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production of high-quality
graphene from graphite by the combination of
hydroxyl radicals and electrical exfoliation in
different electrolyte systems

Xin Wang ab and Long Zhang *a

A novel, simple and efficient method by the combination of hydroxyl radicals and electrical exfoliation of

graphite for the green production of high-quality graphene from graphite was first developed in our self-

manufactured exfoliation apparatus. In this work, we focused on the investigation of the roles of various

electrolyte systems for the exfoliation of graphite. Sodium chloride, sodium hydroxide, poly vinyl

pyrrolidone (PVP), dodecyl trimethyl ammonium bromide (DTAB) and sodium dodecyl benzene sulfonate

(SDBS) were tested as the electrolyte. The yields of the graphene product in sodium hydroxide, PVP,

DTAB, sodium chloride and SDBS electrolyte system were 32.9%, 34.0%, 45.2%, 77.5% and 83.5%,

respectively. The experimental result demonstrated that graphite can be successfully exfoliated to

graphene in these electrolytes, with SDBS showing the best exfoliation effect. We further investigated the

effects of process parameters on the graphite exfoliation in the SDBS system by single factor

experiments. The obtained optimal process parameters were as follows: graphite dosage, 5.0 g; SDBS

solution concentration, 10.0% (w/v); applied current strength, 10 mA; air flow, 1.0 L h�1; and exfoliation

time, 3 h. At these conditions, the yield of the graphene product was 89.7%. TEM results revealed that

the graphene product possessed the characteristic features of a thin-layer graphene sheet. XRD results

showed that the graphene products still maintained the structures of carbon atoms or molecules. FT-IR

and Raman results indicated that the products exhibited the characteristic peaks and the absorption

peaks of graphene. AFM test results revealed that the layer number of graphene product obtained was

about 2, while the layer numbers of the graphene products obtained from sodium hydroxide, PVP, DTAB

and sodium chloride systems were 30, 20, 4 and 3, respectively, at the same experimental conditions.

The observed exfoliation effect in the SDBS system was due to its good electrical conductivity, which

was favorable for the formation of hydroxyl radicals in exfoliation. Furthermore, SDBS has good

hydrophilic properties and can enable even dispersion of graphite in the system. These two effects

facilitated the exfoliation of graphite to form good-quality graphene. SDBS as the electrolyte did not

corrode the electrode, and it could be recycled; also, it does not pollute the environment and reduces

the production cost, which is favorable for mass production.
1. Introduction

Graphene is the latest member of the nano-carbon family with
a two-dimensional honeycomb lattice structure of closely
stacked carbon atoms in a single layer.1 It exhibits many special
physicochemical properties such as strong mechanical proper-
ties,2 high electrical conductivity,3 high barrier properties4 and
good catalytic properties.5 Due to these properties, graphene
he Complex Utilization of Petro-resources

ng, Changchun University of Technology,

-mail: zhanglongzhl@163.com; Tel: +86

Institute of Chemical Technology, Jilin,

hemistry 2019
shows numerous application potentials in many elds. Since
Geim et al.6 obtained a single layer of graphene by mechanical
stripping in 2004, many other methods for preparing graphene
have also been developed. At present, the most popular
methods for the preparation of graphene include micro-
mechanical stripping,7–11 ball milling,12–14 chemical vapor
deposition,15–18 solvothermal method,19–21 liquid phase exfolia-
tion22,23 and oxidation–dispersion.24–29 The above preparation
methods oen employ aggressive reagents and are restricted by
the relatively high energy consumption, complex operation,
environmental pollution, occasional low yields and poor
product quality. Electrochemical exfoliation has been widely
studied since it can be easily operated and can be employed to
obtain a graphene product from graphite.30–32 Sahoo et al.30
RSC Adv., 2019, 9, 3693–3703 | 3693
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View Article Online
reported graphene preparation with concentrated sulfuric acid
solution as the electrochemical exfoliation electrolyte to
produce 4–6 layered graphene sheets. Chakrabarti et al.32 con-
ducted a similar research with an ionic liquid, eutectic solvent
and acetonitrile electrolyte to obtain a graphene sheet of 4–5
layers. However, the use of organic solvents and inorganic
strong acids oen leads to environmental problems and
increases the production expense; also, the product quality is
not satisfactory. Therefore, it is necessary to develop a novel
greener production method to resolve the problems mentioned
above.

