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In this study, the effect of microwave irradiation on reduction of
graphene oxide films was investigated. The few-layer graphene (FLG)
sheets were prepared by the electrochemical exfoliated method. The
reduction process was completed with a microwave power as low as
42 W below a temperature of 250 °C in air. The Raman and XPS spectra
demonstrated that a larger amount of oxygen functional groups were
removed by microwave irradiation, which is much more effective than
the usual method of mild-thermal treatment at 250 °C for 30 min. The
FLG films treated by microwave irradiation showed a low value of
sheet resistance around 6 x 10° Q [17. The results demonstrate that
the use of microwave irradiation provides a simple and effective
method for eliminating oxygen functional groups to produce highly
conductive graphene films.

Introduction

Graphene, as a single-atom-thick layer of graphite, has been
extensively studied for its many functional properties, such as
excellent optical transparency, flexibility and electrical conduc-
tivity. Monolayer graphene is almost optically transparent, and it
absorbs only 2.3% of the visible light." Also, it exhibits consid-
erably high electron mobility, which exceeds 2 x 10° em®> V' s~"
at a carrier concentration of n = 10> ecm 2.2 These unique
properties make graphene films appropriate material for trans-
parent conductive films applying in transparent conductors,**
solar cells>® and optoelectronic devices.”

So far, large efforts have been made to develop simple methods
for the production of graphene with a large scale and a high quality.
Several methods such as micromechanical exfoliation,® epitaxial
growth on SiC,’ chemical vapor deposition (CVD)," chemical exfoli-
ation" and electrochemical exfoliation>* have been widely studied.
As a novel one-step method for obtaining high-quality graphene,
electrochemical exfoliation of graphite has attracted great interest
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due to its potential advantages of low-cost and solution-processed
fabrication. This method uses a chemical aqueous or non-aqueous
solution as electrolyte, and an electrical current is applied to drive
structural expansion and exfoliation of graphite for producing gra-
phene sheets. Exfoliation in non-aqueous (such as ionic liquid)
solution usually leads to functionalization of graphene with ionic
liquid.*** Also, large consumption of ionic liquid makes this method
expensive. Whereas, using aqueous acid solution as electrolyte is an
appealing method for producing graphene in high quality and large
lateral size. However, the application of sulphuric acid and positive
potentials to the graphite unavoidably lead to oxidation of graphite,
resulting in the formation of graphene with a certain degree of
oxidation.”***® Thus, to obtain high conductivity graphene films,
a post-reduction process is needed for the electrochemical exfoliated
graphene. Generally, the subsequent reduction process for graphene
oxide involves thermal or chemical treatments to partially eliminate
the oxygen functional groups. In the chemical reduction method,
graphene oxide can be reduced via chemical reaction with N,H,,"
NaBH,,” and HI,** but these chemical agents are hazardous and
usually introduce impurities in reduced graphene oxide. While for
the thermal treatment of graphene oxide, high temperature (around
1000 °C) under inert-gas protection is usually needed to improve the
high conductivity of graphene,” which is impossible for glass or
plastic substrates. Therefore, an environmental friendly reduction
of graphene oxide at a low temperature seems to be very important.

Microwave irradiation, as a convenient and efficient heating
method, has been widely used in the field of material synthesis,
such as in the synthesis of colloidal inorganic nanocrystals*
and nanoparticles.> Recently, it has been reported that few-
layer graphene with a high quality can be produced from
graphite oxide by microwave irradiation.>*>*® This method
includes a reduction and exfoliation of graphite oxide simulta-
neously. For the microwave-assisted exfoliation method, the
main attention has been paid to the improvement of quality and
yield for graphene production. However, it should be noticed
that microwave irradiation also has a direct reduction effect on
graphite oxide. It is well known that the main difference
between graphene oxide and graphite oxide is the number of
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single-atom layers. In the case of graphene oxide, there are less
than 5 layers, while for graphite oxide; its thickness is much
larger than 5 layers. Therefore, microwave irradiation may be an
effective method for the reduction of graphene oxide. In addi-
tion, in those previous studies, a high power about 1000 W was
used and the local temperature of graphite oxide could exceed
1000 °C, so that the reduction effect on graphite oxide was
attributed to such a high temperature. In addition to the effect
of temperature, the directed interaction between microwave
and graphite oxide was less mentioned. As mentioned above,
such high temperatures are not suitable for the fabrication of
graphene films on flexible substrates. Therefore, the reduction
effect of microwave irradiation with a low power on the gra-
phene oxide is needed to be studied.

