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raphene has demonstrated great po-
G tential for novel electronic tech-

nologies;' > however, many emerg-
ing applications require atomically thin films
with a substantial band gap. One route to-
ward the manipulation of the electronic prop-
erties of graphene-based materials is through
chemical modification. Chemically modified
graphene or graphene oxide (G-0)*"2 has
already found various applications such as
supercapacitors,” sensors,'®'" and flexible
transparent conductive electrodes.'* However,
G-O s a nonstoichiometric, partially disordered
material>'* with poor electronic properties.
While studies have indicated that on average
the hexagonal lattice constant of graphene is
preserved in G-O,"*'® amorphous regions
coexist with the crystalline carbon lattice,
with a number of oxygen functional
groups, such as hydroxyl, carboxyl, carbo-
nyl, epoxide, and intercalated water,’> "’
bonded with no long-range order.'® These
disordered qualities of G-O make it an un-
appealing candidate for application in
modern electronics. Thus, G-O is most
commonly modified by various chemical®
and thermal reduction treatments'> 7 with
the goal of removing oxygen functional
groups from G-O and producing graphene.
While the quality of the resulting materials
can in general be improved via chemical
vapor deposition (CVD),'® these treatments
generally fail to form graphene and pro-
duce yet another nonstoichiometric par-
tially reduced GO where oxygen remains
disordered.
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ABSTRACT

As silicon-based electronics are reaching the nanosize limits of the semiconductor roadmap,

carbon-based nanoelectronics has become a rapidly growing field, with great interest in

tuning the properties of carbon-based materials. Chemical functionalization is a proposed

route, but syntheses of graphene oxide (G-0) produce disordered, nonstoichiometric materials

with poor electronic properties. We report synthesis of an ordered, stoichiometric, solid-state

carbon oxide that has never been observed in nature and coexists with graphene. Formation of

this material, graphene monoxide (GMO), is achieved by annealing multilayered G-0. Our

results indicate that the resulting thermally reduced G-0 (TRG-0) consists of a two-dimensional

nanocrystalline phase segregation: unoxidized graphitic regions are separated from highly

oxidized regions of GMO. GMO has a quasi-hexagonal unit cell, an unusually high 1:1 0:C ratio,

and a calculated direct band gap of ~0.9 eV.

KEYWORDS: graphene oxide - thermal reduction - in situ electron diffraction -
infrared spectroscopy - density functional theory - nanocrystals - semiconductors

We demonstrate the formation of a stoi-
chiometric carbon oxide by vacuum an-
nealing of multilayered G-O, a method com-
monly used to make thermally reduced
graphene oxide (TRG-0). Studies of TRG-O,
however, have primarily focused on reduc-
tion of monolayer or few layer systems,'>~"”
with little attention paid to thermal reduc-
tion of systems with a large number of

layers. While previous reports'” have shown
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that the chemistry of intercalated water in multilayer
G-0 is significant, no investigations have reported the
effect of vacuum annealing a large number of G-O
layers to high temperature. We have found that the
multilayer structure of G-O thin films with intercalated
water results in a previously unobserved atomic struc-
ture and morphology when annealed in vacuum: a
two-dimensional phase segregation produces graphi-
tic regions with little or no oxidation that coexist with
oxidized regions with an unusually high oxygen con-
tent. Our work, combining in situ selected area electron
diffraction (SAED) studies with synchrotron-based in-
frared microspectroscopy (IRMS) and density func-
tional theory (DFT) calculations, reveals the atomic
structure of the ordered oxidized regions coexisting
with unoxidized graphene-like regions. From DFT
modeling guided by experimentally derived structu-
ral data, we determined that the resulting oxidized
structure, Graphene Monoxide (GMO), consists of a
quasi-hexagonal unit cell with two carbon atoms
bridged by a double-epoxide pair. GMO formation
occurs because the large number of layers effectively
limits the reduction process, and conversion of the
remaining oxygen functional groups to a double-
epoxide-type configuration is energetically favorable.
Furthermore, the resulting material demonstrates ap-
pealing transport properties, which could potentially
be tuned owing to GMO's direct gap of 0.9 eV.