Hydroxyl radicals have a standard oxidation–reduction
potential of 2.8 V, which is only lower than that of F.33 They can
react with many organic molecules due to their strong oxida-
tion capacity. Moreover, hydroxyl radicals can initiate and
transfer the chain reaction as well as oxidize and decompose
organic substances into less toxic or non-toxic small mole-
cules. The most commonly used methods to generate hydroxyl
radicals include Fenton reaction,33 Haber–Weiss reaction34

and electrochemical methods.35,36 These hydroxyl radical
generation methods have the disadvantages of higher energy
consumption and complex production procedures; also, they
are not suitable for mass applications. The hydroxyl radicals
are mainly used in the elds of sewage treatment, sterilization,
food and vegetable preservation and carbon nanotube modi-
cation.34–36 G. Feng et al.37 introduced $OH (produced by UV
light irradiation) into the synthetic process of zeolite for the
rst time, and the experimental results showed that $OH could
signicantly accelerate the nucleation of zeolite, thereby
accelerating its crystallization process. However, there is no
report on the application of hydroxyl radicals used for graphite
exfoliation to prepare graphene.
Fig. 1 The diagram of hydroxyl radical generation and graphite
exfoliation apparatus.

3694 | RSC Adv., 2019, 9, 3693–3703
In our previous research,38 for the rst time, we successfully
used hydroxyl radical exfoliation for the facile and green
production of high-quality graphene from graphite with sodium
chloride as the electrolyte in our self-manufactured device; also,
the graphite was successfully exfoliated to graphene sheets.
Considering the key roles of the electrolyte in the exfoliation
process, PVP, SDBS, DTAB, etc. were widely39–43 tested, and they
exhibited better dispersion and stabilization functions. In this
work, we compared the effects of different electrolyte systems
on the exfoliation of graphite to nd a suitable electrolyte. To
achieve this goal, experiments with sodium chloride, sodium
hydroxide, PVP, DTAB and SDBS as the electrolytes were carried
out. The effects of process parameters (such as exfoliation time,
electrolyte concentration, graphite dosage, applied current
strength and air ow) on the production of graphene were
investigated using SDBS as the suitable electrolyte. The experi-
mental results proved that graphite was successfully exfoliated
into the graphene product. The layer number of graphene ob-
tained in the SDBS electrolyte system was about 2, while the
layer numbers of graphene products in sodium hydroxide, PVP,
DTAB and sodium chloride electrolytes were 30, 20, 4 and 3,
respectively, at the same experimental conditions.
2. Experimental
2.1 Materials and instruments

Flake graphite (carbon content of 97%, moisture content of less
than 0.5%, density of 1.6 g cm�3, ake size of 0.5 mm) was
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Sodium chloride (AR), sodium hydroxide
(AR), poly vinyl pyrrolidone (PVP) (AR), dodecyl trimethyl
ammonium bromide (DTAB) (AR), sodium dodecyl benzene
sulfonate (SDBS) (AR) and ethanol (AR) were all purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

The hydroxyl radical production and graphite exfoliation
apparatus was designed and manufactured by our laboratory,
and the detailed device diagram is shown in Fig. 1. An analytical
balance (TG328A) was purchased from Balance Instrument
Factory (Shanghai, China). The pumping equipment was
purchased from Guohua Electric Co. (Shanghai, China). The
vacuum drying oven was purchased from Anteing Electronic
Instrument Factory (Shanghai, China).
2.2 Experimental devices

This device is a high efficiency hydroxyl radical generation
apparatus. The apparatus consists of a current regulator, an
electrode system, a gas inlet and a distributor, a ow meter,
a feed port, an air outlet and a product exit. The reaction liquid
(water and electrolyte) and graphite were added from the feed
port. The air ow rate was adjusted by a ow meter. The air and
graphite were evenly distributed in the reaction medium under
the action of the air distributor, and the intensity of the applied
current was adjusted by the current regulator. When an electric
current was applied, water was decomposed and oxidized to
produce $OH in the reactor with graphite as the catalyst, and the
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XRD patterns of the products obtained from different
electrolytes.
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View Article Online
formed $OH subsequently reacted with graphite to produce
graphene.