In this study, few-layer-graphene (FLG) sheets with a low level
of oxygen functional groups are obtained by the electrochemical
exfoliation of highly oriented pyrolytic graphite (HOPG). The
morphology and thickness of the FLG sheets are observed by
transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM). Statistical distributions for the thickness and
lateral size of the FLG sheets are estimated using atomic force
microscopy (AFM). Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS) are used to investigate the defects and
chemical composition of the FLG films before and after micro-
wave irradiation. The results show that a simple and effective
method is realized by using microwave irradiation to reduce
graphene oxide for producing highly conductive graphene films.

Experimental procedure
Materials and methods

Highly oriented pyrolytic graphite (HOPG; 1.5 cm x 1.5 cm X
0.3 mm) was purchased from Sigma Aldrich and used as
received. 98% H,SO,, KOH were supplied by China Medicine
and used without further purification. Deionized (DI) water was
used as the solvent throughout the experiments. FLG sheets
were obtained by electrochemical exfoliation of the HOPG, as
shown in Fig. 1. For preparation of FLG films on SiO,/Si
substrates, the FLG sheets was dispersed in a dimethylforma-
mide (DMF) solution, and then the DI water was mixed in the
solution by volume ratio of 1:5. The FLG thin film self
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aggregated on the surface of the above solution, and then
was transferred on the SiO,/Si substrate by dip coating. For
microwave irradiation, we used a single mode microwave
(frequency = 2.45 GHz) generator with a waveguide in TE103
mode, which has been described clearly in one of our previous
papers.” The wavelength (4,) of the standing wave formed in
this cavity is 12.24 cm. The maximum electric or magnetic field
can be established at a specific position by moving a plunger
at the end of the waveguide. Each sample was placed at the
center of the highest magnetic field for microwave irradiation.
During the microwave irradiation procedure, the temperature
of the sample was measured by using an infrared thermometer
(CTLaser2 M; Optris, Berlin, Germany). This sensor could not
measure sample temperatures below 250 °C. The microwave
irradiation treatment was carried out with an output power of
42 W for 5 min in air. No temperature over 250 °C could be
detected during the microwave irradiation process, indicating
that the temperature of the FLG film was below 250 °C. For
comparison, the FLG films were also treated at 250 °C for
30 min by conventional annealing (CA) in an electric furnace
at the atmosphere. We have done the experiment about the
effect of microwave irradiation for many times, and the repro-
ducibility of the experimental results has been confirmed.

Characterization

The morphology and microstructure of FLG sheets were inves-
tigated by transmission electron microscopy (TEM; Tecnai G2
F20, FEI). For TEM investigations, the diluted FLG sheets
dispersion was dropped on a carbon-coated copper grid and
dried under ambient conditions. The statistical distributions
of the thickness and lateral size for the FLG sheets were esti-
mated by atomic force microscopy (AFM; Nanoscope IV, Veeco).
The substrate was smooth enough for a reliable analysis of the
FLG sheet thickness by AFM. Raman spectra of the FLG films
were collected by JY HR800 (laser wave length 632 nm and laser
spot size is ~0.5 pm). Chemical composition of FLG films were
determined by X-ray photoelectron spectroscopy (XPS; Thermo
ESCALAB 250, Thermal Fisher). Measurements for the electrical
conductivity of FLG films were carried out on a TCP-610 using
a four-point-probe head with a pin distance of 1 mm.

