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Abstract

Recently, graphene owing to its outstanding properties such as high mechanical strength, high
thermal and electrical conductivity has been introduced as a surprising material for various
applications. Up to now, the introduced methods mostly have some disadvantageous, especially
in term of production time. Electrochemical exfoliation of graphite is a cost-effective, fast and
environment-friendly method for the synthesis of graphene nanoplatelets (GNPs). Based on
this fact that the properties of GNPs are greatly depend on their morphology, the aim of this
study was to evaluate the morphology of the obtained powders after electrochemical exfoliation
of graphite by scanning electron microscopy. In this work, the mixture of H>SO4 + NaOH +
H>0> was used as the electrolyte. Effects of three concentrations of HoSO4 on the morphology
of the obtained powders was examined. After determining the optimum sample, the analyses
of transmission electron microscopy, X-ray diffraction, Raman spectroscopy and FTIR were
used to characterize the produced GNPs by this method. Further characterization on the
optimized sample was carried out by synchrotron small and wide angle X-ray scattering
(SAXS/WAXS) to understand the shape and fractality of particles which have been confirmed
to the initial results. Results indicated that based on electrolyte type and concentration of
H>S04, different kinds of carbon allotropes such as expanded graphite, multi-layered GNPs
and few-layered GNPs can be obtained. Results showed the efficiency of the electrochemical
method was increased with decreasing the concentration of the HoSOy4; the few-layered GNPs

were obtained using the lowest concentration of H2SOa.
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1. Introduction

Graphene, a two-dimensional material, is a single layer of carbon atoms arrayed in a
hexagonal pattern comprised of sp? hybridized bonding. Due to its outstanding mechanical,
electrical, thermal and optical properties, graphene has attracted great attention in the scientific
and industrial societies. Outstanding mechanical properties of graphene sheets can be attributed
to the very strong bonding between carbon atoms while its thermal and electrical properties are
due to the sp? hybridization [1-4]. To date, different methods including bottom-up (e.g.,
chemical vapor deposition) and top-down approaches (e.g., laser ablation) have been
introduced for the synthesis of graphene nanoplatelets (GNPs). However, these methods
generally have various disadvantageous such as inappropriate for large-scale production, high
cost of production, obtaining multi-layered GNPs, structural defects, etc. [4-9].

Electrochemical exfoliation of graphite is one of the introduced approaches in recent years
for the synthesis of GNPs. It has been reported that the high quality and few-layered GNPs can
be obtained using electrochemical exfoliation of graphite. Simplicity and ability to large-scale
production of GNPs are the main advantages of this method. In spite of these advantages, it is
worth noting that the efficiency of this approach greatly depends on several parameters such as
electrodes, electrolytes and electrochemistry conditions. Generally, electrochemical synthesis
of GNPs can be done through anodic exfoliation or cathodic exfoliation. From performed
studies, it has been well-understood that the quality of the obtained GNPs by anodic exfoliation
is higher than that of prepared GNPs by cathodic exfoliation [10-17]. Up to now, different
electrolytes such as sulfuric acid, nitric acid and phosphoric acid have been used for anodic

exfoliation of graphite by various investigations. In these studies, it is well-established that the
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efficiency of electrolytes containing sulfate ions is higher than that of other used electrolytes.
For example, Parvez et al. [14] investigated the effects of different electrolytes including
(NH4)2S04, NaxSOs4, K2SO4, NH4Cl, NaNO3 and NaClO4 and their results indicated that the
efficiency of sulfate ion electrolytes was the highest in the production of high-quality GNPs.
As far as we know, previous works only have focused on the effects of electrolyte type on
the electrochemical exfoliation of graphite and the impacts of electrolyte concertation on the
efficiency of this method have not been dealt with in depth. Therefore, the main aim of this
work is to investigate the effect of electrolyte on the efficiency of electrochemical exfoliation
of graphite. In this work, attempts were made to exfoliate pristine graphite (PG) to form
exfoliated graphite (EG) and ultimately GNPs. First, the effect of sulfuric acid electrolyte
concentration on the morphology of obtained EG samples was evaluated by scanning electron
microscopy (SEM) images and X-ray diffraction (XRD) analyses. Then, after characterization
of optimal sample, further analyses including transmission electron microscopy (TEM), Raman
spectroscopy, Fourier transformation infrared (FTIR), small and wide angle X-ray scattering
(SAXS/WAXS) were done to identify the shape, fractal nature and crystalline structure of

obtained GNPs.