RESULTS AND DISCUSSION

Figure 1a compares SAED patterns of a multilayer
G-O film before (left) and during (right) in situ vacuum
annealing, at 750 °C. Before annealing, the primary
features evident in Figure 1a are the diffraction rings
(labeled as land Il) from spacings of 0.213 and 0.123 nm,
respectively, corresponding to the {100}- and {110}-
type reflections of graphene. A ring pattern is observed
rather than a spot pattern due to the fact that the
sample consists of a large number of randomly oriented
layers (see Methods and Figure S1). Analysis of the
relative intensities shows that the {100}-type reflec-
tions produce a greater diffracted intensity than the
{110} reflections, indicating that the layers are mono-
layers with disordered stacking, as opposed to the few-
layer Bernal-stacked graphite oxide.'* Moreover, SAED
patterns (Figure S2, Table S1) recorded at higher scat-
tering angles (i.e., smaller lattice spacing) clearly indi-
cate weaker higher order rings also consistent with
crystalline graphene. In addition, SAED patterns re-
corded before annealing (Figure 1a, left) show two
broad amorphous rings centered at about 0.27
and 0.52 A~" (0.370 and 0.185 nm in real space). The
amorphous rings are attributable to the first- and
second-order reflections from nearest-neighbor disor-
dered species.
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Figure 1. Evolution of Electron Diffraction patterns with
temperature. (a) SAED patterns of G-O sample before
(left) and after (right) vacuum reduction anneal. Overlay
is the radial average of intensity showing peaks at ring
positions | and Il before annealing, and the addition
of peaks Il and IV after annealing. (b) Radially averaged
profiles from SAED patterns as a function of temperature.
Profiles displayed as overlay in top panel are equiva-
lent to profiles along the corresponding dashed lines
(arrowed) in middle panel of figure. Peaks Il and IV
evolve continuously from the broad background, most
notably in the temperature range from 500 to 700 °C.
(c) Temperature-dependent evolution of unwrapped
SAED patterns. As temperature is increased, new peaks
appear with indicated spacings and grow in intensity.
Peaks | and Il are attributed to graphene regions of the
sample, while peaks lll and IV are attributed to regions of
nanocrystalline graphene monoxide.

While annealing the multilayer G-O film, two promi-
nent rings (labeled as Il and 1V) develop corresponding
to spacings of about 0.260 and 0.152 nm, respectively,
while the graphene rings (I and Il) remain largely
unchanged (Figure 1a). Thus the SAED data demon-
strate that a new crystalline phase develops upon an-
nealing. A visualization of the complete temperature-
dependent evolution of SAED patterns from the G-O film
annealing (extracted from a real time movie; see Supple-
mentary movie) is shown in Figure 1b. Diffraction rings
in a conventional SAED pattern (Figure 1a) appear as
horizontal lines in the representation of Figure 1b.
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Figure 2. IRMS of G-O and TRG-O. Normal Incidence (NI) transmission probes vibrations with a dipole moment parallel to
the film's basal plane as the E-field vector (blue arrow) is within this plane, while Gl probes those with a dipole moment
perpendicular to the basal plane. (a) NI IR absorbance of unreduced G-O with contributing functional groups assigned
to spectral regions. (b) NI IR absorbance spectrum of TRG-O samples with functional groups assigned. (c) GI IR
absorbance spectrum of G-O. (d) Gl IR absorbance spectrum of TRG-O. In all spectra, bending/deformation modes are

indicated by *.

From Figure 1b, it is evident that the graphene rings,
I and II, grow in intensity as the sample is annealed but
that they remain essentially fixed in reciprocal space
position. The new crystalline GMO phase characterized
by peaks Il and IV, however, shows a qualitatively dif-
ferent behavior with temperature. The broad amor-
phous peak (associated with the disordered functional
groups) initially centered at about 0.27 A~ appears to
split into two bands, one of which evolves in position
and intensity into the crystalline reflection of the GMO
phase labeled as Ill. The remaining amorphous con-
tributions shift closer to the reciprocal space origin and
suffer a dramatic reduction in intensity, most evidentin
the 300—500 °C temperature range, with similar behav-
jor observed in band IV. This structural ordering does
not produce visible features in bright field TEM images,
indicating that the multilayer morphology is preserved
and that the new phase has a 2D structure. The evo-
lution of the SAED patterns was observed across the
entire sample and was constant upon cooling the
sample, thus ruling out effects related to sample drift.
These observations were reproducible in numerous
experiments.