Fig.1 (a) Schematic illustration of the setup for electrochemical exfoliation; (b) a photo for the electrochemical exfoliation of HOPG; (c) a photo
of “graphene paper” containing FLG sheets obtained by electrochemical exfoliation. The inset is a photo of the dispersed FLG sheets in the DMF

solution.
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Results and discussion

Fig. 1(a) shows a schematic illustration of the experimental setup
for the electrochemical exfoliation of the HOPG. Typically, this
procedure is carried out in a double electrode device, where the
HOPG and Pt wire are used as the working electrode and counter
electrode, respectively. The electrolyte was prepared by diluting
98% H,SO, in 100 ml of deionized water. 30% KOH solution was
added for adjusting the pH value to slow down the oxidation rate by
H,S0,. Prior to the exfoliation of HOPG, a low bias voltage (2.5 V)
was applied on the working electrode for 1 min to make a micro-
expansion of the HOPG and probably lead to the intercalation
of SO,* ions more efficient. Then an altering high bias voltage
(+10/—10 V) was given to the working electrode until desired
amounts of exfoliated FLG sheets were obtained. When applying
a positive voltage (+10 V), the HOPG begin to expand quickly, then
small pieces of graphene sheets dissociated from the HOPG, and
dispersed in to the electrolyte surface, as shown in Fig. 1(b). When
the bias voltage was switched to —10 V, the oxidation functional
groups were eliminated at some extent through the cathodic
reduction reaction. Afterward, the exfoliated FLG sheets were
collected by vacuum filtration and washed with DI water repeatedly
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to remove the residual electrolyte. After drying, a piece of “graphene
paper” was obtained, as shown in Fig. 1(c). The “graphene paper”
was dispersed in the DMF solution. This solution contained
a homogeneous dispersion of FLG sheets and large amounts of
macroscopic graphite particles, which were also produced in the
electrochemical exfoliation process. To remove such unwanted
macroscopic particles, the solution was subjected to a centrifuga-
tion at 2500 rpm for 30 min. Finally, a dark dispersion was obtained
as shown as the inset in Fig. 1(c). This FLG dispersion was used
for the preparation of the FLG films.

Fig. 2 shows typical TEM and HRTEM images of the exfoliated
FLG sheets. As shown in Fig. 2(a), a FLG sheet with a lateral size
about 5 pm is observed. Fig. 2(b) shows the selected area electron
diffraction (SAED) pattern. The typical 6-fold symmetry in the SAED
patterns is consistent with the hexagonal structure, and the stronger
diffraction from the (1 2 1 0) plane than from the (0 1 1 0) plane
indicates the high crystallinity of a bilayer graphene sheet. As shown
in Fig. 2(c) and (d), the HRTEM images show the exfoliated FLG
sheets with 2 and 4 layers, respectively. In addition, the interlayer
distance of the FLG sheet is estimated to be about 0.42 nm,
which is larger than that of graphite (0.335 nm). This may be
attributed to the intercalation of oxygen functional groups and

% oz os 05 os 1o 12 18 18

Fig. 2 (a) A low-magnification TEM image of the exfoliated FLG sheet; (b) SAED patterns of the exfoliated FLG sheet; (c) and (d) the HRTEM
images of the bilayer and 4-layer graphene. The inset in (d) is the corresponding intensity line profiles for the interlayer distance of the exfoliated

FLG sheet (indicated by the black line in the HRTEM image).
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anionic SO* originated from the electrolyte during the exfoliation
process.” In the subsequent X-ray photoelectron spectroscopy (XPS)
analysis, a large amount of oxygen and a small amount of sulfur
were detected in the as-prepared FLG film, which confirms this
conjecture.

