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Solution exfoliation of graphite holds promise for large-scale bulk synthesis of graphene. Non-covalent
exfoliation is attractive because the electronic structure of graphene is preserved but the yield is low and
the lateral dimensions of the sheets are small. Chemical exfoliation via formation of graphite oxide is
a highly versatile and scalable route but the covalent functionalization of graphene with oxygen
significantly alters the properties. Here, we report a new method for large-scale facile synthesis of
micron-sized partially oxidized graphene (POG) sheets with dramatically improved electronic
properties compared to other solution-phase exfoliated graphene. Due to low initial oxygen content
(~12%), POG requires only mild annealing (<300 °C) to achieve a sheet resistance of 28 kQ sq ' at the
neutrality point, only a factor of ~4 larger than the intrinsic sheet resistance of pristine graphene
(~6 kQ sq~") and substantially lower than graphene exfoliated by other methods. Such a partial
oxidation approach opens up new promising routes to solution based high-performance, low
temperature, transparent and conducting graphene-based flexible electronics.

Introduction

Bulk production of graphene from chemical exfoliation of graphite
is required for applications where a large volume of material is
required.” While a number of exfoliation schemes have been
proposed,! none has been found to yield graphene with electrical
properties comparable to those of chemical vapor deposited, silicon
carbide converted or mechanically exfoliated graphene. Exfoliation
of graphite via graphite oxide has been widely studied due to high
yield of monolayer sheets, graphene oxide (GO), with lateral
dimensions up to a few to hundreds of microns that are soluble in
common solvents such as water.>* As-synthesized GO is insulating
but can be reduced to obtain intrinsic sheet resistance of 1 MQ sq !,
a few orders of magnitude larger than that of pristine graphene
(~6 kQ sq"). Other chemical routes utilize organic molecules or
surfactants to intercalate into graphite and non-covalently bind to
graphene surface®® to achieve exfoliation. However such methods
must be assisted by prolonged ultrasonication that tends to
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fragment the graphene sheets into submicron lateral dimensions
that significantly deteriorates the properties of large-area thin
films.%™ A scalable method to high quality graphene with large
lateral sizes is therefore currently lacking.

The electronic quality of reduced GO (rGO) is limited mainly
by residual oxygen functional groups'® and structural defects
that originate from loss of carbon from the basal plane in the
form of CO and CO, during reduction.’™* Thus, efficient
removal of oxygen and suppression of defect-forming mecha-
nisms are crucial for achieving the highest electronic quality
rGO. While some progress has been made towards this end,*
most studies indicate that high carrier mobilities are achieved
only after high temperature (~1000 °C) reduction,'>® often in
conjunction with prior chemical treatment such as exposure to
hydrazine vapor.'” However, even after high temperature treat-
ments,? a significant amount of oxygen is present in various
stable forms.?*?! A recent study showed that in highly oxidized
samples, oxygen functional groups in close proximity interact to
form stable species such as in-plane ether or out-of-plane
carbonyl groups.*! The formation of stable defect species can be
avoided in samples with lower initial oxygen content because
isolated functional groups such as hydroxyls desorb directly,
leaving the graphene basal plane intact. When typical oxidation
process such as the modified Hummers or Brodie’s method is
used, GO is fully oxidized with an oxygen content of ~30%.
A few recent studies®®* have suggested that exfoliation of mildly
oxidized graphite could lead to graphene sheets with improved
properties. However, small size and yield have limited extensive
investigation of properties and chemistry and efficient reduction
mechanisms remain elusive.
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Here, we report a simple scalable synthesis of partially
oxidized graphene (POG) which exhibits electrical properties
that are distinctly superior to those of graphene derived from
other solution-phase exfoliation methods. We show that mild
oxidation of graphite followed by intercalation with tetrabuty-
lammonium hydroxide (TBA) leads to a highly stable colloidal
dispersion of POG flakes with lateral dimensions that are larger
than those obtained by non-covalent exfoliation methods.*®
These POG sheets have an initial oxygen content of only 12%
and exhibit a chemical structure that is distinctly different from
all other forms of chemically derived graphene reported in the
literature. We demonstrate that POG can be efficiently reduced
at low temperatures (<300 °C) to achieve high electrical
conductivity. We describe the structural, chemical, and electronic
properties of POG in detail and compare them to the well
characterized fully oxidized GO to highlight the superior nature
of POG.

