graphitization degree in four types of
natural graphites on the rGO synthesized from these materials
whilst comparing their characteristics and properties.

2. Experimental

2.1. Materials and chemicals

Samples of natural graphites with different graphitization
degree were classified into four types, marked as VG, LG, FG and
AG, and used as the starting materials to prepare rGO. In
addition, the natural graphite were obtained by screening with
the size fraction at 38-45 mm, whose fixed carbon contents
exceeded 99%. 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. All the regents were of
analytical grade, used without further purification. Deionized
water with a resistivity of 18.25 MQ cm was used in this work
and was produced using a Milli-Q Direct 16 purification system.

2.2. Preparation of GO and rGO

GrO samples were prepared as reported previously using
Hummers' method.* First of all, 3.0 g of natural graphite and
1.5 g of NaNO; were added to 69 mL of H,SO, and stirred using
a magnetic stirrer and cooled using an ice-water bath. Next,
9.0 g of KMnO, was added slowly with continuous stirring
keeping the temperature less than 10 °C. Then, the temperature
was allowed to increase to 37 °C for 2 h. After that, 138 mL of
deionized water was added dropwise to the mixture at 96 °C and
stirred for 30 min. Then, 420 mL of deionized water was added
to dilute the mixture as well as 30 mL of and aqueous solution of
H,0, to remove the residual KMnO,. Finally, the mixture was
washed with 5% HCI aqueous solution and deionized water
while centrifuging at 2500 rpm for 30 min. The GrO was washed
without SO,>~ and dried at 60 °C for 24 h in vacuo.

The as-prepared GrO obtained from the natural graphites
with different graphitization degrees were labeled as GrO-VG,
GrO-LG, GrO-FG and GrO-AG. After milling the GrOs into
powder, the samples were dispersed in deionized water to form
yellow-brown suspensions. Next, the suspensions were ultra-
sonically exfoliated using a Cole Parmer ultrasonic processor
with 60% amplitude for 12 min. Then, the suspensions were
centrifuged at 2800 rpm for 20 min to remove the non-exfoliated
GrO. GOs in the supernatants obtained from GrO-VG, GrO-LG,
GrO-FG and GrO-AG, and were labeled as GO-VG, GO-LG, GO-
FG, and GO-AG, respectively.
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rGO samples were obtained through the reduction of the as-
prepared GO supernatants. At first, 5 mL of 85% hydrazine
hydrate was added to the suspension, while the pH was adjusted
to 10 using a 0.1 M NaOH aqueous solution. Subsequently, the
reaction mixture was kept at 97 °C for 8 h, then filtered and
washed with methanol and water for several times. 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. Measurements

X-ray diffraction (XRD) patterns were recorded in the range of
20 = 5-80° using a D8 Advance model X-ray powder diffrac-
tometer (Bruker Corporation, Stuttgart, Germany) with Cu Ko
radiation (A = 1.5406 A).

X-ray photoelectron spectroscopy (XPS) patterns were ob-
tained on a VG Multilab 2000 (Thermo Electron Corporation,
Waltham, MA, USA) with a monochromatic Al X-ray source
operating at 300 W. The spectra were corrected using the C 1s
peak at 284.6 eV.

The Fourier transform infrared (FT-IR) spectra within the
range from 400 to 4000 cm ™ were recorded on a Nicolet IS-10
infrared spectrometer (Nicolet Corporation, Madison, USA).

The Raman spectra of all the samples were obtained using
a Renishaw INVIA Raman microscope (Renishaw Corporation,
Gloucestershire, England) equipped with an Ar laser probe at
the 514.5 nm mode, recorded in the Raman region from 500 to
3500 cm ™.

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

Cyclic voltammograms (CV) were measured using a CHI
660E electrochemical workstation (Shanghai chenghua instru-
ment Co. Ltd, Shanghai, China) in a three-electrode configura-
tion at ambient temperature, in which the rGO-modified glassy
carbon electrode, a saturated calomel electrode and a slice of
platinum served as the working electrode, reference electrode
and auxiliary electrode, respectively. In addition, a 6 mol L™*
KOH aqueous solution was used as the electrolyte. The CV tests
were conducted in the sweep potential range from —0.9 to 0.1 V
at a scan rate of 10 mV s~ '. The specific capacitance of the
electrodes could be calculated using the following equation:

1 0.1 -0.9
- I dv 1
¢ 2><m><AV><VX(L).9 dV+.[o.1 d ) ()

where C is the specific capacitance (F g~') of the as-prepared
rGO samples, I is the current response (A) in 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.