Aer the completion of exfoliation, graphene was removed
from the product exit, ltered, and washed with distilled water
and dried (60 �C for 18 hours) to get the product. The diagram of
the apparatus is shown in Fig. 1.

2.3 Preparation procedures

Graphite powders were loaded into the hydroxyl radical appa-
ratus containing a volume of SDBS solution according to the
experimental design. The applied current strength in the
process was adjusted by a variable resistor having 50–500U. The
exfoliation experiments were started when the electric current
was applied; the electrode oxidatively decomposed the water to
produce $OH in the reactor with graphite as the catalyst, which
subsequently reacted with graphite to produce graphene. The
graphite added to the reaction liquid also served as a catalyst,
due to which the generation of hydroxyl radicals and the reac-
tion between the hydroxyl radicals and the graphite in the
solution occurred simultaneously. Aer the designed exfolia-
tion time, the solution was ltered and washed and the solid
was dried (60 �C for 18 hours) and ground to powder for char-
acterization; the ltrate was reused for the next experiment.

To compare the effects of different electrolyte systems on
exfoliation, experiments with sodium chloride, sodium
hydroxide, PVP, SDBS and DTAB as the electrolytes were carried
out. Then, we chose the suitable electrolyte system for further
process optimization. Five process factors (exfoliation time,
electrolyte concentration, graphite dosage, applied current
strength and air ow) were designed and tuned in the
exfoliation.

2.4 Characterization

2.4.1 Morphological elucidation. Morphological informa-
tion of the samples was obtained by a H800 transmission
electron microscope (Tokyo, Japan). Further morphological
information was obtained by an atomic force microscope.

2.4.2 Structural investigation. The molecular structure of
the graphene product obtained was identied by X-ray diffrac-
tion. Aer vacuum drying and grinding to powders, samples
were scanned and recorded using an X-ray diffractometer
(Rigaku, Japan) with an X-ray generator from 15 to 60 of 2q
(diffraction angle) using Cu/Ka irradiation at 55 mA and 60 kV.
The structural information of the product was obtained by
Raman (Horiba JY) and FT-IR spectroscopy. Fourier transform
infrared (FT-IR) spectra were obtained with an IS50 FT-IR
system spectrometer (Horiba JY). The scanned wave number
range was 4000–400 cm�1. Aer vacuum drying and grinding to
powders, the powders and KBr were compacted into disks and
analyzed.

2.4.3 Product yield determination. The graphene disper-
sion has a good Lambert–Beer behavior, and the concentration
of the graphene dispersion has a good linear relationship with
the ultraviolet absorbance. A/I¼ aC, where A/I is the absorbance
value of the unit cuvette length, C is the concentration of the
graphene dispersion, and a is the extinction coefficient of the
This journal is © The Royal Society of Chemistry 2019
graphene dispersion. A large number of studies have reported
that the ultraviolet characteristic detection wavelength of gra-
phene is 660 nm, and graphite has no absorption peak here. It is
reported44 that the extinction coefficient (a) ¼ 3620 L�1 g�1 m�1

for the graphene dispersion at l ¼ 660 nm. The dosage of
graphite was 4.0 g, and the reaction liquid was 1.0 L in the above
experiments. The reaction solution aer exfoliation (quiescent
for 2 hours) was diluted and then subjected to ultraviolet
detection at 660 nm. The yields of the product were calculated
by the following eqn (1). Under optimal conditions, the dosage
of graphite was 5.0 g, and the reaction liquid was 1.0 L. At these
conditions, the yield of the product was calculated by the
following eqn (2).

