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Efficient exfoliation of graphite in solutions to obtain high-quality graphene flakes is desirable for
printable electronics, catalysis, energy storage, and composites. Graphite oxide with large lateral
dimensions has an exfoliation yield of ~100% but it has not been possible to completely remove the
oxygen functional groups so that the reduced form of graphene oxide (GO) remains a highly disordered
material. Here, we report a simple, rapid method to reduce GO (rGO) into pristine graphene using 1- to 2-
second pulses of microwaves. The excellent structural properties are translated into mobility values of >
1000 centimeter squared per volt per second in field effect transistors (FETs) with MW-rGO as the
channel material and in exceptionally high activity for MW-rGO catalyst support toward oxygen evolution

reaction (OER).

Low yields of single-layered graphene, submicron lateral
dimensions, and poor electronic properties remain as major
challenges for solution exfoliated graphene flakes (1-4). Ox-
idation of graphite and its subsequent exfoliation into mon-
olayered graphene oxide (GO) with large lateral dimensions
(5-7) has an exfoliation yield of ~100% but despite numer-
ous efforts, it has not been possible to completely remove
the oxygen functional groups (I, 2, 8, 9) so that the reduced
form of GO (rGO) remains a highly disordered material with
properties that are generally far inferior to chemical vapor
deposited (CVD) graphene (5). Although rGO has been wide-
ly demonstrated to be potentially useful material for cataly-
sis (10-13) and energy storage (14-18), even in its disordered
form, efficient reduction of GO into high-quality graphene
should lead to substantial enhancement in performance.
Here, we report a simple and rapid method to reduce GO
into pristine graphene using 1- to 2-s long pulses of micro-
waves. The microwave-reduced GO (MW-rGO) exhibits pris-
tine CVD graphene-like features in the Raman spectrum
with sharp G and 2D peaks and nearly absent D peak. X-ray
photoelectron spectroscopy (XPS) and high-resolution
transmission microscopy (HR-TEM) suggest highly ordered
structure in which oxygen functional groups are almost en-
tirely removed. The excellent structural properties are trans-
lated into mobility values of ~1500 cm?2-V-'-s7! in field effect
transistors (FETs) with MW-rGO as the channel material
and in exceptionally low Tafel slope values of ~38
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mV/decade for MW-rGO catalyst support for oxygen evolu-
tion reaction (OER). These results suggest that reduction of
GO using microwaves is highly efficient and realizes the
goal of achieving high-quality graphene with excellent prop-
erties by solution exfoliation.

We used the modified Hummers’ method to oxidize
graphite and solubilize it into monolayered graphene oxide
flakes in water (19). The stable suspension of GO sheets in
water allows them be reconstituted in several different
forms such as thin films (20), bucky paper (21), or fibers (22,
23). As-synthesized GO is electrically insulating because of
the presence of oxygen functional groups that are covalently
bonded with the carbon atoms (2). Substantial effort has
been devoted to recover the conducting n-states of sp? bond-
ed carbon atoms by removing oxygen functional groups via
chemical (I, 24, 25) or thermal (26) reduction [even heating
over 3000 K (23)]. By carefully tuning the reduction proce-
dure, it is possible to realize interesting optical (20, 27, 28)
and electronic properties (27) of rGO that are substantially
different from those of pristine graphene because the evolu-
tion of the oxygen functional groups during reduction is
accompanied by the formation of defects in the graphene
basal plane (29). Specifically, nanoscopic holes occur
through loss of carbon as CO or CO, (30) and rearrangement
of the carbon atoms in the graphene basal plane leads to
formation of Stone-Wales types of defects (31). In addition,
oxygen functional groups form highly stable ether and car-
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bonyl groups (32) that are difficult to remove so that rGO
contains a residual oxygen concentration of 15 to 25 atomic
percent (32). These factors render rGO a highly defective
material with vast majority of papers reporting electronic
mobility values on the order of 1 cm2-V1-s7! (33-35).

GO flakes with lateral dimensions as high as tens of mi-
crometers are shown in Fig. 1A. We used microwaves from a
conventional microwave oven operated at 1000 W for 1 to 2
s pulses to reduce GO [See section “Preparation of Micro-
wave reduced graphene oxide (MW-rGO)” in supplementary
materials] (36). Irradiation of GO with microwaves has been
reported previously (37-39), but the reduction efficiency has
been low and the rGO remains highly disordered as indicat-
ed by the presence of an intense and broad disorder D band
and absence of the 2D band in Raman. We irradiated GO
after deposition to achieve exceptionally high-quality rGO.
We started by slightly reducing GO by thermal annealing
prior to exposure to microwaves, which made it conducting
so it could absorb microwaves. We infer that absorption of
microwaves led to rapid heating of the GO (fig. S1) (36),
causing desorption of oxygen functional groups as well as
reordering of the graphene basal plane.