3. Results and discussion
3.1. Characterization of the various graphites

The XRD patterns of the four natural graphites with different
graphitization degrees are shown in Fig. 1. All the patterns
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Fig. 1 XRD spectra obtained for VG, LG, FG, and AG.

exhibited strong and sharp peaks at approximately 26 = 26.45°
and other peaks with relatively weak intensity appearing at
around 26 = 54.61°, corresponding to the (002) and (004)
reflection planes of natural graphite, respectively. The degree of
graphitization for the starting graphite samples can be calcu-
lated based on the following equation:**-**

¢ () = O30~ dun

= 03440 — 03354 <1 )

where g (%) is the degree of graphitization of the natural
graphites, 0.3440 is the interlayer spacing of fully non-
graphitized carbon (nm) and 0.3354 is the interlayer spacing
of an ideal graphite crystallite (nm). The interlayer spacing
(doo2) can be obtained from the XRD patterns using the Bragg
equation.

The results for the degree of graphitization were 97.91% for
VG, 93.48% for LG, 85.12% for FG and 71.39% for AG, indi-
cating that there was a increasing trend in the crystalline
morphology against ideal graphite from AG to VG. In addition,
it was obvious that graphite with a high degree of graphitization
presented peaks with strong intensity in the XRD spectrum,
which indicates that the graphite possessed a superior crystal
structure and thereby better diffraction.

The Raman spectra of the natural graphites samples are
shown in Fig. 2. The spectrum obtained for each sample showed
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Fig. 2 Raman spectra obtained for VG, LG, FG, and AG.
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the presence of D, G and 2D bands, located at approximately
1345, 1580 and 2670 cm™ ', respectively. In addition, the lattice
disorder of the graphite derivatives was usually evaluated by the
ratio of the intensity of the D band to the G band (Ip/Is).** In
addition, the values were determined to be 0.05 for VG, 0.19 for
LG, 0.25 for FG and 0.36 for AG, implying that the degree of
defects in the samples diminished in the order of the
enhancement in the degree of graphitization.

The XPS spectra of the different graphite powders are shown
in Fig. 3. Only two intense and distinct peaks at around 283.8
and 531.3 eV were observed, which were attributed to the high
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Fig. 3 XPS spectra obtained for VG, LG, FG, and AG.
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Fig. 4 XRD patterns obtained for the as-prepared GOs (a) and rGOs
(b).
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purity of the graphite, corresponding to the C 1s and O 1s peaks,
respectively.** Furthermore, the other weak peaks at approxi-
mately 151.1 eV could be related to Si 2s caused by a tiny
amount of impurity.*® On the basis of the results obtained via
XPS for the surface atomic concentration, the mass ratio of C
and O could be obtained and reflected the existence of other
oxides. In addition, the values of C/O were 75.78 for VG, 71.43
for LG, 61.48 for FG and 55.97 for AG, suggesting that a higher
value of C/O represented less oxygen-containing functional
groups and a lower degree of defects, as well as a higher degree
of graphitization, which was in good agreement with the XRD
and Raman results.

3.2. Characterization of GO and rGO

Fig. 4 shows the XRD spectra of the GO and rGO samples
synthesized from the natural graphites with different degrees
of graphitization. The characteristic diffraction peaks of the
GO samples corresponding to the (002) plane were observed at
20 = 10° with an average d-spacing of around 0.79 nm, as shown
in Fig. 4a. The results indicated that the interlayer spacing was
extended due to the intercalation of the oxygen-containing
functional groups into the layers, damaging the original crys-
tals of the natural graphite samples.*® In addition, the charac-
teristic peaks observed for the (002) reflection planes of graphite
at 20 = 26.53° decreased in intensity; its was notable that the
peak observed for GO-AG had almost disappeared, while that of
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Fig. 5 FT-IR spectra obtained for the as-prepared GrOs (a) and rGOs
(b).
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GO-VG, GO-LG and GO-FG still existed with diminishing
intensity, opposite to the increasing order observed for the
degree of graphitization.

From the XRD patterns of the rGO samples displayed in
Fig. 4b, dominant and broad peaks at approximately 26 = 24.5°
were observed with a d-spacing of around 0.36 nm, which
indicated a slight difference when compared to the natural
graphite samples (0.336 nm). These findings demonstrated that
the crystalline structure can be restored after the reduction
process used to synthesize few-layer graphene. In addition, the
d-spacing of the (002) plane of the rGO samples prepared from
the graphites with various degrees of graphitization showed
negligible differences.