Experimental section
Material synthesis

The oxidation method utilized in this study is based on Brodie’s
method.?® All chemicals were obtained from Sigma-Aldrich and
used without further purification. Natural graphite (0.5 g) was
immersed in concentrated nitric acid (10 mL). Potassium
chlorate (5 g) was slowly added into the mixture while the
temperature was maintained around room temperature. The
reacted graphite was washed with a copious amount of water to
remove the acid, oxidant, and any fully oxidized GO which is
soluble in water. For comparison, fully oxidized GO was
synthesized via a modifietd Hummers method.”” The mildly
oxidized graphite was then intercalated with a tetrabutylammo-
nium hydroxide (TBA) solution®® (2 mL, 40% in water) in 20 mL
dimethylformamide (DMF) at 80 °C for 5 days. The mixture was
allowed to cool to room temperature and the POG sheets were
precipitated out and the TBA was removed. The sediments were
redispersed in fresh DMF. The final dispersion contained
predominantly monolayers of POG and remained stable over
several months with minimal precipitation.

Thin film deposition

Thin films of POG were prepared using Langmuir-Blodgett
(L-B) assembly.? Briefly, a suspension of POG in DMF was
carefully applied on a water surface dropwise. The suspension
immediately spread over the water surface due to the high surface
tension of water. After several droplets (~50 puL) were applied,
a continuous film of monolayer POG was formed. Unlike in the
conventional L-B deposition, the substrate was slowly brought
into contact with the film from above the water surface and
retracted. Excess water was carefully absorbed. This simple
process yielded highly uniform films of monolayer POG
transferred onto substrates from the air—water interface. Thicker
films were prepared by repeating the above procedure.

Reduction

Reduction of POG was achieved by annealing the sample for
1 hour in a nitrogen atmosphere except in XPS and FTIR studies

where the samples were annealed in vacuum. Unless stated
otherwise, an annealing temperature of 250 °C was used.
Chemical reduction of POG was conducted by using ascorbic
acid (vitamin C) following a recently reported procedure.

Characterization

X-Ray diffraction of partially oxidized graphite, GO paper, and
pristine graphite was obtained under ambient condition in
a PANalytical X’Pert Pro MPD with Cu K, X-ray source. To
minimize the effect of adsorbed water, the samples were dried
over phosphorus pentoxide for ~3 days.

Transmission electron microscope (TEM) images were taken
in a JEOL 2000X at 200 kV. The TEM samples were prepared by
depositing POG flakes on holey carbon mesh using the L-B
method described above. Field emission scanning electron
microscope (SEM) images of POG deposited on SiO,/Si
substrates were obtained on a Gemini LEO1525 at 5 kV in inlens
detection mode.

UV-visible absorption of POG thin films deposited on quartz
substrates was measured by a PerkinElmer Lambda 25 UV-vis
spectrometer under ambient condition.

In situ infrared absorption measurements (4 cm™' resolution)
were performed in transmission (~70° incidence) through two
KBr-IR windows with a Nicolet Nexus 670 equipped with
a DTGS detector. Si(100) wafers with ~6 to 7 nm of thermal
oxide (CZ, n-type, double side polished with a nominal resistivity
of 1-20 Q cm) were cleaned by sequential rinsing in DI water
(Nanopure deionized water with a resistivity of 18.2 MQ cm and
a total organic carbon (TOC) below 5 ppb obtained from
a Millipore system), ethyl acetate, methanol, and DI water, and
immersion in piranha solution (98% H,S04/30% H,0,, 2 : 1, v/v)
at 90 °C for at least 30 minutes and rinsed with copious amounts
of DI water. Caution: piranha solution is extremely corrosive and
should be handled with care. Single layer and three layers of POG
films were then deposited on both sides of these clean SiO,/Si
substrates (1.5 x 3.8 cm) and measurements were performed at
60 °C in a vacuum chamber.

