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In this paper, two microwave irradiation methods: (i) liquid-phase microwave irradiation (MWI) reduction of graphite
oxide suspension dissolved in de-ionized water and N, N-dimethylformamide, respectively, and (ii) solid-phase MWI re-
duction of graphite oxide powder have been successfully carried out to reduce graphite oxide. The reduced graphene
oxide products are thoroughly characterized by scanning electron microscopy, atomic force microscopy, X-ray photoelec-
tron spectroscopy, Fourier transform infrared spectral analysis, Raman spectroscopy, UV-Vis absorption spectral analysis,
and four-point probe conductivity measurements. The results show that both methods can efficiently remove the oxygen-
containing functional groups attached to the graphite layers, though the solid-phase MWI reduction method can obtain far
more efficiently a higher quality-reduced graphene oxide with fewer defects. The 1(D)/I(G) ratio of the solid-phase MWI
sample is as low as 0.46, which is only half of that of the liquid-phase MWI samples. The electrical conductivity of the
reduced graphene oxide by the solid method reaches 747.9 S/m, which is about 25 times higher than that made by the

liquid-phase method.
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1. Introduction

Graphene, a two-dimensional material, has attracted
tremendous attention in recent years for its excellent mechan-
ical strength, thermal stability, optical properties,!'8! high
intrinsic carrier mobility at room temperature, and poten-
tial applications in nano-electronics and devices.[’! In the
past, extensive work on the preparation of graphene by solid
or liquid methods has been conducted, including chemi-
cal vapor deposition,!'%~13] mechanical exfoliation,!! chem-
ical redox,!'" epitaxial growth on SiC,[!'>!®l and organic
synthesis.!'”) The reduced graphene oxide (RGO), typically
made from inexpensive graphite through the chemical redox
method, has been widely adopted for preparing the large scale
production of RGO. However, the resulting RGO products are
not easily purified, and it has been demonstrated that the pres-
ence of residual oxygen, owing to an incomplete reaction or
the reactant itself, remarkably hampers the carrier transport in
the graphitic lattice.[!”)

Microwave irradiation (MWI) has recently come into
being as an alternative method of reducing and exfoliating
the graphite oxide (GO).[>!8] The MWI has been widely
used as a rapid heating source in the presence of mi-

r.19221 MWI has also been reported being

crowave suscepto
used for synthesizing soluble single wall carbon nanotube

derivatives.[?3] Compared with conventional chemical redox
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methods, the MWI method has advantages of shorter prepara-
tion time and lower cost, and thus is potentially more suitable
for large scale production of RGO.

Microwave-assisted reduction of GO can be conducted in
either a solid-phase or liquid-phase environment. High quality
graphene nanosheets produced by solid-phase microwave irra-
diation under a hydrogen atmosphere have been reported by
Park er al.l?!] Recently, microwave-assisted chemical reduc-
tion of GO has been realized by heating GO suspensions in
aqueous or organic media.>?*! For example, Wang et al.[*¥]
have developed a facile and environment-friendly method to
reduce GO in ionic liquids by liquid-phase microwave-assisted
ionothermal treatment. %4

Although previous work has reported the feasibility of us-
ing MWI for the reduction of GO, the direct comparison be-
tween different MWI methods has not been carefully studied.
In this paper, we employed both liquid-phase and solid-phase
MWTI reduction methods for reducing GO. For the liquid-phase
MWI reduction methods, de-ionized water and typical polar
organic N, N-dimethylformamide (DMF) are used as the sol-
vents respectively, whereas for the solid-phase MWI reduction
method, the GO powder is directly microwave irradiated under
a nitrogen atmosphere. Comprehensive comparisons between
the solid-phase and liquid-phase MWI methods are obtained
through a series of characterization means and thorough anal-
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ysis.

2. Experimental procedures
2.1. Materials

All materials were obtained from commercial sources.
GO was purchased from Nanjing XianFeng Nano Co. Ltd.
China; N,N-dimethyl-formamide (DMF) (analytical reagent
grade) was supplied by Sinopharm Chemical Reagent Co. Ltd.
China. Deionized water was made by Elix 3 (Milli Pore Co.
Ltd. USA), and its resistivity was higher than 18 MQ-cm.