The FT-IR spectra obtained for the GO and rGO samples are
shown in Fig. 5. For the spectra recorded for the GO samples,
distinct and strong peaks were observed at approximately 3440-
3200 cm ' as a result of the ~OH stretching vibrations of the
hydroxyl groups.®” The peaks located at around 1724 cm ™" were
ascribed to the C=0 stretching vibrations of the carbonyl and
carboxylic groups.®® In addition, the peaks located at around
1619 and 1400 cm ™" were attributed to the C=C stretching
mode of the non-oxidized graphitic domains and the defor-
mation vibration of tertiary C-OH groups, respectively.*
Moreover, the peaks centered at 1224 cm ™" were related to the
stretching vibrations of C-O-C and C-O at 1063 ¢cm™ .* In
general, the adsorption peaks of the oxygen-containing
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Fig. 6 Raman spectra obtained for the as-prepared GrOs (a) and rGOs
(b).
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functional groups exposed on the edges were nearly the same in
terms of peak location and intensity after the oxidation process.

Fig. 5b presents the FT-IR patterns of the rGO samples after
the chemical reduction process. The peaks at 3440-3200 cm ™+
observed for the —~OH stretching vibrations changed slightly. In
addition, the intensities of the peaks at 1724 cm ™'
sponding to the C=0 stretching vibrations, at 1400 cm
responding to C-OH deformation vibrations and at 1224 cm™
corresponding to the C-O-C stretching vibrations were signifi-
cantly reduced. On the contrary, the intensities of the peaks at
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1063 cm ' due to the C-O stretching vibrations increased
significantly, implying that the chemical reduction process
could effectively promote the process of removing the hydroxyl
and carboxyl functionalities.

The Raman spectra of the GO and rGO powders prepared
from the four types of graphite are shown in Fig. 6. Two
predominant and remarkable peaks corresponding to the D-
band at around 1350 cm ™" and G-band at around 1595 cm ™"
were observed due to the breathing mode of the k-point
phonons with A;, symmetry and first order scattering of the
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Fig. 7 AFM images (a), corresponding height profiles (b) and thickness distribution histograms (c) obtained for the as-prepared rGOs (c).
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E,, phonons, respectively.**> On the basis of Raman analysis,
the values of I/I were calculated to be 0.78 for GO-VG, 0.89 for
GO-LG, 0.93 for GO-FG and 0.96 for GO-AG. In addition, the
crystallite size (L,) was used to assess the average size of the
adjacent carbon atoms in the GO and rGO samples in the
contiguous region and was able to be estimated according to the
following equation.

L, =44 x (Ipllg)™! (3)

Based on the Ip/Ig results, the corresponding values of L,
were 55.70 nm for GO-VG, 52.38 for GO-LG, 47.31 for GO-FG and
45.83 for GO-AG, indicating that a high degree of graphitization
corresponds to a relatively low degree of defects, and the
incremental order of the in-plane sp® domains of GO-AG, GO-
FG, GO-LG and GO-VG was obtained. Furthermore, the defects
are closely related to the degree of oxidation, meaning that the
GO samples prepared from the graphites with a low degree of
graphitization contained more oxygen-containing functional
groups.

With regard to the Raman spectra obtained for the rGO
samples, the intensities of the D-bands became stronger, while
the intensities of the G-bands became weaker. The locations of
the two bands displayed a small shift, implying that some of the
defects were repaired during the chemical reduction process. In
addition, the Ip/I5 values were 1.21 for rGO-VG, 1.24 for rGO-LG,
1.28 for rGO-FG and 1.31 for rGO-AG, indicating that the
chemical reduction process can effectively remove the oxygen-
containing functional groups at the edge of the rGO samples,
however, the process may also induce more defects to be
formed.** The values of L, were calculated to be 36.36, 35.48,
34.38 and 33.59 for rGO-VG, rGO-LG, rGO-FG and rGO-AG,
respectively, showing a diminishing sequence for the in-plane
sp®> domains from rGO-VG to rGO-AG.