2. Experimental

In this research, graphite electrodes, purchased from SGL group, were used as both anode
and cathode. Sulfuric acid (H2SO4), sodium hydroxide (NaOH), hydrogen peroxide (H>0O>) and
distilled water were the materials used for preparing the electrolytes. Electrochemical
exfoliation was done using a DC power supply of 10 V. After that, the obtained exfoliated
suspension was sonicated using a probe of 14 mm tip diameter, at 100 W for 15 min (ultrasonic

homogenizer 400 W, 24 kHz, FAPAN Co., Iran). After sonication, the suspension was washed
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and filtered for three times with distilled water to remove impurities. Finally, the resulting
material was dried by heating in a vacuum oven for 60 min at 100 °C to obtain exfoliated

graphite (EG). The samples were codenamed as EG1, EG2, etc., as shown in Table 1.

Table 1. The code of HF treated powders

Sample Code
Pristine graphite electrode PG
Exfoliated graphite in 1.6 M H2SOq4 EG1

Exfoliated graphite in 1.6 M H2SO4 +0.03 M NaOH+ 0.5 M H.O,  EG2
Exfoliated graphite in 1.2 M H2SO4 +0.03 M NaOH+ 0.5 M H20,  EG3
Exfoliated graphite in 0.6 M H.SO4 +0.03 M NaOH+ 0.5 M H202,  EG4

Morphological evaluation of the obtained EG samples was performed by scanning SEM.
XRD patterns were used for the phase analysis of the EG samples. The XRD analysis was
performed using Cu Ko radiation and a step scan of 0.05° for the 26 range of 20° - 70",
Transmission electron microscopy (TEM) images were taken using the FEI Tecnai F20
microscope. To characterize the defect density and number of layers in the EG samples, Raman
spectroscopy analysis was used. Moreover, the FTIR spectrum was obtained by MOD SRG
1100G (Canada, BOMEM) spectrometer.

SAXS and WAXS experiments were conducted in the BL11-NCD beam-line at the ALBA
Synchrotron light source facility, Spain. The beam spot sizes of 25 um x 25 um and the
wavelength of the monochromatic X-ray was 1.24 A. Simultaneous SAXS/WAXS patterns of
GNPs were recorded at room temperature with a sample to detector distance of 7573 mm and
q range was set at min = 0.1933 A-' and max = 6.030 A! with beam stop at 4 mm. The optimum

powder sample was placed on polyimide adhesive tape. The intensity of the SAXS normalized
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as scattering cross section per unit volume of sample, /(g), was generated by 10 keV of X-ray
energy which is presented as a function of the scattering vector (¢) defined as [18]:

q = 4msin(6)/A )
where 0 is scattering angle or beam direction and 4 is the wavelength of X-rays. The collected

results were analyzed by using the SASfit software.

3. Results and discussion

In the first attempt of the experiments, a 1.6 M H2SO4 solution was chosen as the
electrolyte. Fig. 1 shows SEM images of the EG sample (code name EGI1) obtained by
electrochemical exfoliation in 1.6 M H2SO4 solution. The high thickness of resulted powders
is visible in Fig. 1. From Figs. Ic and 1d, it can be deduced that a weak exfoliation process has
occurred for graphite anode, demonstrating the low efficiency of 1.6 M H2SO4 in producing
GNPs. Fig. 2 compares the XRD patterns of PG and EG1 samples. In both samples, the specific
peak of graphite at about 26 degrees is visible; the peak intensity of the EG1 is lower than that
of PG sample, the intensity ratio of the EG1 to the PG is 0.221. The lower intensity of this peak
reveals a lower crystallinity of graphite. Based on the SEM images of Fig. 1, it can be found
that, although the electrochemical treatment caused lower peak intensity of the graphite, the
exfoliation process did not take place adequately and so, the GNPs were obtained. During the
experiment, it has been observed that graphite layers quickly drowned to the bottom of the
container. Therefore, it could be expressed that, the efficiency of electrochemical exfoliation
of graphite is significantly affected by the reaction kinetics. If kinetics of the process is fast,
the intercalation and subsequently, exfoliation of graphite layers would not occur completely.