2.2. Reduction

Experimentally, the GO, with de-ionized water as the sol-
vent, was sonicated by a pin ultrasonic system for 15 min.
Then, the suspension was transferred into a quartz tube and
microwave irradiated in a 100-W microwave oven (Discover,
CEM, USA) for 30 min. After the reaction, the yellow dis-
persion of the GO suspension turned totally dark, and hence
the RGO through liquid-phase MWI was obtained. The sam-
ple, hereafter, is named RGO-MWI-water. For comparison,
the sample, with DMF as the solvent, (RGO-MWI-DMF) was
also prepared using identical sample treatments.

To obtain the reduced graphene oxide made using the
solid-phase MWI method (RGO-MWI), 100-mg GO was
placed in a quartz vessel and then irradiated at 5.8-GHz for
10 min in a MWI annealing system (AXOM 200, DSGI Tech-
nologies, USA); the MWI power level was 1400 W. Nitrogen
cover gas with a flow of 20 sccm in the volume of 0.785 m?
was utilized. Inspection after the irradiation revealed that the
GO was reduced to dark flocculent RGO.

For both the liquid-phase and solid-phase MWI pro-
cesses, a series of process conditions have been conducted
for the sake of optimization and adequate comparison. The
aforementioned process parameters were chosen under the op-
timization criteria that the processed GO have fully turned
into RGO and the effect of MWI becomes relatively satu-
rated, which is evidenced by the complete color change (from
yellow or brown to deep dark) and a substantial decrease of
the characteristic peaks by Fourier transform infrared spec-
troscopy (FT-IR) of the RGO samples. The as-obtained RGO
samples were characterized by scanning electron microscopy
(SEM; Hitachi, SU1510, Japan), atomic force microscopy
(AFM, MultiMode, Veeco Co. Ltd. USA), FT-IR (Nicolet
6700, Thermo Fisher Co. Ltd. USA), X-ray photoelectron
spectroscopy (XPS; Axis Ultra DLD, Kratos, UK), Raman
spectroscopy (inVia, Renishaw Co. Ltd. UK; equipped with
a 514-nm wavelength laser), X-ray diffraction analysis (XRD,
D/Max-2400, Rigaku, Japan), transmission ultraviolet-visible
spectral analysis (UV-vis, Lambda 750S, Perkin Elmer, USA)

and the four-point probe method (SDY-4, 4PROBES TECH
Co. Ltd. China).

3. Results and discussion

The morphological features of the GO film prepared by
the suspension and ultrasonic dispersion method are studied
by SEM and the micrograph is shown in Fig. 1(a). SEM im-
ages of the three RGO samples that are obtained from the
liquid-water, liquid DMF, and solid-phase MWI methods are
shown in Figs. 1(b)—1(d), respectively. For all three RGO sam-
ples, transparent and wrinkled sheets are present, indicating
that in each case, a successful reduction of GO to graphene
nanosheets is achieved. The AFM images and the section pro-
files of the GO and RGO samples are shown in Fig. 2. The
measured thickness values of the graphene flakes exfoliated
from the GO samples range from 0.8 nm to 1.2 nm, indicating
that the graphene sheets in the RGO samples are stacked into
one or several layers.

Fig. 1. SEM images of (a) GO after ultrasonic dispersion, (b)
RGO-MWI-water, (c) RGO-MWI-DMF, and (d) RGO-MWI. (High-
resolution SEM image of each of the samples is shown in the corre-
sponding inset.)

Epoxy, carbonyl, and hydroxyl groups are the main
attached to GO
layers,[?9 therefore, the effectiveness in removing these

oxygen-containing functional groups
groups is the key criteria for GO reduction. In turn, we will
review the various analytical methods and describe our obser-
vations.