To quantify the temperature evolution of the dif-
fraction data, individual profiles of Figure 1b over the
complete temperature range were fit with a set of
Gaussians (see Methods and Figure S3). Figure 1c shows
the fitting results for the crystalline diffraction bands |-V
without the background and amorphous contribution
where several key features of the structural evolution
of the G-O film are observed. First, the integrated
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intensity of the graphene peaks | and Il, related to the
volume fraction of scattering material, more than
doubles. Similarly, the integrated intensity of peaks Il
and IV (GMO phase) grows rapidly from zero in the
starting material to more than 1.5 times that of the
graphene phase at the end of the annealing. These in-
tegrated intensities may be considered in terms of
qualitative increases and decreases in quantity of
material, as an absolute determination of the volume
fraction would require knowledge of the intensity con-
tained in the transmitted beam, unobtainable due to
the beam stop. Second, from the results shown in
Figure 1¢, the ratio of peak positions for the graphene
phase (peaks | and Il) maintains the value /3 (with
absolute deviation due to thermal expansion of less
than 0.1%), as would be expected for an ideal hexago-
nal structure. The thermal evolution of the GMO peaks
Il and IV, while nearly +/3 in ratio, deviate 1—2%
(depending on temperature) from the ideal hexagonal
crystalline symmetry. This deviation from hexagonal
symmetry, too large to be associated with thermal ex-
pansion, clearly indicates that the crystalline phase
associated with the diffraction rings Ill and IV is cen-
tered rectangular, albeit nearly hexagonal (quasi-
hexagonal), and is distinct from the graphene phase
characterized by diffraction rings | and Il.

To elucidate the in situ SAED observations, we
further investigated the geometrical bonding of
the films before and after annealing by IRMS. Using
two experimental geometries with well-defined
polarizations—normal incidence (NI) transmission
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Figure 3. Proposed GMO structure. (a) Perspective view of 4 x 4 unit cells. Carbon (oxygen) atoms are yellow (red).
(b) Top view of GMO with the unit cell and various calculated structural parameters. (c) Schematic of the IR active
vibrational modes for this model. Two modes produce a dipole moment within the carbon basal planes, and one mode
produces a dipole moment perpendicular to the basal planes and are thus active in the NI and Gl geometry,

respectively.

and grazing incidence (Gl) reflectance—vibrational
modes with dynamic dipole moments parallel or
perpendicular to the basal plane of the films, respec-
tively, are resolved. Figure 2a—d show the IR absor-
bance of the samples before and after annealing as
measured in Nl and GI. The features in the NI spectrum
of G-O (Figure 2a) indicate the presence of oxygen
functional groups including hydroxyl (3300 cm™"), car-
bonyl (1708 cm™"), carboxyl (1425 cm™'), epoxide
(1245 cm™', 900 cm ™), and alkoxy (1080 cm™"), con-
sistent with the literature.'® The feature at 1580 cm ™' is
assigned to the C=C stretch of the underlying carbon
lattice which is activated in G-O due to oxygen func-
tional groups and defects. The Gl IR (Figure 2c) absor-
bance spectrum of G-O also indicates the presence of
O—H from intercalated water (stretching modes at
3300—3600 cm ™', bending mode at 1645 cm™), as
well as carbonyl (1,708 cm™') and hydroxyl (C—OH
stretching at 1070 cm™").

After annealing, many of the oxygen functionalities
including carbonyl, carboxyl, alkoxy, and hydroxyl are
no longer present in the NI IR spectrum of TRG-O
(Figure 2b). The C=C stretching mode softens in
frequency and evolves into an asymmetric Fano® line
shape, indicating a continuum of electronic transitions
with symmetries parallel to the C=C vibrational excita-
tion spanning at least 0.18—0.21 eV. The C=C stretch-
ing mode, which is inactive in pure graphene and
graphite due to symmetry considerations, is activated
due to defects and neighboring oxidized regions.
The C—0O—Casymmetric stretching mode, whose over-
all intensity increases dramatically, is softened by
about 25 cm ™. Analysis of this mode from the same
position of the same sample before and after annealing
showed that the integrated intensity of the C—O—C
asymmetric stretching band increased by a factor of

MATTSON ET AL.

approximately 20 cm™' after the annealing process.