Although H>SOq is an effective electrolyte for exfoliation of graphite, using it as an electrolyte
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leads to fast electrochemical process. Accordingly, the kinetics of the process should be
lowered.

Addition of an alkaline agent such as KOH, NaOH, etc. is a proper way for decreasing the
kinetics of the process. In the literature, there are some works regarding the positive effects of
H>O:> for improving the efficiency of electrochemical production of GNPs. For example, Rao
et al. [19] successfully introduced a novel electrochemical method for GNPs production. They
used NaOH/H>02/H;O as the electrolyte and reported that the concentration of H,O> had a
great influence on the quality of the obtained GNPs; with increasing the content of H>O> from
0 to 130 mM, the exfoliation degree of graphite significantly was increased. In the another
study, Shaikh et al. [20] investigated the effects of temperature and different contents of H>O>
on the efficiency of electrochemical exfoliation of GNPs. The positive effects of H2O2 on the
production of GNPs via electrochemical method were demonstrated in their study. Therefore,
we used different mixtures of H>SO4 + NaOH + H»O» as the electrolyte. In the second attempt
of our experiments; three concentrations of 0.6, 1.2 and 1.6 M for H2SO4 were used while the

concentrations of NaOH (0.03 M) and H>0> (0.5 M) were kept constant.
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Fig. 1. SEM images of EG1 sample.
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Fig. 2. XRD patterns of PG and EG1 samples.

Figs. 3-5 show the SEM images of obtained EG powders from electrolytes with different
H>SO4 concentrations of 1.6, 1.2 and, 0.6 M, respectively. Fig. 3 shows the obtained powders
from electrolyte with 1.6 M H2SO4 (EG2 sample). It is clear that a remarkable change has
occurred with the addition of NaOH + H20: to the electrolyte. Visibly, the exfoliation process
has been significantly improved in this condition. In other words, as visible in Fig. 3d, the
transformation of graphite to GNPs has partially occurred in EG2 sample. Thereby, it can be
said that a mixture of expanded graphite and graphene has been obtained after the addition of

NaOH + H>0: to the electrolyte.
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Fig. 3. SEM images of EG2 sample.
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Fig. 4. SEM images of EG3 sample.

200 nm

Fig. 5. SEM images of EG4 sample.
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Compared to the first attempt in this study, the improved electrochemical exfoliation of
graphite can be attributed to two reasons. It seems that the addition of NaOH has reduced the
kinetics of the process, and the addition of H>O» has played a significant role in improving the
efficiency of the process. The produced hydroxyl ions by water decomposition caused opening
the edges of graphite layers and consequently, led to enhancing the exfoliation process.
However, the hydroxyl ions have low penetration ability and cannot effectively react with
graphite. When H>0O; is added to the electrolyte, the reaction between H2O2 and hydroxyl ions
results in producing O»>" and water. The presence of O,> ions can effectively enhance the
opening of the graphite layers.

Fig. 4 illustrates the SEM images of the obtained EG powders with the electrolyte
containing 1.2 M HxSO4 (EG3 sample). As visible, a larger proportion of GNPs has been
obtained using the 1.2 M H>SO4, compared to the EG2 sample. In other words, the number of
graphene layers in the EG3 sample is lower than that of the EG2 sample (Figs.4b and 4c). The
SEM images of EG powders with the electrolyte containing 0.6 M H2SO4 (EG4 sample) are
shown in Fig. 5. It is quite evident that the graphene sheets are few-layered with high surface
area, demonstrating the significant improvement in the exfoliation process of the graphite
electrode. According to the SEM images, it can be deduced that with decreasing the
concentrations of H>SO4 from 1.6 to 0.6 M, the efficiency of electrochemical exfoliation of
graphite into GNPs has been found an improving trend.