The XPS results (Fig. 1B) indicate that MW-rGO was sub-
stantially reduced with in plane oxygen concentration of ~4
atomic %, much lower that what is theoretically predicted
for rGO after annealing to 1500 K (32). Approximately 3
atomic % of noncovalently bonded adsorbed oxygen was
also found in MW-rGO, CVD graphene, and graphite powder
indicated by the fits in Fig. 1B. The FWHM of the XPS peak
is slightly higher in the case MW-rGO than for CVD gra-
phene and bulk graphite, suggesting that small amount of
disorder is still present. The Raman spectra of MW-rGO
along with those of thermally reduced GO, CVD graphene,
liquid exfoliated graphene, and HOPG for comparison are
shown in Fig. 1C. MW-rGO exhibited highly ordered gra-
phene-like Raman features with sharp and symmetrical 2D
and G peaks and nearly absent D peak (fig. S2) (36). The
Raman spectrum for the MW-rGO (Fig. 1C) more closely
resembled that of CVD graphene than the broad and highly
disordered spectrum of thermally reduced rGO or that of
solution exfoliated graphene films where the 2D peak is
weak and the disorder induced D peak is also visible. The
Raman spectra of MW-rGO are also different from those of
electrochemically exfoliated graphene, chemically reduced
GO and microwave exfoliated graphene oxide (MEGO), all of
which exhibit high D band and moderate or no 2D band (25,
37, 40-42). We have also extracted the I,p/Ic Raman peak
ratios as a function of the graphene domain sizes (See sec-
tion “Raman spectroscopy of the graphene oxide and mi-
crowaved reduced graphene oxide” in supplementary
materials) (36). We found that MW-rGO exhibits substan-
tially higher I,p/Ig ratios and larger graphene domain sizes
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than rGO and solution exfoliated flakes (Fig. 1D).

Raman spectroscopy gives structural information aver-
aged over regions a few micrometers in diameter. We inves-
tigated local atomic structure using aberration corrected
HRTEM (Fig. 2). Thermally reduced GO exhibited the well-
known disordered structure with holes and oxygen func-
tional groups on the surface (Fig. 2A). The MW-rGO exhibit-
ed highly ordered structure at the atomic scale (Fig. 2, B and
C), suggesting that there is some reorganization of the car-
bon bonding during microwave reduction along with re-
moval of oxygen facilitated by achieving exceptionally high
temperatures.

To investigate whether the highly ordered structure of
MW-rGO can be translated into useful properties, we im-
plemented it as the channel in FETs and as catalyst support
for the oxygen evolution reactions. The mobility values in
graphene have been used as a parameter for assessing the
quality of the material (43). To this end, several studies have
reported high mobility values of rGO (100 to 1000 cm?/V-s)
(40, 42) to demonstrate efficacy of various reduction treat-
ments or synthesis procedures. However, mobility values
alone cannot provide information about the structural in-
tegrity of the material. Previous reports on high mobility
rGO are accompanied by Raman spectra containing large D
bands and weak 2D bands along with oxygen concentration
of 5 to 8%, suggesting substantial disorder. Thus, mobility
values > ~1 cm?/V-s have not been widely reproducible in
rGO. Transfer characteristics of FETs from MW-rGO on SiO,
(see methods for device fabrication procedure) are shown in
Fig. 3A (36). Drain currents in the milliamps range can be
measured. The electrical properties of thermally reduced GO
FETs are also shown for comparison in Fig. 3A, which exhib-
it substantially lower current values. The absence of Dirac
point in the case of rGO is attributed to the poorly reduced
and highly disordered structure of the nanosheets. Addi-
tionally, the presence of adsorbates and oxygen impurities
are known to dramatically shift the position of Dirac point
and to modify the FET characteristics. The mobility values
extracted from FET measurements were >1000 cm?-V--s7!
for holes and electrons in MW-rGO (Inset Fig. 3A, fig. S4)
(36). FETs measured here consist of large channel dimen-
sions so that transport of carriers occurs over numerous
flakes. Despite this, exceptionally high mobility values were
obtained in MW-rGO, suggesting that individual flakes have
very good transport properties. Although we obtain excep-
tional mobilities, they should be interpreted with caution as
the actual values can be strongly influenced extrinsic factors
such as contact resistance and scattering by charged impuri-
ties (44).