Micro-Raman spectra were obtained on a Jobin Yvon
LabRam Infinity using 532 nm excitation. The excitation laser
was focused on individual monolayer flakes of POG.

X-Ray photoelectron spectroscopy (XPS) data were taken on
films deposited on Pt foils using a VG ESCALAB MK I
(Vacuum generators, Hastings, England) system (base pressure
of 1 x 1077 Pa) equipped with a twin anode (Mg/Al) X-ray
source with a hemispherical electrostatic analyzer with a five
channeltrons detector. All the spectra reported were collected
using Al K, excitation energy. The binding energy (BE)
calibration was carried out using the 4f peaks of the Pt foil.
Spectra were taken at room temperature before and after
annealing in vacuum without exposing the sample to air.

For evaluation of the electrical properties of POG films,
bottom-gate, top-contact field-effect transistor (FET) structures
were used. Measurements were conducted on a Keithley
4200 semiconductor parameter analyzer. Doped Si wafers served
as both the supporting substrate and global gate electrode. The
dielectric layer was 300 nm of thermally grown SiO, (geometrical
capacitance, C; = 11.5 nF cm~2). A POG film was deposited onto
the SiO, by L-B deposition as described above and devices were
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completed by shadow mask evaporation of Au source and drain
contact electrodes. All measurements were conducted on
~2 layer films with an apparent thickness of 2 nm unless other-
wise noted. Devices with channel lengths (L) of 2040 um with
a width (W) of 10001500 um were tested and all devices showed
similar behavior. For electrical characterization on individual
POG flakes, Au electrodes were deposited initially on SiO,/Si
substrates and a sparse non-continuous layer of POG
was deposited from solution. Devices with the channel region
(L=1pmand W =1 um) fully covered by a single monolayer of
POG flake were selected for subsequent characterization.
Two-dimensional conductivity (o) was calculated using ¢ = 1/R;
where R is the sheet resistance measured by two-probe and
four-probe methods (both yielding consistent values). The
corresponding bulk conductivity was calculated using oy = o/t
where ¢ is the apparent thickness measured by AFM.

Results and discussion

Upon partial oxidation using the method described above, the
interlayer spacing of graphite was found to have expanded
slightly compared to the pristine material. The lateral size
however remained largely unchanged indicating minimal etching
of the graphite from the edges during oxidation (Fig. 1a). The
X-ray diffraction spectrum of the oxidized powder shown in
Fig. 1b clearly demonstrates the presence of the graphite oxide
phase®! at ~15° along with the residual graphite phase at ~26°
(Fig. 1b). The absence of an amorphous phase background that
is typically present in GO paper suggests higher degree of
structural order in mildly oxidized graphite.

Visually, POG suspension is black with weak brown tint
indicating that the aromatic network is largely preserved

Mildly oxidized graphite

Normalized intensity (a.u.)

Graphite

Fig. 1 (a) SEM image of partially oxidized graphite flakes. (b) X-Ray
diffraction spectra of graphite, GO paper and partially oxidized graphite.
The inset is a photograph of partially oxidized graphite powders. (c)
Photograph of a suspension of GO in water (left) and POG in DMF
(right) having similar optical density. (d) TEM image of a monolayer
POG suspended over holey carbon grid. The inset shows a SAED pattern
taken at the center of the POG sheet and the corresponding intensity
profile along the line shown.