Yield ¼ C O (4 g/1 L) � 100% (1)

Yield ¼ C O (5 g/1 L) � 100% (2)

C – concentration of graphene dispersion (g L�1).

3. Results and discussion
3.1 Graphite exfoliation in various electrolyte systems

To compare the effects of different electrolyte systems on the
exfoliation of graphite to produce graphene, experiments with
sodium chloride, sodium hydroxide, PVP, SDBS and DTAB as
electrolytes were carried out. The experiments were performed
at an electrolyte concentration of 5.0%, air ow of 1.0 L h�1,
applied current strength of 10 mA, graphite dosage of 4.0 g and
reaction time of 3 h.

The XRD results are shown in Fig. 2. Fig. 12 shows that there
are two characteristic peaks in the XRD pattern of the graphene
product (around 2q ¼ 27� and 2q ¼ 54�), indicating that the
product has carbon-based material composition and internal
carbon atoms or a molecular structure.32,33,44,45 This indicated
that the ve electrolytes have an effect on exfoliation while
forming graphene by our method. Visibly, the positions of the
characteristic XRD peaks for the products obtained from
RSC Adv., 2019, 9, 3693–3703 | 3695
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Fig. 3 TEM images of the samples produced with (a) sodium chloride; (b) sodium hydroxide; (c) PVP; (d) SDBS and (e) DTAB as the electrolytes.
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different electrolytes did not shi, illustrating that the electro-
lytes did not change the internal structure of the product. The
TEM images in Fig. 3 display that the samples obtained using
different electrolytes possess the characteristic features of
a thin-layer graphene sheet, which indicates that graphite is
successfully exfoliated into a uniform thin layer of graphene.
Fig. 4 and 5 show the FT-IR and Raman diagrams, respectively.
The key absorption peaks of graphene were observed. The
strength of the absorption peaks of graphene products in
sodium hydroxide and PVP electrolyte systems were signi-
cantly weaker than those observed for the other 3 electrolyte
systems. This result was obtained due to the following reasons:
Fig. 4 FT-IR patterns of the products obtained from different
electrolytes.

3696 | RSC Adv., 2019, 9, 3693–3703
the addition of sodium hydroxide can increase the oxygen
precipitation side effect in the anode46,47 to hinder the genera-
tion of hydroxyl radicals; also, PVP is poorly hydrophilic, which
is not conducive to the uniform dispersion of graphite in the
system. Meanwhile, the absorption peaks of the products with
DTAB as the electrolyte were weaker than those with sodium
chloride and SDBS. Although the three electrolytes were
strongly hydrophilic, the solubilities at 20 �C were 13 g L�1,
362 g L�1 and 100 g L�1, respectively. As DTAB is relatively less
hydrophilic, it was not favorable for the formation of hydroxyl
radicals. The absorption peak strength of the product with SDBS
as the electrolyte was stronger than that in the sodium chloride
system. On one hand, this was because SDBS is an anionic
surfactant with good electrical conductivity, which is favorable
Fig. 5 Raman spectra of the products obtained from different
electrolytes.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09752f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 4

:3
3:

04
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
for the formation of hydroxyl radicals and it can avoid the
corrosive effect of the salt electrolyte. On the other hand, SDBS
is strongly hydrophilic, which enables even dispersion of
graphite in the system. Therefore, these two effects facilitated
the exfoliation of graphite to form good-quality graphene.
Meanwhile, the anions generated during the ionization in water
ensured the charge balance in the solution. In summary, SDBS
is the best electrolyte for our method. We further studied the
effects of process parameters on exfoliation in the SDBS elec-
trolyte system.
Fig. 7 FT-IR patterns of the products obtained with various electrolyte
concentrations.