FT-IR spectral analysis provides an overall indication of
the reduction level of the RGO samples prepared by differ-
ent reduction methods. As shown in Fig. 3, for the RGO-
MWTI sample, almost no absorption peak can be seen in
the FT-IR spectra, indicating that almost complete removal
of the oxygen-containing functional groups attached to the
RGO-MWI sample has occurred.
tion, for the liquid-phase water and DMF samples, charac-
teristic peaks such as the C=0 (1735 cm™!), carboxyl C-O

In contrast, after reduc-
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(1400 cm™1), epoxy C-O (1228 cm~!),[2%1 and aromatic C=C
(1577 em~")2122] are still discernable. The remaining hy-
droxyl groups (2900 cm~!-3600 cm~!) on the liquid-phase
water samples may be related to the assumption that reduc-
tion of carbonyl or epoxy groups in water is achieved in two
steps: first turning to —OH, and then reducing to H,O and

graphene with sp?-bonded carbon atoms!?’! as demonstrated
by the “aromatic” peak associated with the RGO-MWI-water
sample. Moreover, in the liquid-phase MWI method with wa-
ter as the solvent, the reduction of the —OH groups may not be
so easy as in the solid-phase MWI method, because the reac-
tion product H,O cannot be easily drained away.
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Fig. 2. (color online) AFM images and the section profiles of (a) GO, (b) RGO-MWI-water, (¢c) RGO-MWI-DMF, and (d) RGO-MWI.
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Fig. 3. FT-IR spectra of the GO and RGO samples.

XPS spectroscopy is suitable for the evaluation of the ma-
terial compositions and decomposition of the Cls XPS spec-
trum into its main components can help understand the reduc-
tion processes. The Cls XPS spectra of the GO and RGO
samples are shown in Figs. 4(a)-4(d). The binding energy
peak at 284.6 eV is attributed to the C=C bonds, and the peaks
at 285.6, 286.6, 287.7, and 288.7 eV are typically assigned
to the hydroxyl, epoxy, C=0, and -COOH functional groups
respectively.['#24] A new peak appeared at 291.5 eV, which
is attributed to the 7—z* shake-up of aromatic or conjugated
system.?®] Compared to the GO sample, all the three RGO
samples exhibit significantly weaker intensities of the oxygen-

containing functional groups, proving that a de-oxygenation
process has occurred. For the sake of verification and compar-
ison with FT-IR results, hydroxyl proportions among oxygen-
containing groups are also obtained based on the calculations
of the areas of all oxygen-containing functional groups in Cls
XPS spectra. The percentages of hydroxyl are calculated to be
46.0% in RGO-MWI-water, 70.1% in RGO-MWI-DMF, and
only 12.2% in RGO-MWI. Hence, it can be inferred that hy-
droxyl groups have been almost removed in the solid-phase
MWI reduction process, which is also observed in the afore-
mentioned FT-IR results.

The carbon/oxygen (C/O) atom ratio is calculated from
the areas of the Cls and Ols peaks, and their relative atomic
sensitivity factors. It is a macroscale feature used to evalu-
ate the overall level of RGO sample reduction. As shown in
Fig. 4(e), the C/O ratios of the RGO-MWI-water, RGO-MWI-
DMEF, and RGO-MWI samples are 6.60, 6.13, and 7.24, re-
spectively, while the C/O ratio of the GO sample is merely
2.13. This significant increase in the C/O ratio after MWI is
attributed to the effective reduction of GO after the treatment.
Furthermore, the RGO-MWTI sample has the highest C/O ratio
despite the relatively low power density and short irradiation
time.

Raman spectroscopy is also able to provide information
about the structural properties such as disorder and defect

[22

structures of the carbonaceous materials.!*?! Figure 5 shows
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the Raman spectra of the GO and RGO samples. Each sam-
ple has two characteristic peaks: 1350 cm~! (D band) and
1580 cm™! (G band).["-?2?%1 The D band is related to the
disorder-induced mode associated with structural defects and
imperfections, while the G band reflects the first-order scatter-
ing of the Ey; mode from the sp? carbon domains and degree
of crystallinity.*") Generally, the intensity ratio of the D peak
to G peak (I[D]/I[G]) is used as a measure to evaluate the qual-
ity of the graphitic structure, because this ratio approaches to
zero for highly ordered pyrolytic graphite,”*?! an increase of
the I(D)/I(G) means the degradation of crystallinity of the
graphitic materials. The I(D)/I(G) ratios for all the samples