The doublet assigned to C—O—C bending has dimin-
ished intensity and only appears as a single peak in the
annealed spectrum. Gl IR absorption spectra from
samples after annealing are also shown in Figure 2d,
where many oxygen features are missing, including,
notably, those associated with water. While the C—
0—C mode at 1205 cm™' is very weakly active in
this geometry, a prominent new mode is seen at
1050 cm ™. Thus, we conclude that the nanocrystalline
phase contains structures that give rise to only two
distinct vibrational modes involving C—O displace-
ments that were active in the NI geometry and one
C—0 mode that was active in the Gl geometry.

The electron diffraction data presented in Figure 1
show that the vacuum thermal reduction of multi-
layered G-O results in a two-phase nanoscale system
containing regions of graphene and a new (as yet
undetermined) crystalline phase. Phase segregation
has been theoretically predicted®’ and experimen-
tally observed in reduced graphene oxide but with
little information provided about the structure.?? In
this reference, a C:O ratio of 2:1 was observed through
XPS measurements, with slowly varying stoichiometry
across the sample. From the IR results above, we
establish that this new phase is an ordered solid-state
carbon oxide, with exactly three IR active normal
modes of vibration involving C—O—C atomic displace-
ments. An extensive search of possible unit cells for
C—0-—C groups bonded to a primarily unperturbed
graphene lattice concluded that no configuration of
epoxide groups attached to such a graphene lattice
produces SAED reflections in agreement with those
measured. Moreover, careful examination of high cam-
era length diffraction patterns from the carbon oxide
phase, which probes reciprocal spacings closer to the
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Figure 4. HRTEM images of a TRG-O film. (a) HRTEM image of a thin region of the sample. (b) Enlargement of the marked
region from the image in (a) illustrating a GMO domain with denoted lattice spacings (high frequency noise has been filtered
out as described in the main text). (c) Numerical diffractogram from the indicated region in (a), showing two prominent
reflections with measured spacings in agreement with the GMO {100}- and {010}-type reflections. The measured angle

between the spots is 55°.

origin, indicates that the 0.260 nm spacing is the lowest
order reflection of the crystalline unit cell, correspond-
ing to a unit cell about 20% larger than graphene.
Therefore, our electron diffraction data indicate a quasi-
hexagonal unit cell (Table S2, Note S1).

Indeed, our DFT calculations demonstrate that
adding oxygen to graphene is energetically favorable,
leading to the proposed quasi-hexagonal double-
epoxide structure (Figure 3a—b; C:O = 1:1) with a
binding energy of 4.36 eV/O. This is significantly
higher than previously reported GO configurations
with high epoxide coverage,”® where ordered epox-
ide groups in a C,0 structure yield a binding energy
of 3.73 eV/O in our calculation. This structure has
some similarities to models proposed in previous
calculations.?* The calculated lattice parameters of
this centered-rectangular (quasi-hexagonal) structure
are given in Figure 3b. Compared with graphene, the
magnitude of the primitive lattice vectors increases to
3.09 A (from 2.46 A) and the angle between them is
124° versus the 120° of an ideal hexagonal lattice.
Although this structure no longer has the 3-fold
symmetry of the graphene lattice, there are three sets
of mirror planes, corresponding to D,, symmetry,
which implies that there are three IR-active vibrational
modes (Figure 3c), two C—O—C modes in Nl and one
C—0—-C mode in GI (Supporting Information for
details), as observed experimentally. Various con-
figurations of C—O—C groups were considered;
however, only the double-epoxide structure produces

MATTSON ET AL.