Fig. 6 FT-IR patterns of the products obtained with different reaction
times.
3.2 Optimization of process parameters

3.2.1 Effect of exfoliation time. The conditions to study the
effects of exfoliation times on the exfoliation process were set as
follows: the concentration of the SDBS solution was 5.0% (w/v),
the air ow was 1.0 L h�1, the applied current strength was 10
mA, the dosage of graphite powder was 3.0 g and the exfoliation
times ranged between 1 h and 15 h. The FT-IR result is shown in
Fig. 6. It can be seen that the main absorption peaks of the
samples obtained by different exfoliation times were at
1045 cm�1, 1264 cm�1, 1512 cm�1, 1620 cm�1 and 3400 cm�1.
The characteristic peaks at 1264 cm�1 and 1512 cm�1 were
assigned to the C–O–C vibration absorption peak48,49 and the
stretching of the C–O bond.50,51 The peak at 1045 cm�1 was
caused by the C–OH vibration.52 Moreover, the transmittance
peak appearing at the wave number of 1620 cm�1 corresponded
to the sp2 structure of the graphite crystal C]C stretching
vibration peak.53 The broad and strong absorption peak in the
ngerprint regions around 3000–3700 cm�1 could be attributed
to hydroxyl stretching vibration.48,51 These results further indi-
cated that the preparation method introduced hydroxyl radicals
into graphene without changing the carbon-based structure.
Fig. 6 shows that when the time was extended, the intensity of
the characteristic peak of graphene rst increased and then
decreased and reached the maximum at 3 h. This is due to the
synergistic effect of electrical exfoliation and oxidation of
hydroxyl radicals. At the beginning, more hydroxyl radicals were
produced with the increase in time, enhancing the synergistic
effect. However, when the time was prolonged, graphene
restacking was more pronounced. This resulted in decrease in
the intensity of the characteristic peaks. Therefore, the appro-
priate reaction time was 3 h, and the subsequent experiments
were carried out for 3 h.

3.2.2 Effect of SDBS solution concentration. The effect of
the electrolyte concentration on the preparation of graphene
was studied at its concentration from 1.0% (w/v) to 10.0% (w/v);
the air ow rate was 1.0 L h�1, the applied current strength was
10 mA, and the dosage of the graphite powder was 3.0 g. The
results are shown in Fig. 7.

It can be easily seen from Fig. 7 that the intensity of the
graphene characteristic peak increased as the electrolyte
concentration was increased; it reached the maximum at
10.0% (w/v) and then decreased. This phenomenon can be
attributed to the increase in the conductivity of the solution
when a higher concentration of electrolyte is used. Good
electrical conductivity leads to good $OH formation and
This journal is © The Royal Society of Chemistry 2019
a better synergistic effect with electrical exfoliation. Further-
more, the solubility of SDBS at 20 �C was 100 g L�1, and the
conductivity did not continue to increase when the solution
was saturated at a higher electrolyte concentration; this indi-
cated that the generation of hydroxyl radicals did not increase,
and excess undissolved SDBS was not conducive to the
dispersion of graphite in the system, due to which the inten-
sity of the characteristic peak of graphene decreased. There-
fore, when the electrolyte concentration was less than 10.0%
(w/v), the increase in the conductivity was dominant; when
the concentration exceeded 10.0% (w/v), the reduction in
hydroxyl radicals contributed more and was predominant. The
selection of optimal electrolyte concentration for the genera-
tion of hydroxyl radicals in different electrolyte systems by
different production methods is also reported in litera-
tures.54–57 Therefore, it is reasonable to expect that an optimal
concentration of the electrolyte may exist. Meanwhile, SDBS is
a clean anionic surfactant; it has almost no corrosion for the
electrodes at higher concentrations. As can be inferred from
the results, 10.0% (w/v) electrolyte concentration was found to
be suitable for the investigation.
RSC Adv., 2019, 9, 3693–3703 | 3697
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Fig. 9 FT-IR patterns of the products obtained with different direct
current strengths.Fig. 8 FT-IR patterns of the products obtained with different graphite

dosages.
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3.2.3 Effect of graphite dosage. The dosage of graphite is
a key parameter because graphite is not only the raw material
for the reaction, but also acts as a catalyst for the process. Fig. 8
shows the effect of the graphite dosage on the exfoliation of
graphene at an air ow of 1.0 L h�1 and applied current strength
of 10 mA; the dosage of the graphite powder was changed from
1.0 g to 8.0 g.