Fig. 7a and b present the representative AFM images and
cross-section analysis along the lines in the AFM images for the
individual sheets of the as-prepared rGO samples. The typical
thickness obtained from the AFM images was approximately
0.781 nm for rGO-VG, 0.750 nm for rGO-LG, 0.686 nm for rGO-
FG and 0.625 nm for rGO-AG, which are in good agreement with
that reported for rGO.* The thickness values were slightly
greater than that observed for ideal graphene, whose thickness
was around 0.335 nm, which was attributed to the presence of
carboxyl and hydroxyl groups on the edges of the rGO
sheets.”™ After counting three hundred rGO sheets, the
thickness distribution was obtained, as shown in Fig. 7c, with
the majority of all the rGOs thicknesses measuring less than
2 nm. Moreover, the thickness of sheets less than 1 nm occu-
pied 30.16% for rGO-VG, 35.64% for rGO-LG, 41.36% for rGO-
FG, and 49.89% for rGO-AG, indicating that the natural graph-
ites with a low degree of graphitization were more suitable to
synthesize less-layered rGO.

Fig. 8 shows the CV curves of the as-prepared rGO samples.
In general, there was little difference between the four curves,
all of which seemed to form nearly rectangular and relatively
symmetrical shapes. Nevertheless, weak faradaic peaks were
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observed, suggesting that a few redox reactions took place,
which were attributed to some oxygen-containing functional
groups remaining in the rGO samples.*® In addition, based on
the equation, the specific capacitance values can be obtained as
107.53 F g~ for rGO-VG, 115.17 F g~ for rGO-LG, 126.98 F g~*
for rGO-FG and 139.15 F g~ for rGO-AG, which were ascribed to
the degree of redox in the rGOs impacting the defects and
microstructure of the graphite samples with different degrees of
graphitization.

3.3. Mechanism

The oxidation, exfoliation and reduction process of the as-
prepared rGO samples may cause the differences observed in
our results, as presented in Fig. 9. It was obvious that the
different degrees of graphitization on graphite can lead to the
different structures, degree of defect, thickness and specific
capacitance of the rGO samples through different redox and
exfoliation routes on account of the analysis described above. As
is known to all, graphite with a low degree of graphitization
contains more active carbon atoms on the edges of the graphitic
layers and the numerous carbon atoms exposed on the layers
can increase the d-spacing and the degree of defects in the
graphite starting material. Due to the fact that it was more likely
for the exposed carbon atoms to be attacked during the oxida-
tion process, graphites with lower degrees of graphitization
undergo oxidation and exfoliation more easily. In addition, the
greater d-spacing of poorly crystallized graphite results in
a weak interaction between the carbon interlayers, which
promotes the intercalation and diffusion of the oxidants.** In
addition, the defects that exist in the graphite structure can
shorten the route for the diffusion of oxidants, enabling the
process to be facile and effective. From the schematic repre-
sentation shown in Fig. 9, natural graphites with a low degree of
graphitization, high degree of defect and low C/O values are
able to form well-oxidized products under similar conditions
with excellent exfoliation results to obtain two-layer or less
graphene after reduction, which is in accordance with the
characteristic (002) peaks of graphite at 20 = 26° in the XRD
patterns of GO-AG and GO-FG almost disappearing and the
formation of thick layer graphene as-observed by AFM.
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o
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Fig. 8 CV curves obtained for the as-prepared rGOs.
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Fig. 9 Schematic process for the oxidation, exfoliation and reduction of the preparation of the rGOs.

4. Conclusions

Based on the characterization analysis, the results were that the
degree of defects in VG, LG, FG and AG present a diminishing
sequence, while the degree of graphitization and C/O values on
the surface of the four types of natural graphites increased
gradually. The experimental results indicate that it was more
likely for graphite with a low degree of graphitization to be
sufficiently oxidized for the preparation of GO and form the
thinnest layer of graphene after the reduction process. In
addition, rGO synthesized using graphite with the lowest degree
of graphitization has the most defects and the smallest size of
in-plane sp*> domains, possessing high quality with a specific
capacitance of 139.15 F g~ . The results can be attributed to the
fact that most of the defects showed optimal activity and high
Ip/Ig values as well as relatively low L, values, resulting in the
small size of the in-plane sp” domains. The smaller the size of
the in-plane sp> domains, the faster the electrons can transfer
and the ion exchange taking place at the interface between the

This journal is © The Royal Society of Chemistry 2017

electrode and electrolyte is accelerated, resulting in the
high specific capacitance observed in the electrochemical
measurements. The investigations carried out in this study have
established a theoretical basis to select a suitable natural
graphite starting material based on the performance and
characteristic properties of the graphene required for a partic-
ular application.
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