are provided in Table 1. Both the RGO-MWI-water and RGO-
MWI-DMF samples have slightly reduced 1(D)/I(G) ratios
compared with the GO sample. Note, the RGO-MWI sample
has a significantly lower /(D) /I(G) value than the other sam-
ples. It is known that the I(D)/I(G) value usually increases
after reduction using chemical redox methods, ! indicating
that the chemical redox reaction introduces new defects rather
than the restoration of the original ones. Hence, it may be in-
ferred that the solid-phase MWI method is more advantageous
in repairing lattice imperfections than the liquid-phase MWI

or conventional chemical redox methods.
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Fig. 4. High-resolution Cls XPS spectra and C/O ratios of the samples. (a) GO, (b) RGO-MWI-water, (c) RGO-MWI-DMF, (d)
RGO-MW], and (e) C/O atom ratio values, obtained by XPS analysis for the GO and RGO samples.
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Fig. 5. (color online) Raman spectra of the GO and RGO samples after
reduction by different methods.

Table 1. Raman spectroscopy-derived /(D) /I(G) ratios of the samples.

RGO-MWI-DMF RGO-MWI GO
0.95 0.46 0.96

RGO-MWI-water
0.88

Sample
1(D)/1(G)

Reduction of GO to RGO should be accompanied with
structural changes, especially the change in the distances be-
tween various atomic layers.”’! To verify this fact, the mi-
crostructures of the samples are characterized by XRD with
Cu K, radiation (A = 1.5418 A). XRD scans show that the
interlayer distance of the RGO film (Fig. 6) decreases from
8.10 A (26 = 10.9°) to about 6.6 A (26 = 13.4°) for the orig-
inal GO film. As the RGO films were prepared on top of the
silicon substrates, the sharp peak at 20 = 33° in the RGO-
MWI sample is supposed to be the characteristic peak of sil-
icon (400) according to calculations by the PDF cards. The
reduction of the interlayer distance is likely attributed to the
elimination of the covalently bound oxygen-containing groups
between the GO interlayers. The disappearance of the peak at
10.9° in the XRD pattern for the MWI reduced samples con-

firms that efficient reduction of the GO sheets is achieved for
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each of all of the MWI-treated RGO samples.[’!

10.9 — RGO-MWI-water
—— RGO-MWI-DMF
GO RGO-MWI
— GO

Intensity

RGO-MWI

20/(°)

Fig. 6. (color online) XRD scans of the GO and RGO samples after
reduction by different methods.
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Fig. 7. UV-vis absorption spectra of the GO and RGO samples.

UV-vis absorption spectroscopy is also often used to eval-
uate the level of reduction for RGO sheets.*?! UV-vis spec-
tra of the GO, RGO-MWI, and RGO-MWI-water samples are
measured by using aqueous solutions in optically transpar-
ent cuvettes. The data for the RGO-MWI-DMF sample are
not shown here because DMF has a strong absorption beyond
300 nm and this masks the RGO absorption peak. As shown
in Fig. 7, the maximum absorption peak at 230 nm, which cor-
responds to the 7—7* transition of aromatic C—C bonds in the

GO sample, shifts to 259 nm and 275 nm after having been
reduced by MWI-water and MWI, respectively. This shift rep-
resents the gradual restoration of the p-conjugation network
within the graphene sheets!?>33] during MWI treatment. The
shoulder (at 300 nm) observed in the GO sample is attributed

[24-29] and this is not

to the n—xt* transitions of the C=0 bonds
present in the RGO sample, suggesting that the efficient re-
moval of C=O0 is achieved for the RGO sample.

The electrical conductivities of the RGO samples are di-
rectly related to their electron mobilities, which are deter-
mined by the number of oxygen-containing functional groups
and the level of defects in the graphene skeleton. The conduc-
tivities of the GO and RGO samples (shown in Table 2) are
determined using the four-point resistivity values that are ex-
tracted from the measured sheet resistances and the thickness
values of the RGO films. Since it is difficult to form paper-
like thin films for the GO and RGO-MWI-water samples, the
nominal conductivity value provided by the GO material sup-
plier is used for the GO sample. The conductivity value for
RGO-MWI-water is not available (NA).