To confirm the average size and thickness of the electro-
chemically exfoliated FLG sheets, the atomic force microscopy
(AFM) was used for further estimation. Fig. 3(a) shows the
typical AFM image of the FLG sheets transferred to a SiO,/Si
substrate, in which two small pieces of FLG sheets with a lateral
size about 3 pm can be seen. The AFM image also shows that
the FLG sheets are connected by jointing the edges of them. As
shown in Fig. 3(b) and (c), the thickness for the three FLG sheets
is about 1.6 nm, 2.0 nm and 2.5 nm. According to the interlayer
distance of the FLG sheet obtained by HRTEM, the sheets with
thickness of 1.6 nm, 2.0 nm and 2.5 nm correspond to 4, 5 and 6
layers of graphene, respectively. The statistical distributions of
thickness and lateral size for the FLG sheets were analyzed by
AFM on about 60 FLG sheets which were randomly selected, and
the analysis results are shown in Fig. 3(d) and (e). It can be seen
that over 50% of the FLG sheets have 2-5 layers. The monolayer
graphene absorbs only 2.3% of the visible light,* so that a large
amount of FLG sheets within 5 layers can be estimated to be
more than 80% light transmittance. Most of the lateral size of
the FLG sheets ranges from 3 to 10 um. It has been reported that
sheet resistance of graphene films will decrease with increasing
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lateral size of graphene sheets because of the reduction in the
number of intersections between graphene sheets which always
introduce large interflake resistance.”® Therefore, it is necessary
to further increase the average lateral size of the FLG sheets to
decrease the sheet resistance of the FLG films.

Raman spectroscopy is a non-destructive and essential
technique to investigate the structure of carbon materials,
especially for determining the concentration and type of defects
in graphene sheets. Fig. 4 shows the Raman spectra for the as-
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Fig. 4 Raman spectra (excited by 632 nm laser) for the FLG, FLG-CA
and FLG-MWI films.
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Fig.3 (a) AAFM image for the FLG sheets transferred to a SiO,/Si substrate; (b) and (c) the corresponding height profile of the FLG sheets marked
by black and red lines in (a); statistical distributions of the thickness (d) and lateral size (e) for the FLG sheets.
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prepared graphene films (FLG), the graphene films that after
conventional annealing (FLG-CA) and microwave irradiation
(FLG-MWI), respectively. In the Raman spectrum, there are
three characteristic peaks which correspond to the D band
appears at 1350 cm ™%, the G band appears at 1574 cm ™%, and the
G’ band appears at 2684 cm™'. Sometimes, the G band peak
appears a shoulder which is usually denoted as the D’ peak. The
G band originates from the in-plane vibration of sp> hybrid
carbon atoms. Both the D band (corresponding to disorder sp®
structure in graphene) and D’ band (related to disordered edge
carbons) are associated with the appearance of structural
disorder in graphene. Usually, the I/l ratio is employed to
evaluate the defect concentration in a sp” network structure of
graphene, and the Ip/Iy ratio is used to identify the type of
defects. The intensity of the G’ band qualitatively represents the
thickness of the FLG sheets. In the Raman spectra of the FLG
film, an obvious D band peak appears which is probably due to
the presence of sp® defects formed by unavoidable oxidation in
the electrochemical exfoliation process. The Ip/Ig ratio for FLG,
FLG-CA and FLG-MWI is 2.89, 2.34 and 1.56 respectively. The
value for the Ip/I ratio is simply proportional to the amount of
oxygen functional groups in the three kinds of films with the
same size. As mentioned above the Ip/I; ratio indicated the
defect density in the sp>-bonded structure, so the highest value
of I/l ratio for the FLG film means the largest number of
oxygen functional groups in it. After conventional annealing or
microwave irradiation, the decrease in the I/l ratio indicates
that the oxygen functional groups were removed partly. More-
over, microwave irradiation is more effective than conventional
annealing. In the Raman spectra of FLG-MWI, the D’ band is
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observed clearly, and the I,/I;y is about 2.5, which is close to the
value of 3.5 (related to boundary-like defects in graphene). In
addition, the increased peak of the G’ band is observed in the
Raman spectra of FLG-MWI. These results suggested that
a small extent of exfoliation for FLG sheets happened in the
microwave irradiation process, leading to that some thick gra-
phene sheets were exfoliated into small and thin pieces, which
may also contribute to the high quality of the FLG films. The
effect of microwave irradiation can also be confirmed by the
following X-ray photoelectron spectroscopy (XPS) results.