The XRD patterns of PG, EG2, EG3 and EG4 samples are shown in Fig. 6. It is obvious
that the main peak in the XRD pattern of the samples is around 26 degrees. It is worth noting
that the concentration of HoSOj4 has played a significant role in the intensity of this peak; the

lower concentration of H>SO41is used, the lower peak intensity has resulted. The intensity ratio

11
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of EG4 to PG at 26 degrees is about 0.067. This ratio is about three times smaller than that of
EG1 sample. These observations clearly show the better exfoliation process in the mixture of
H>SO4 + NaOH + H;0s. In a similar study, Abdelkader et al. [21] showed that the diffraction
peak at about 26.6° of the electrochemically exfoliated graphene has a lower intensity,
compared to the graphite. This indicates that the graphite layers have been separated
successfully. In the Singh et al. [22] study, the XRD peak intensity ratio of the graphene to
graphite at 26=26"was about 0.07.

Thereby, it can be said that the obtained GNPs in the electrolyte containing 0.6 M H2SO4
(EG4 sample) is the optimum sample, in our experiments. Therefore, the TEM images, Raman
spectroscopy and FTIR analyses were performed for the EG4 sample. TEM images provide
valuable information about the morphology and number of layers of graphene. Fig. 7 shows
the TEM images of GNPs from EG4 sample. Different transparent regions are visible, showing
the presence of GNPs with a different number of layers. Obviously, the darker zones reveal the
presence of multi-layered GNPs while the brighter zones demonstrate the presence of few-

layered GNPs.

12



This is the accepted manuscript (postprint) of the following article:

Abbandanak, S. H., Aghamohammadi, H., Akbarzadeh, E., Shabani, N., Eslami-Farsani, R., Kangooie, M., &
Siadati, M. H. (2019). Morphological/SAXS/WAXS studies on the electrochemical synthesis of graphene
nanoplatelets. Ceramics International, 45(16), 20882-20890.

https://doi.org/10.1016/j.ceramint.2019.07.077

40,000
35,000 oo
30,000 ] :‘%’_zumm
Vst E 10,000
‘E 25,000 -
= 5 - -
: “1] 26 ol
= 2 Theta (degree)
& 20,000 |
Z —PC —EG2
@ 15,000 ]
s ’
*E EG3 —EG4
10,000 1
5,000
0 " - ]
20 30 40 50 60 70
2 Theta (degree)

Fig. 6. XRD patterns of PG, EG2, EG3 and EG4 samples.
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Fig. 7. TEM images of EG4 sample.

Raman spectroscopy for EG4 sample is shown in Fig. 8. Raman spectroscopy is a useful
and sensitive technique for determining defects and the number of layers of graphene. As
shown, there are three peaks in the range of 1200-3000 cm™'; 1338, 1569, and 2686. These
peaks, respectively, correspond to the D, G and 2D bands. The D peak indicates the presence
of defects in the graphene structure. In addition, the G band is related to the sp? hybrid carbon
atoms. The ratio Ip/Ic represents the defect density of the GNPs. For example, in EG4 sample,
the Ip/Ig ratio is about 0.64, indicating a very low percentage of defects. The I.p/Ig ratio is
another factor in determining the quality of graphene sheets. Higher Ip/Ig ratio indicates
smaller number of layers. For single and bi-layer graphene sheets, the Iop/Ig ratio is 2 and 1,

respectively. The 2D band at 2686 cm™ and the intensity ratio, Ip/Ig = 0.719, confirmed that

14
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although the GNPs in EG4 sample are not single or bi-layered, the number of graphene layers

in this sample is low.
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Fig. 8. Raman spectroscopy of EG4 sample.