(Fig. 1c). This is in contrast with the GO suspension, which is
brownish in appearance. Exfoliation of partially oxidized and
intercalated graphite was less efficient compared to graphite
oxide prepared through the modified Hummers method.
Nevertheless, the yield of our method is estimated to be a few
weight percent, and results in concentrated (~1 mg mL™")
suspensions of mono- and few-layer POG. Electron diffraction
patterns of POG sheets comprise of a single set of hexagonal
patterns similar to those commonly observed in monolayer
graphene®* and GO* (Fig. 1d). The relative intensity of the inner
1100-type reflections and outer 2110-type reflections further
confirm that the flakes are monolayers of POG (Fig. 1d, inset).

The SEM image of a single LB deposition in Fig. 2a shows
a highly uniform coverage by densely packed POG sheets
covering >90% of the substrate surface. The POG sheets were
distinctly smaller than the oxidized graphite with the majority of
the sheets having a lateral size of between 3 and 10 pm suggesting
that tearing of the sheets occurred during the intercalation or the
exfoliation process. We note that a uniform deposition was
achieved over areas as large as 5 cm? under non-optimized
conditions. Minimal overlap between the sheets suggests the
presence of repulsive electrostatic forces among the edge func-
tional groups.?” The majority of the sheets (~90%) were found to
be monolayers having a thickness of about 1 nm (see ESI for
AFM results) and the rest were multilayers (seen as darker
regions in Fig. 2a). Multiple depositions lead to layer-by-layer
deposition as shown in Fig. 2b and c. POG was found to be
slightly more hydrophobic compared to GO with clear difference
in contact angles (~60° and ~50° for 2-layer films of POG and
GO, respectively), implying lower concentration of polar oxygen
functional groups in POG (Fig. 2d and e).

The absorption spectrum of as-synthesized POG thin films
shows that the peak related to the w—m* transitions is red-shifted
compared to that of GO thin films (Fig. 3a), indicating that it is
oxidized to a lesser degree.?*3* A red shift is observed in POG
after thermal reduction, suggesting removal of oxygen. It can
also be noticed that the GO peak arising from n — p* transitions
of C=0 at 300-310 nm is significantly diminished in POG,
indicating low concentration of carbonyl and carboxyl groups.

The infrared absorbance spectra shown in Fig. 3a provide
further evidence that the chemical structures of as-synthesized
and reduced single layer POG are significantly different from
those of single layer GO. The vibrational modes corresponding
to POG and rPOG are mainly contributions from the ether
groups (C-0, 800-1200 cm™") and sp*hybridized C=C (1500-
1600 cm™") vibrations with weak infrared intensity. Interestingly,
absorption features associated with carbonyl (1750-1850 cm ™),
carboxyl (1650-1750 cm™'), epoxide (1230-1330 cm™') and
hydroxyl (3050-3800 cm™') groups, which are prominent in the
spectrum for GO, are significantly diminished or absent for POG
and rPOG. These results demonstrate that POG prepared by our
method is distinctly different from mildly oxidized graphene
samples reported by other groups.?>25 The peaks at 3000-
3500 cm™! could be attributed to the stretching vibrational modes
of C-H and at 3500-3800 cm ' to N-H vibrations with addi-
tional contributions in the region of ~800 to 1500 cm™' for
stretching modes of C-N and bending modes of N-H and C-H,
which is a possible indication of hydrolyzed DMF (i.e. formic
acid and dimethylamide). After annealing, the peaks for ethers
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Fig.2 (a) SEM image of a monolayer POG film deposited on a SiO,/Si substrate via L-B assembly. The inset shows a higher magnification image (scale
bar: 6 pm). The dominant grey and dark grey regions correspond to monolayer and multilayer POG sheets, respectively. The substrate surface appears as
light grey. (b) and (c) are SEM images of 2 layer and 3 layer POG film, respectively (scale bar: 6 um). (d and e) Photograph of a water droplet on 2-layer
(d) GO and (e) POG films showing slightly higher contact angle for POG. (f) Normalized UV-visible absorbance of GO, POG, and rPOG films. The
plots for GO, rPOG, and 6-layer POG are normalized at the peak value. The data for 1- to 6-layer POG are plotted keeping the experimentally observed
relative intensity. (g) Absorbance of POG films as a function of the number of layers at different wavelengths.

and/or epoxides and C-H were diminished, indicating reduction
and removal of some organic residues on the samples. The
presence of a C=C peak, which requires nearby functional
groups to be activated, implies that some residual oxygen is
present in the sample after mild annealing.