the correct number of allowed vibrational modes in
each experimental geometry. Thus, the structure
suggested by DFT calculation is consistent with the
experimental diffraction and infrared spectroscopic
data. The O to C ratio in the oxidized regions is
significantly higher than previously reported values
in unreduced multilayer G-O where the average
chemical compositions vary from C;0q17Hpos to
C100.49Ho> depending on the oxidation time and
methods.?>2® As graphene-like islands spread across
the G-O film,*" the local oxidation level has been
reported to be as high as C;0¢ 5 to C;0q75H¢.75 for
monolayer G-O.2 Here, the higher ratio of 1:1 can be
realized by converting oxygen species present initi-
ally in G-O to the double-epoxide structure. Initially,
there are not enough epoxide or cyclic ether-type
oxygen groups in G-O to create GMO. However,
conversion of the remaining oxygen-containing func-
tional groups to a C—O—C configuration could pro-
vide a viable path. The spectroscopic evidence that
suggests this transformation is the changes of the
integrated intensities of all the oxygen-containing
functional groups before and after annealing, includ-
ing the absence of the H,0, OH, and carbonyl ab-
sorption bands and the increase in the C—0—C
asymmetric stretching peak (Figure 2b) after anneal-
ing. Meanwhile, experimentally we observe an in-
crease in diffracted intensity of the original G-O/
graphene reflections, which indicates a concurrent
increase in the crystalline areas of graphene-like
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Figure 5. Calculated band structure and density of states (DOS) for GMO. (a) Band structure along the high symmetry
directions (inset). (b) Comparison of DOS for GMO and graphene.

islands that are oxygen-free regions. We emphasize
that the increase in stoichiometry is only localized to
small crystalline regions of GMO and that the overall
oxygen content of the entire sample has not increased.
The formation of the new composite nanomaterial is
likely a consequence of the large number of layers in
the starting material and the diffusion-limited nature of
the reduction process. When similar in situ vacuum
annealing experiments were performed on a mono-
layer G-O sample, the GMO phase was not observed
(Figure S4).

The proposed structural model was further investi-
gated using HRTEM. While the majority of the sample
was much too thick to obtain atomic resolution
images, we were able to locate a very thin region
where the TRG-O sheets tore during annealing that
enabled imaging of the lattice planes of individual
GMO domains. HRTEM images of such a region are
shown in Figure 4. The HRTEM image in Figure 4a
shows that lattice fringes from individual GMO do-
mains can be resolved in thin regions of the sample
edges. Figure 4b shows an enlargement of a single
GMO domain from the HRTEM image in Figure 4a,
with the numerical diffractogram from the same
region shown in Figure 4c. In Figure 4b, high fre-
quency components of the image beyond the lattice
resolution of the microscope have been filtered out,
as these data contain no real information. In the
diffractogram of this region, two reflections are ob-
served with measured spacings of 0.25 and 0.254 nm,
corresponding to both the {100}- and {010}-type re-
flections of GMO. Measurement of the angle between
the sets of lattice fringes yields an angle of 55°.
This is in excellent agreement with DFT predictions
from the relaxed GMO model structure which sug-
gests an angle of 56° between the GMO {100} and
{010} planes. These results further confirm the struc-
tural conclusions based on all SAED, IRMS, and DFT
analyses.

The new GMO is predicted to be a semiconductor,
with a direct band gap of ~0.9 eV at the X point

MATTSON ET AL.

(Figure 5). The size (and existence) of the gap is
dependent on the distortion of the lattice away from
the ideal hexagonal lattice: constraining GMO to be
hexagonal (i.e., an angle of 120°) results in a zero gap
semiconductor. The overall shapes and magnitudes of
the density of states (DOS) of GMO and graphene
within 4+ 2 eV of the Fermi level (beyond the gap)
are very similar. The sensitivity of the electronic pro-
perties to subtle changes in the structure could
potentially lead to the ability to tailor the band gap.
In spite of the predicted semiconducting nature of
GMO, transport measurements (Figure S5) show that
the resistivity of as-reduced TRG-O (GMO and gra-
phene complex) is several orders of magnitude lower
than unreduced G-O, suggesting that islands of GMO
that are interspersed among the graphene-like regions
do not destroy the graphene connectivity completely.
Our preliminary results suggest that final graphene/
GMO relative quantities and hence the connectivity of
graphene regions are highly dependent on the ulti-
mate annealing time and temperature, with different
products demonstrating strong sensitivity on these
parameters. This is not surprising considering previous
studies of the evolution of electrical conductivity during
in situ thermal reduction of monolayer GO,%” which
demonstrate a complicated time and temperature
dependence of the oxidation and hence conductivity.
These characteristics warrant further investigation, and
further reports on the electrical properties of the TRG-O
composite materials will be forthcoming.