Fig. 5(a) shows the full-scale XPS spectra of the three films.
Two peaks corresponding to C 1s at 284.6 eV and O 1s at 532.6 eV
appeared in all spectra. The presence of the O peak in the as-
prepared graphene film indicates that the FLG sheets were
still somewhat oxidized during the electrochemical exfoliation
process. After conventional annealing or microwave irradiation,
the C/O ratio is increased from 7.8 to 9.3 and 17.5, respectively,
indicating that both treatment methods can remove oxygen
functional groups. Moreover, microwave irradiation shows
a better reduction effect than conventional annealing. Such
a high value of 17.5 for C/O ratio is almost comparable to that of
reduced graphene oxide (RGO) obtained by chemical or thermal
reduction method™>* and much higher than that of multi-layer
graphene prepared by microwave-assisted exfoliation of
graphite oxide.***° In these reports, graphite oxide with a C/O
ratio around 1 was reduced and exfoliated to multi-layer gra-
phene with a C/O ratio around 3 by microwave irradiation with
a high power. The peak of S 2p is detected in the as-prepared
FLG film, as shown in the inset of Fig. 5(a). But it disappeared
after microwave irradiation, indicating that the purity of the
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Fig. 5 (a) Full-scale XPS spectra of the three FLG films, and C 1s XPS spectra for (b) the FLG film (c) the FLG-CA film and (d) the FLG-MWI film.
The inset marked by the oval in (a) shows the magnified intensity of the S 2p peak.
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FLG film was improved by microwave irradiation. On the other
hand, a further characterization of C 1s spectrum in Fig. 5(b)
also indicate a minor extent of oxidation with oxygen functional
groups assigned to C-O bonds (such as hydroxyl or epoxide
groups) at around 286 eV and C=0 bonds relating to carboxylic
acid groups at around 288.8 eV. As shown in Fig. 5(c) and (d),
after treated by conventional annealing or microwave irradia-
tion, the intensity of the peaks for C-O and C=O greatly
reduced. Moreover, in the case of microwave irradiation, this
phenomenon is more obvious. These results also indicate that
most of oxygen functional groups can be eliminated by micro-
wave irradiation.

Fig. 6 shows the sheet resistance values of the FLG, FLG-CA
and FLG-MWI films measured by a four-point-probe system. The
sheet resistance for the as-prepared FLG film is about 107 Q [0/,
and largely reduced to ~6 x 10° Q 1" by microwave irradia-
tion, which can be attributed to the removal of oxygen func-
tional groups caused by microwave irradiation. It has been
reported that graphene oxide shows a poor electrical conduc-
tivity due to disruption of m-conjugated structures by oxygen
functional groups,* while the electrical conductivity can be
restored by removing these functional groups through reduc-
tion of graphene oxide. The enhanced conductivity of the FLG
films treated by microwave irradiation proved that microwave
has a direct reduction effect on the low level oxidized FLG
sheets. The FLG films with a low-resistance may be expected to
replace currently used high-cost ITO electrodes in the future.