Tian et al. [11] used electrochemical rout to produce high-quality with low oxygen content
graphene as a simple and green method. They mentioned that in the acidic pH, the generation
of O, from H>0, would not react with graphite, and would release a large amount of CO» gas
to help exfoliation. The Raman spectrum of this study showed that the I>p/Ig ratio is about 0.34.
This value is much lower than that of our results, indicating the production of few-layered
GNPs in our work. Singh et al. [22] reported that, in Raman spectroscopy analysis, the Ip/Ig
and Dp/lg ratio of was respectively about 0.75 and 0.13 for graphite and 0.34 and 0.32 for

graphene. Their Raman spectroscopy results for graphene showed the increase in the structural
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order and low number of layers in graphene. Comparison between this study and our work
clearly shows the lower number of layers in our obtained graphene.

In another similar study, Gee et al. [16] produced graphene using electrochemical
exfoliation of graphite in H2SO4 solution. In their work, the obtained Ip/Ig ratio (1.21) is so
higher than that of our research, suggesting that graphene surface was partially oxidized
because of H2SO4 intercalation. It has been reported that the Ip/Ig ratio was about 0.36 and
this value is much lower than that of our result, which the larger ratio represents the higher
degree of sp? -hybridized carbon-carbon bonding in graphene structure.

Fig. 9 shows the FTIR spectroscopy analysis for the EG4 sample. Each peak reveals the
presence of specific functional groups or bonds in the GNPs. It is important to note that the
FTIR spectroscopy is a qualitative analysis for determining bonds. The presence of C-O bonds
demonstrates the occurrence of the oxidation process of graphene sheets. Based on the acidic
environment of electrolyte, the presence of C-O bonds is an expected phenomenon. The
presence of OH, C-H, C=C and C-O groups confirm the basal and edge plane defects of GNPs

and these defects are attributed to the electrochemical method used in producing them.
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Fig. 9. FTIR Spectrum of EG4 sample.

According to the above-mentioned results, it can be said that the efficiency of
electrochemical exfoliation of graphite greatly depends on the type of electrolyte used; thick
graphite plates, multi-layered GNPs and few-layered GNPs can be obtained based on
electrolyte concentration. The mixture of HoSO4 + NaOH + H0: as electrolyte resulted in the
production of high-quality and few-layered GNPs.

Typical SAXS results were extracted by collecting data from different locations on the
adhesive tape because the graphene powder was not distributed uniformly on it. Data reduction
was carried out to find the best results and the calculations were conducted to determine the
parameters. The shown scattering pattern in Fig. 10a indicates crystalline structure with random
layer, but this pattern does not necessarily present a specific feature so further integration and

background correction are needed. In Fig. 10b, the space between nano-objects can be
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investigated from SAXS patterns by the radial profile after azimuthal integration. The
interlayer spacing (d) can be calculated from the following equation (Eqn. 2) [23]:

2
d== )
where ¢ is the scattering vector. The interlayer spacing for the exfoliated graphene
nanoplatelets by the electrochemical process is about 36.5 nm which is much more than

graphite interlayer space. It can be expressed that exfoliated layers may be stacked on each

other onto the adhesive tape without any interlayer bonding.
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Fig. 10. Typical SAXS patterns with the respective radial profiles, a) 2D SAXS
diffraction pattern of powder graphene sample (EG4), b) Radial profile of SAXS scattering
corresponded to the irregular structure, a very low q (q ~ 0.0172 A™!) revealing mesoporose

structure due to the exfoliated platelets.

Fractal means that a non-regular object possessing self-similarity on all scales. SAXS

scattering in fractals follows a power law as /(q)~ ¢* — In(I(g)) ~ -aln(g) where « is the slope
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of the linear part of the curve in the diagram of scattering intensity /(g) versus scattering vector
g. Therefore, it can be provided some parameters such as shape and size distribution with a
value [24]. Different values of o correspond to different shapes; 1 for rods, 2 for discs and 3
for spheres. In some intermediate cases when 2< a <3, the objects possess a fractal geometry
[23]. Accordingly, for the EG4 sample, the calculated value for a by fractional Porod’s slope
is 2.25 (Fig. 11a). This value for a implies the flake-like structure with a fractally rough surface
of EG4 sample, indicating the aggregation of some particles. In other words, the calculated
value for a can be attributed to the improper dispersion and distribution of GNPs.