Obviously, after the reduction, both the RGO-MWI-DMF
and the RGO-MWI samples have significantly high conductiv-
ity levels compared with the original GO sample, proving the
effectiveness of both the liquid-phase and solid-phase MWI
methods of reducing GO to RGO holds. However, the con-
ductivity of RGO-MWI is almost 25 times higher than that
of RGO-MWI-DMF (747.9 S/m versus 29.9 S/m).
commonly known fact that crystallographic disorder and de-

Itis a

fects in the graphene skeleton strongly reduce its electron mo-
bility. Moreover, the defects in the form of carbon vacan-
cies cannot be healed by the chemical reduction process. 34!
Hence the large difference in conductivity values between the
RGO-MWI-DMF and RGO-MWTI samples indicates that the
solid-phase MWI leads to a much enhanced capability in heal-
ing the lattice imperfections of the graphene skeletons com-
pared with the scenario of liquid-phase MWI. This finding is
consistent with aforementioned results obtained from Raman
spectra where the RGO-MWTI sample exhibits a much lower
I(D)/I(G) ratio than the two liquid-phase MWI samples.

Table 2. Electrical conductivities of the samples.

Sample RGO-MWI-water

RGO-MWI-DMF

RGO-MWI GO

Conductivity/(S/m) NA

29.9 747.9 0.034

The reduction mechanisms and the differences among the
three MWI samples can be tentatively explained by the fol-
lowing perspectives. The level of the liquid-phase MW re-
duction relies mainly on the efficiency of the interaction be-
tween the molecules in a reaction mixture and the electromag-
netic waves.3>! For the liquid-phase MWI water and DMF
methods, the reduction of the GO is assumed to be domi-

nated by the thermal effect from the surrounding liquid water
and DMF. Both water and DMF can absorb microwave en-
ergy with a high efficiency, which is attributed to their highly
polarized molecular structures. Furthermore, due to the re-
tardation of nucleation under microwave heating, the solvents
may be super-heated beyond their normal boiling-points. Con-
sequently, the GO can be effectively reduced by the liquid-
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phase MWI water and DMF methods compared with under
conventional heating.!®>! For the solid-phase MWI, the re-
duction of GO depends greatly on the local-thermal effect
caused by the strong interaction between the highly polar-
ized oxygen-containing functional groups and the supplied mi-
crowaves. This can result in local flash-heating, and the lo-
cal temperature has been reported to reach instantly as high
as 1500 °C when microwave arcing occurred./?!! Hence, the
local temperature of the solid-phase MWI GO sample can
greatly exceed the temperatures of the super-heated liquid-
phase MWI water and DMF GO samples. Consequently, the
solid-phase MWI method is much more efficient to remove the
oxygen-containing functional groups and heal the defects in
the graphene skeleton. Namely, compared with liquid-phase
MWI, solid-phase MWI has the advantage of having a high
local-thermal effect and is therefore able to achieve a sub-
stantially high reduction level. Besides, the solid-phase MWI
method can provide a much reduced process time compared
with the liquid-phase MWI methods.

4. Conclusions

In this work, two liquid-phase methods and a solid-phase
MWI method are used to reduce GO. A series of analyti-
cal techniques is used to evaluate the quality of these reduc-
tions. Results show that the two liquid-phase MWI methods
and the solid-phase MWI method are able to effectively re-
move most of the oxygen-containing functional groups from
the graphite oxide samples, resulting in only a few lattice de-
fects. However, solid-phase MWI demonstrates clear advan-
tages in the restoration of RGO lattice imperfections because
of the direct and strong interaction between GO and the mi-
crowaves. More importantly, based on our experimental ev-
idence (electrical conductivity in particular), the solid-phase
MWI method provides a most promising method of manufac-
turing cost-effective, high-throughput, and high-quality RGO
materials.
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