The effect of microwave irradiation on the deoxygenation of
low-level oxidized FLG sheets can be considered as follows. Li**
and Chen*® have investigated the change of weight versus
temperature for the graphene oxide powders by thermogravi-
metric analysis (TGA), and reported that there was weight loss in
the graphene oxide powders during increasing temperature. In
the first step, weight loss about 10% happened around 100 °C,
resulting from the elimination of absorbed water. In the next
step, weight loss with 30-50% appeared around 200 °C, which
due to the decomposition of the thermally labile oxygen func-
tional groups. That is why we choose 250 °C as the reduction
temperature. In this study, by using conventional annealing at
250 °C, the oxygen functional groups in the FLG film was
removed in some extent. Although the temperature of the FLG
film treated by microwave irradiation was below 250 °C during
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Fig. 6 Sheet resistances for the FLG, FLG-CA and FLG-MWI films.
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the whole process, Raman and XPS analysis results showed the
high level of reduction in the FLG film. Namely, microwave
irradiation can induce a larger number of oxygen functional
groups to be removed than the conventional annealing treat-
ment, despite a lower temperature and less time used in
microwave irradiation. As far as the reason is concerned, the
local-thermal effect induced by microwave irradiation plays an
important role in the reduction of oxidized FLG sheets.
According the results reported in by Li** and Tang,** graphite
oxide or reduced graphene oxide can strongly absorb microwave
through the interaction between microwave and m-conjugated
structures in these graphene-based carbon materials, thus the
supplied microwave energy could be transformed to Joule heat.
For the FLG sheets, there are enough amounts of r-conjugated
structures in them, so a rapid increase of the local temperature
can be induced by the efficient Joule heating. The transformed
microwave energy led to the heating of FLG sheets, resulting in
decomposition of some oxygen functional groups. Compared
with the conventional annealing at a similar temperature,
microwave irradiation showed the high efficiency of reduction
for the oxide FLG sheets. Therefore, except for the thermal effect
of microwave irradiation, there might be another reason for the
reduction of the oxidized FLG sheets by microwave irradiation.
It has been reported that microwave has a directly coupling with
polar substances in microwave-assisted organic synthesis reac-
tions.*® These oxygen functional groups containing in low-level
oxidized FLG sheets are polarized, so the supplied microwave
may have a direct interaction with these groups, facilitating the
decomposition of the oxygen functional groups. Thus, although
the microwave irradiation process happened below 250 °C,
the Joule heating produced by m-conjugated structures and the
direct interaction of microwave and polar functional groups
render a higher efficiency of reduction than the conventional
thermal annealing process.

On the other hand, the amount of such local energy depen-
ded on the output power of microwave irradiation and the
amount of m-conjugated structures. For low-level oxidized FLG
sheets, a large number of 7-conjugated structures are included,
so that a low power of 42 W can meet the requirement of energy
for the reduction reaction. As far as the high-level oxidized
graphene oxide prepared by Hummer's method, a small
amount of m-conjugated structures are contained in them, so
that a high power may be needed for the reduction of graphene
oxide. In addition, to produce graphene sheets by microwave-
assisted exfoliation of graphite oxide method, a power as high
as 1000 W was reported.>*>?® In their process, except for the
reduction of graphite oxide, exfoliation of reduced graphite
oxide to produce pieces of few layer graphene also happened
simultaneously. Such a higher power was need to make the
thermal explosion and large amounts of gases for the exfolia-
tion of reduced graphite oxide. Although the microwave-
assisted exfoliation of graphite oxide is a simple and practi-
cable method for preparation of multi-layer graphene sheets,
the average thickness of the product is still large. Therefore, it is
not suitable for preparation of high conductivity graphene
films. The preparation of low level oxidized FLG sheets by
electrochemical exfoliation of graphite excludes utilization of
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KMnO, and concentrated H,SO,, avoiding severe damage of -
conjugated structures. Moreover, the microwave irradiation
method developed in this work can effectively remove the
oxygen functional groups in the FLG sheets, improving their
electrical conductivity. The microwave-reduced FLG films with
a low sheet resistance can be expected to be used as flexible
transparent electrodes for flexible touch screens or thin-film
photovoltaic devices.*

Conclusions

In this study, we developed a simple reduction method to remove
oxygen functional groups contained in electrochemical exfoliated
graphene. By using microwave irradiation, the C/O ratio of the
FLG film was obviously increased from 7.8 to 17.5 and the large
sheet resistance of 107 Q [~ " for the as-prepared FLG films were
remarkably decreased to ~6 x 10°> Q [, indicating that most
of oxygen functional groups were successfully eliminated. This
study offers a simple and green method for obtaining highly
conductive graphene films.
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