Highly conducting carbon based electrodes that are elec-
trochemically stable, are important for applications in catal-
ysis and energy storage. Catalysts are typically loaded on
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highly conducting substrates (working electrode) such as
carbon cloth, glassy carbon or nickel foam. We investigated
the properties of MW-rGO as catalyst support in oxygen evo-
lution reaction by depositing Fe and Ni layered double hy-
droxide (LDH) on MW-rGO (See methods in supplementary
information) (36). The OER properties of Fe-Ni LDH cata-
lysts on MW-rGO, rGO, and glassy carbon electrodes (Fig.
3B) (See methods for the electrochemical measurements)
show that the overpotential at which the reaction starts de-
creased to <200 mV and the current density rapidly in-
creased when MW-rGO was used as the catalyst support
(36). To obtain insight into surface chemistry mechanisms,
we have extracted the Tafel slopes from measurements on
different supports (Fig. 3C). The MW-rGO catalyst supports
exhibit exceptionally low Tafel slopes of 38 mV/dec which
may indicate that the reaction MO + OH = MOOH +e" is the
rate-determining step (where M represents an active site on
the catalyst surface) (45). The much higher Tafel slopes for
glassy carbon and rGO electrodes of 170 mV/dec and 360
mV/dec, respectively, suggest limiting reactions are caused
by adsorption of hydroxide ions (M + OH- = MOH + €°) be-
cause of the poor electrical coupling between the catalyst
and support (45). The limited electrical coupling is high-
lighted by the inset in Fig. 3C, which shows that the imped-
ance of the electrochemical circuit is substantially lowered
when using MW-rGO, which allows the OER to proceed effi-
ciently. Electrochemical stability of the catalysts and their
supports is an important parameter in catalysis. The stabil-
ity of MW-rGO supports (Fig. 3D) was maintained for more
than 15 hours, in contrast with glassy carbon supports that
degraded almost immediately after the reaction started. We
have made similar measurements for the hydrogen evolu-
tion reaction (HER) and obtained exceptional performance
for MW-rGO catalyst supports as well as very high stability
for more than 100 hours (See section “Hydrogen evolution
reaction measurements” in supplementary materials) (36).
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Fig. 1. Physical characterization of microwaved reduced graphene oxide (MW-rGO) compared to
pristine graphene oxide (GO), reduced graphene oxide (rGO) and CVD-grown graphene (CVD
graphene). (A) Scanning electron microscopy (SEM) of the single-layer graphene oxide flakes deposited
on a silicon wafer. Graphene oxide nanosheets typically have lateral dimension of ~50 pm. (B) High-
resolution x-ray photoelectron spectra from the Cls regions for microwaved reduced graphene oxide (MW-
rGO) compared to pristine graphene oxide (GO), reduced graphene oxide (rGO), CVD-grown graphene and
graphite. Each spectrum can be deconvoluted with components from the carbon-carbon bonds (sp3: C-C
and sp?: C=C) as well oxygen functional groups (C-O, C=0 and C-0=0) allowing the quantification of the
oxygen content. (C) Raman spectra of MW-rGO and other graphene-based samples. Spectrum obtained
for MW-rGO is similar to the spectrum of CVD graphene with the presence of a high and symmetrical 2D
band together with a minimal D band. Sharp Raman peaks indicate high crystallinity of MW-rGO and
demonstrate the quality of microwave reduction. (D) Evolution of the I.p/lg vs. the crystal size (L) for MW-
rGO, GO, rGO, highly ordered pyrolytic graphite (HOPG), dispersed graphene and graphene from Ref (3).
62 measurements on different (~5) MW-rGO samples are reported. Iop/lg and L, values for MW-rGO are
approaching those of graphene and are significantly higher than rGO and dispersed graphene.
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Fig. 2. High-resolution transmission electron microscopy (HR-TEM) of MW-rGO
nanosheets. (A) HR-TEM of single-layer rGO presenting high density of defects: holes
(red arrow) and oxygen functional groups (blue arrow). Bi-layer (B) and Tri-layer (C) HR-
TEM of MW-rGO showing highly ordered structure. Scale bar =1 nm.
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Fig. 3. Characterization of the electronic and electrocatalytic properties of MW-rGO. (A) Transfer
characteristics of MW-rGO and rGO measured at Vgs = 50 mV. MW-rGO displays ambipolar behavior with a
Dirac cone at Vg ~ 0.5 V. Inset: Evolution of the MW-rGO conductivity with the carrier density. (B) Polarization
curves obtained from Ni-Fe layered double hydroxide (LDH) deposited on MW-rGO (Ni-Fe@MW-rGO), rGO
(Ni-Fe@rGO) and glassy carbon (Ni-Fe@GC). Inset shows the magnification of the onset potential. (C) Tafel
plot of Ni-Fe LDH deposited on MW-rGO compared to GC and rGO. Inset: Nyquist plots of the different
samples obtained by electrochemical impedance spectroscopy at n = 200 mV. Ni-Fe@MW-rGO clearly
shows a reduced internal resistance and minimal charge transfer resistance attributed to the high
conductivity of the MW-rGO nanosheets. (D) Galvanostatic measurements showing the electrocatalytic
stability of Ni-Fe LDH deposited on glassy carbon and MW-rGO when driving a 10 mA/cm? current density
over 15 hours. MW-rGO support shows the best stability with minimal change of the overpotential. At the
opposite, the activity from Ni-Fe LDH on glassy carbon decreases rapidly.
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