The Raman spectra of POG consist mainly of prominent D
and G peaks and weak 2D and D + G peaks. Close examination
of the D and 2D peaks reveals that the FWHM is ~20% wider for
GO, suggesting greater disorder. The D/G peak ratios do not
correlate well with the electronic quality of rGO.'*3% The corre-
lation length, L,, or size of the defect-free sp* carbon clusters, can
be estimated by L2C'(1) = I(D)/I(G) where I(D) and I(G) are
Raman intensity of the D and G peaks, respectively, and C'(}) is
a constant dependent on excitation laser wavelength.3® The lower
bound of the sp? carbon cluster size in POG can be estimated
using this relationship. Taking the I(D) and I(G) of GO and
POG, L, for POG is estimated to be at least 2.8 times greater
than that of GO. Erickson et al®” recently showed with high
resolution TEM analysis that the sp? carbon clusters of GO range
between 1 and 6 nm? in size, in good agreement with earlier
studies.’®* If we assume the average sp? carbon cluster area in
GO to be ~3 nm?, then we can estimate the cluster size in POG to
be greater than ~24 nm? consistent with the low initial oxygen
content. However, careful high resolution TEM study is neces-
sary to verify this result. It is worth noting that a slight increase in
the D peak was observed after thermal reduction of POG
suggesting formation of some defects during desorption of
functional groups in a manner similar to GO.

The Cls peak region in the XPS spectra was deconvoluted to
the components which are expected to be present in the
samples.'®™*® Specifically, these are: C sp? in aromatic rings
(284.6 eV); C-O (286.1 eV); C=0 (287.5 eV); C(=0)-(OH)
(289.2 €V); and m—m* satellite peak (290.6 eV) (Fig. 4a). In
contrast to GO where the C-O component is typically
comparable to C sp? in intensity, as-synthesized POG shows
significantly weaker C-O and C=0, in good agreement with the
FTIR results. These components further diminished after mild
annealing. The oxygen contents in POG and rPOG reduced at
300 °C were found to be 12 and 3%, respectively. The onset of
reduction was found to occur between 100 and 200 °C, similar to
the case of GO (Fig. 4b and c). For comparison, measure-
ments conducted under identical conditions for GO yielded
~40% and ~15% for as-synthesized GO and rGO reduced at
300 °C. It should be noted that even at a reduction temperature
of 1000 °C, an oxygen content of 3% cannot not be achieved in
GO." The total sp® carbon content accounting for
defect-induced peak shift for POG reduced at 300 °C was found
to be 90-92%, which is higher than the values for GO reduced
at 1000 °C.

As-synthesized GO is an electrical insulator with a large sheet
resistance of ~10'> Q sq~'.* As-synthesized POG was found to be
conducting with a sheet resistance of ~10° Q sq~'. In FET
configuration, POG also exhibited the typical ambipolar field
effect with gate bias (Fig. 5a). The field-effect mobility (u) was
extracted from the drain current (/p) as a function of gate voltage
above the threshold (Vg — Vr) voltage assuming Ip = (uC;W/L)
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Fig. 3 (a) In situ FTIR absorbance spectra in transmission and (b)
Raman spectrum (excitation wavelength: 532 nm) for GO, POG and
rPOG thin films. The noise-like features around 1000 cm™' in (a) arise
from the TO phonon modes of the Si substrate.
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Fig.4 (a) Clsregion of the XPS spectrum for GO, POG and rPOG. The
spectra were deconvoluted to 5 components as described in the text. (b)
Atomic oxygen concentration of POG as a function of annealing
temperatures. (c) Percent fraction of sp? carbon, C-O, C O, and COOH
as a function of the annealing temperatures.