The lower values of the scattering vector reveal that the size range of the particle is too
big which has been measured using SAXS [25]. At the higher values of ¢, the change in
curvature has been slightly appeared owing to the aggregation of small platelets or stacked on
the big particles [26]. The bigger size of GNPs can be related to the exfoliation process by
electrochemical or sonication processes. In other words, it can be deduced that these processes
have not imposed enough energy to intercalation of the ions between the graphite layers [25].
The average grain radius R can be calculated from the radius of gyration (Rg) by estimating
the slope in the linear fit of log (/) vs. f(¢). From this fit line (Fig. 11b), the shapes of disk was
obtained as 2.6 nm < Rg < 2.95 nm using In(/q) = - (¢*) * Rg*/3 + In(lo). Nugraheni et al. [27]
have investigated the structural feature of synthesized reduced graphene oxide (rGO) by SAXS
scattering. They reported that the average fitting slope for powder rGO is 3.24, revealing a
three-dimensional structure with a fractionally rough surface of rGO. The Porod’s slope of
CNTs was also measured to 3.3 which was correspond to CNTs with the nearly isotropic

structure in the fiber/fabric direction.
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Fig. 11. a) SAXS fractional Porod’s slope attributed to flake-like graphene of EG4, b) Linear

=
b
L
=
L

fit to y = a + bx to In(/q)=-(¢*)*Rg?/3+In(ly) for radius of gyration (Rg).

Fig. 12 shows a typical WAXS pattern with the same peaks attributing to the same phase
in the sample of exfoliated graphene. In the graphene, the (002) and (100) planes are two main

peaks as investigated in the patterns [28]. Due to the difference between the wavelength values,
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lattice parameter and interlayer spacing in WAXS and XRD methods, a peak shifting can be
seen in Fig. 12, compared to the XRD patterns. The highly asymmetrical (002) peak is dealing
with less accurate calculation number of graphene layers that can be attributed to the random
arrangement and highly stacked graphene layers. A shift that occurs at the angle of 26 ~ 21
degrees is due to a difference in wavelength between WAXS of 1 = 1.24 A and XRD of 1 =
1.54 A (Cu-Ka). In the top to down methods, the exfoliation method has been recognized as
an important parameter on the number of layers, shape and broadness of (002) peak in the
scattering pattern of graphene. In a study, the WAXS pattern of rGO showed a similar pattern
to XRD data. The (002) peak was located at 20 = 23°, which a shift at the angle was due to the
difference in wavelength between WAXS and XRD and the broadness of peak correspond to
an amorphous structure that possibly was due to a pile of random arrangement of thick parallel

layers [29].

Intensity (a.u)

10 20 30 40 50
2 Theta (degree)

Fig. 12. WAXS pattern disclosing of crystalline domain attributed to GNPs of EG4 sample.
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4. Conclusions

In this study, the morphological evaluation of obtained powders after electrochemical

exfoliation of graphite anode in the electrolytes containing H>SOs was studied and the

following results were drowned:

1. The efficiency of electrochemical exfoliation of graphite was significantly improved using

the mixture of H2SO4 + NaOH + H202, compared to the H2SO4 electrolyte. Generally, the

kinetics of the electrochemical process was controlled by the addition of NaOH and the

expansion degree of layers was enhanced owing to the presences of H20x.

2. SEM observations clearly showed that with decreasing the concentration of H>SO4 from

1.6 to 0.6 M, the efficiency of the process was significantly improved; the lowest used

concentration of H2SO4 resulted in the getting the few-layered graphene nanoplatelets. In

addition, the XRD peak intensity of powders had found a decreasing trend at 26°, showing

the improvement in the exfoliation process of graphite.

3. Raman spectroscopy indicated that the Ip/lg and Lp/lG ratio of the optimum sample was

respectively about 0.64 and 0.719, confirming the low defect density and few layers of

obtained graphene.

4. The SAXS results indicated the fractal of the surface as rough and disc shape with an

interlayer spacing attributed to the exfoliation led to platelets with few layers of graphene

plane. The WAXS pattern for the sample was similar to the XRD pattern, indicating a major

peak belong to the exfoliated graphene nanoplatelets.
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