CONCLUSIONS

In summary, we have demonstrated that the va-
cuum thermal reduction of multilayer G-O films yields
a composite material containing graphene and graph-
ene monoxide nanocrystalline regions. The atomic
structure of GMO, consistent with all experimental
evidence from electron diffraction and IRMS, possesses
an O:C = 1:1 stoichiometry, with double-epoxide GMO
units arranged on a 2D quasi-hexagonal lattice. Crystal-
line CO has never been observed in nature at standard
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temperature and pressure, making solid GMO a signifi-
cant discovery. The semiconducting properties of GMO,
predicted by ab initio calculations, suggest that this new
material might be useful for various electronic applica-
tions such as sensors, transistors, and optoelectronic

METHODS

TEM Sample Preparation. G-O suspensions were synthesized
using a modified Hummers method, as described by our col-
laborators.?® G-O multilayer samples were prepared by drop-
casting 2 uL of the resulting suspension onto bare 200 mesh Mo
TEM grids. The individual G-O monolayers became stacked after
water evaporation, forming self-supporting multilayer struc-
tures that span the grid holes. Monolayer GO samples were
prepared by drop-casting diluted suspensions into Si TEM grids
with an ultrathin SizN, membrane.

TEM Measurements. TEM studies were performed in situ using
a Gatan tantalum-cup heating holder inside a Hitachi HOOOONAR
TEM operating at an accelerating voltage of 300 keV. The column
pressure of the TEM was maintained at approximately 10~ Torr.
The TEM is equipped with a Gatan Orius SC CCD, which was used
to record diffraction movies with 1 frame (1 s exposure time) per
4 s. An SAED pattern of the G-O film was recorded during the
vacuum annealing process, allowing the structure to be corre-
lated with temperature that was detected with a thermocouple.
An SAED movie (see Supporting Information) was recorded at
the same region of the sample, and the electron beam intensity
was fixed throughout the experiment. Importantly, SAED pat-
terns were recorded both during and after annealing of the
sample, indicating that the structural changes observed during
the experiment were stable upon cooling the sample to room
temperature. A radially averaged profile of diffraction intensity
(such as displayed in the insets of Figure 1a) was extracted from
each frame of the SAED movie corresponding to the tempera-
ture of the sample and subsequently combined as Figure 1b,
thus indicating the evolution of the reciprocal space positions
(y-axis) of the diffracted electrons with increasing temperature
(x-axis). During annealing and after being cooled, the samples
were studied using SAED, CBED, HRTEM, and bright-field TEM. In
other in situ experiments, a CBED pattern, taken with a 17 nm
convergent beam electron probe, was examined as the samples
were reduced.

IRMS Measurements. After TEM analysis, IRMS was performed
on the same TRG-O samples. IR measurements were performed
at the Synchrotron Radiation Center (SRC, Stoughton, WI) at the
IRENI beamline.?® The films as prepared on TEM grids were
measured in a Bruker Hyperion 3000 IR Microscope coupled to a
synchrotron source. Normal incidence transmittance and re-
flectance measurements were performed on the free-standing
films supported on TEM grids. By repeating the experiments
with objectives of varying numerical aperture, measurement
effects resulting from convergence of the synchrotron beam
being focused by the Schwarzschild focusing optics were ruled
out. The films were subsequently removed from the grids and
placed on microscope slides with an IR reflective coating (Kevely
Technologies). This enabled the films to be measured at a
grazing incidence using a Bruker Grazing Angle IR microscope
objective lens. GI measurements were performed with an IR
polarizer to emphasize only radiation polarized parallel to the
plane of incidence.

DFT Calculations. The density functional calculations were
carried out using the all-electron Full-potential Linearized Aug-
mented Plane Wave method, as implemented in flair.3° The
GMO and graphene calculations used the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof for
exchange correlation; sphere radii of 1.2 ag for both C and O;
plane wave basis and charge/potential representation cutoffs of
275 and 2700 eV, respectively; 12 x 12 x 2 to 36 x 36 x 2
k-point sets; and vacuum regions of 15 A. The internal
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devices, particularly considering its compatibility with
graphene. This discovery of nanocrystalline GMO is a
critical step to seeking methods to develop band gap
controlled, crystalline, monolayered graphene oxide
that do not rely on multilayered materials.

coordinates were relaxed to a force criterion of 10~* eV/A.
Other C:O ratios and configurations were modeled starting from
2 x 2 hexagonal cells with eight carbon atoms.
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