As can be seen from Fig. 8, as the amount of graphite was
increased, the peak intensity of graphene increased rst and
reached the maximum at 5.0 g; then, it decreased. This is
because higher dosage of graphite resulted in better catalytic
activity, which led to an increase in the intensity of the char-
acteristic peaks of graphene. At the same time, the higher the
dosage of graphite, the higher the restacking of graphene and
its uneven dispersion, which resulted in decrease in the char-
acteristic peak intensity of graphene. From the results, the
suitable dosage of graphite was found to be 5.0 g.

3.2.4 Effect of applied current strength. Fig. 9 shows the
effects of the applied current strength on the exfoliation
process. The applied current strength was adjusted from 2 mA
to 15 mA.

The result in Fig. 9 shows that when the applied current
intensity was increased, the intensity of graphene characteristic
peak rst increased, achieved a maximum at 10 mA and then
decreased. This may be due to the combination of hydroxyl
radical exfoliation and electrical exfoliation. Within a certain
range, a relatively higher applied current intensity, indicating
a higher power input, can result in higher hydroxyl radical
generation and better electrical exfoliation effects. However,
when the current is very high, the cathode and the anode will
have hydrogen and oxygen precipitation side reactions.58,59 The
reactions are given as (3) and (4). Bipolar side effects can lead to
decrease in hydroxyl radical production, current efficiency and
the effect of electrical exfoliation.

2H2O � 4e / O2[ + 4H+ (3)
3698 | RSC Adv., 2019, 9, 3693–3703
2H+ + 2e /H2[ (4)

To ensure better exfoliation, 10 mA was applied as the suit-
able applied current strength.

3.2.5 Effect of the air ow. Generally, a higher air ow
allows the graphite to be more uniformly dispersed in the
solution and facilitates better contact of graphite with the
produced $OH, thereby improving the preparation. From an
economical point of view, the use of high air ow is not
considered as cost effective due to high operating costs and
energy consumption. The effect of the air ow rate on graphene
exfoliation is shown in Fig. 10. The experiments were carried
out under the above-mentioned optimum conditions. From
Fig. 10, it can be seen that the intensity of the characteristic
peak of graphene rst increased with increasing air ow up to
the maximum at 1.0 L h�1 and then decreased. This was
because a higher air ow could initially accelerate the mass
transfer rate and the $OH formation; however, when the air ow
was very high, the mass transfer interfacial area decreased at
Fig. 10 FT-IR patterns of the products obtained with various air flows.

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 TEM images of the samples produced at optimum conditions.
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unit time. This was not favorable for $OH formation and mass
transfer rate, leading to decrease in the strength of the char-
acteristic peak of graphene. Hence, the air ow of 1.0 L h�1 was
selected.

In summary, the optimal exfoliation conditions of graphene
were as follows: SDBS electrolyte concentration, 10.0% (w/v);
graphite dosage, 5.0 g; exfoliation time, 3 h; applied current
strength, 10 mA; air ow, 1.0 L h�1.
3.3 Mechanism discussion

3.3.1 Transmission electron microscopy (TEM) analysis. To
investigate the mechanism of the method, the structural change
in the graphene product obtained under optimum exfoliation
conditions was observed using a transmission electron
microscope.

The results are shown in Fig. 11. As can be seen from Fig. 11,
the presence of wrinkles and folds on the sheet is the charac-
teristic feature of thin-layer graphene sheets,60 which indicates
that graphite was successfully exfoliated into a uniform thin
layer of graphene.
Fig. 12 XRD patterns of raw materials and the graphene product.

This journal is © The Royal Society of Chemistry 2019
3.3.2 X-ray diffraction (XRD) analysis. The exfoliation
degree of the graphene product obtained by the method was
studied by X-ray diffraction (Fig. 12); the XRD pattern of
graphite is also presented in this gure. Fig. 12 shows that there
are two characteristic peaks in the XRD pattern of the graphene
product (around 2q¼ 27� and 2q¼ 54�), which were assigned to
the (002) plane.60–63 The graphene product exhibited almost the
same diffraction peak as graphite, which indicated that gra-
phene still retained the structure of carbon atoms or molecules;
however, the diffraction peak broadened and the intensity
weakened. This is because the size of the layer became smaller
when graphite was transformed to graphene.48 The result of the
XRD analysis was in good agreement with that of TEM analysis.

3.3.3 Raman spectroscopy (Raman) analysis. Structural
changes during the oxidation and exfoliation process can be
observed by Raman spectroscopy. Fig. 13 shows the Raman
spectra of the graphene product. As can be seen, Raman peaks
at l351 cm�1, l582 cm�1, 2720 cm�1 and 3250 cm�1 are gra-
phene's characteristic peaks, which can be attributed to the D,
G, D0(2D) and G0 modes, respectively. The G and D peaks were
Fig. 13 Raman pattern of the graphene product.

RSC Adv., 2019, 9, 3693–3703 | 3699
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due to the sp2 structure. The G peak was due to the stretching
motion of all sp2 atom pairs in the carbon ring or long chain.60,63

The D peak was produced by the sp2 atom's respiratory vibra-
tion mode in the carbon ring, which indicated that some sp2

hybridized carbon atoms in the structure were converted to sp3

hybrid structures. This transformation may destroy the C]C
double bond in the graphite layer. In addition, the intensity
ratio of the G band to the D band also represents the sp2/sp3

carbon atom ratio.64,65 As can be seen from Fig. 13, the intensity
of the G band is much stronger than that of the D band, indi-
cating that the carbon skeleton structure has not changed. This
is very consistent with the FT-IR analysis. D0(2 D) and G modes
belong to the sum and the frequency of the unordered Raman
mode, and Raman allows the presence of intact graphite crys-
tals and defects. Graphene has a low degree of graphitization.
Therefore, D0 (2D) and G0 modes are usually very weak and wide.
The second-order Raman peak was not considered here.51 The
graphene absorption peak at 2720 cm�1 shied slightly at
different layers. Femri et al.66 studied the change in the 2D peak
position with the number of layers of graphene and used the
double resonance model to explain this phenomenon. To
further investigate the number of layers of graphene products,
AFM analysis was used.

3.3.4 Atomic force microscopy (AFM). Atomic force
microscopy is the most direct and effective method to charac-
terize graphene materials. The use of AFM makes it possible to
Fig. 14 AFM images of the samples obtained with (a) sodium hydroxide;

3700 | RSC Adv., 2019, 9, 3693–3703
observe single-layer graphene. The thickness of graphene is
only 0.335 nm; thus, it is difficult to observe it by SEM, but it can
be clearly observed by AFM. Geim et al.6 found that a single
graphene attached to the surface of a Si wafer and a certain
thickness (300 m) of SiO2 layer can be clearly observed under an
atomic force microscope. To further identify the number of
layers of the graphene products by different electrolyte systems,
AFM analysis was used; the results are shown in Fig. 14. From
Fig. 14(a)–(d), it can be seen that the thicknesses of the gra-
phene products obtained using sodium hydroxide, PVP, DTAB
and sodium chloride as electrolytes are 9 nm, 7 nm, 1.6 nm and
1.1 nm, respectively, which indicate that the layer numbers of
the graphene products are 30, 20, 4 and 3. From Fig. 14(e), it can
be seen that the thickness of the graphene product obtained
using SDBS electrolyte is 0.6 nm, which shows that the layer
number of the graphene product is about 2. The AFM result
showed that the quality of graphene is good, which can be
attributed to the synergistic effect between the strong oxidation
of hydroxyl radicals and electrical exfoliation. The schematic
representation of the exfoliation mechanism can be seen in
Fig. 15. The method has the advantages of simplicity, mild
preparation conditions, no use of aggressive reagents, recycling
of the reaction medium, etc. Thus, it can be an alternative green
and efficient method for the production of graphene and gra-
phene derivatives in industry.
(b) PVP; (c) DTAB; (d) sodium chloride and (e) SDBS as the electrolytes.

This journal is © The Royal Society of Chemistry 2019
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Fig. 15 Schematic representation of the exfoliation mechanism.
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3.4 Yield of the production

The experiments with sodium hydroxide, PVP, DTAB, sodium
chloride and SDBS as the electrolytes were carried out under the
conditions mentioned in Section 3.1. The experiment with SDBS
as the electrolyte under optimal conditions was also carried out.
The concentrations of the graphene dispersions obtained from
sodium hydroxide, PVP, DTAB sodium chloride and SDBS
electrolytes were measured to be 1.313 g L�1, 1.360 g L�1,
1.811 g L�1, 3.102g L�1 and 3.341 g L�1, respectively. The
concentration of the graphene dispersion obtained by the SDBS
system under optimal conditions was 4.485 g L�1. The yields of
the graphene products in sodium hydroxide, PVP, DTAB,
sodium chloride and SDBS electrolyte systems were 32.9%,
34.0%, 45.2%, 77.5% and 83.5%, respectively. The yield of the
graphene product in the SDBS system under optimal conditions
was 89.7%.
Fig. 16 FT-IR patterns of the graphene product obtained with
different electrolyte recycling times.
3.5 Recycling of the electrolyte

To study the effect of the reuse of electrolyte, we collected and
recycled the electrolyte aer the experiment. All the experiments
were performed at optimal exfoliation conditions: SDBS elec-
trolyte concentration, 10.0% (w/v); graphite dosage, 5.0 g;
exfoliation time, 3 h; the applied current strength, 10 mA; air
ow, 1.0 L h�1. The results of the electrolyte recycling for 3 times
are shown in Fig. 16.

It can be seen from Fig. 16 that the main absorption peaks
are the same, which indicates that the electrolyte can be recy-
cled and used. However, the absorption peaks of the products
aer recycling 2 times and 3 times were slightly weakened
because of the loss of electrolyte during recycling. The recycla-
bility of the electrolyte further proves that our production
method can be a green and potential method for graphene
production in industry.
4. Conclusion

In this work, we investigated a new method by the combination
of hydroxyl radicals and electrical exfoliation to produce gra-
phene from graphite. The roles of various electrolyte systems
(sodium hydroxide, PVP, DTAB, sodium chloride and SDBS) for
the exfoliation of graphite were investigated. The yields of the
graphene products in sodium hydroxide, PVP, DTAB, sodium
This journal is © The Royal Society of Chemistry 2019
chloride and SDBS electrolyte systems were 32.9%, 34.0%,
45.2%, 77.5% and 83.5%, respectively, with SDBS showing the
best exfoliation effect. The obtained optimal process parame-
ters were as follows: graphite dosage, 5.0 g; SDBS solution
concentration, 10.0% (w/v); applied current strength, 10 mA; air
ow, 1.0 L h�1; and exfoliation time, 3 h. Under optimal
conditions, the yield of the graphene product was 89.7%. Under
optimal conditions, the layer number of the graphene product
was about 2, while those of the products of sodium hydroxide,
PVP, DTAB and sodium chloride systems were 30, 20, 4 and 3,
respectively, at the same experimental conditions. The good
quality of graphene could be attributed to good electrical
conductivity and excellent hydrophilic properties of SDBS,
which were favorable for the formation of hydroxyl radicals and
enabled even dispersion of graphite. These two effects facili-
tated the exfoliation of graphite to form good-quality graphene.
SDBS as the electrolyte did not corrode the electrode, and it
could be recycled; also, it does not pollute the environment and
reduces the production cost, which is favorable for mass
production.
RSC Adv., 2019, 9, 3693–3703 | 3701
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