[(Vg — V1) — Vp*2] for an FET with channel length L and width
W at a fixed drain voltage (Vp). The mobility in as-synthesized
POG thin films was found to be on the order of 10~* cm? V' s7*
and typically higher for holes than electrons. As shown in Fig. Se,
mobility was found to increase almost linearly with increasing

lateral field (Ep). The origin of such behavior is not clear,
however, since defects such as oxygen functional groups can be
trapping centers, a Poole-Frenkel type electrical conduction
mechanism, where charge carriers are de-trapped by field-assis-
ted activation, is likely to play an important role.

After annealing at 250 °C, the conductivity of POG films
improved by ~5 orders of magnitude reaching ~10 uS with the
corresponding bulk conductivity of 50 S cm~'. Field modulation
of channel conductance was significantly suppressed indicating
an evolution of the electronic structure and trap state distribu-
tion of POG*! (Fig. 5b). The low on/off behavior of rPOG may
be attributed to increase in density of states (DOS) near Fermi
energy due to defects*! and also to the presence of charged
impurities on the substrate surface.’® The field-effect mobility of
rPOG thin films was around 1-3 cm? V' s~! and was found to be
nearly independent of lateral fields (Fig. 5f). This indicates that
a large proportion of residual trap states is thermally accessible
such that the influence of field is greatly diminished. Improve-
ment in both electrical conductivity and mobility by a factor of
2-4 was observed when POG was chemically reduced prior to
annealing (Fig. 5c and g). Optimum reduction leads to a sheet
resistance of 28 kQ sq~' at the neutrality point for individual
monolayer rPOG, which is only a factor of ~4 larger than the
intrinsic sheet resistance of pristine graphene.** The conductivity
and mobility of individual monolayer rPOG sheets were found to
be higher than those of corresponding 1 layer films by a factor of
2-4. This result is consistent with the recent report which indi-
cated the detrimental effects of inter-sheet junctions in carrier
transport.*

For low reduction temperatures, the sheet resistance of rPOG
films was found to be more than one order of magnitude lower
than that of rGO films with similar thicknesses and optical
transparency. However, after high temperature reduction
(~1000 °C), both rPOG and rGO exhibited similar sheet
resistance and transparency. These observations suggest that
carrier transport in these films is not only limited by the residual
oxygen functional groups and defects but also by other factors
such as inter-sheet resistance and charged impurities (see ESIt
for details).

Field effect mobilities obtained from POG and GO with
various reduction conditions are summarized in Fig. 6. The
upper panel shows the results for ~2 layer film from the current
study. In the bottom panel, the result for individual POG is
compared with previously reported results on individual flakes of
GO reduced in various conditions.!s!#3541 Tt can be seen that the
chemically reduced POG without subsequent annealing exhibits
mobilities comparable to those of GO reduced at 250 °C. For
identical annealing conditions, POG films exhibited one order of
magnitude higher mobilities compared to GO. It should be noted
that the properties of GO and POG thin films are influenced by
various factors such as flake size and film morphology. The
average sheet sizes particularly become critical for high mobility
devices because carrier mobility is expected to be limited
by sheet-to-sheet junctions. In this study, the POG sheets were
5-6 times smaller than the GO sheets in lateral size. Thus it is
remarkable that despite the smaller size of the POG sheets, large
mobilities were observed.

Electrical properties of individual POG and GO sheets
provide a better comparison because effects of flake size and

This journal is © The Royal Society of Chemistry 2011
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Fig. 5 Transfer characteristics of (a) POG, (b) thermally reduced POG, and (c) chemically and thermally reduced POG thin films. (d) Transfer
characteristics of a single flake of chemically and thermally reduced POG. (e-h) Field effect mobility as a function of source-drain electric field
corresponding to the devices in (a—d), respectively. “red” and “ann” stand for “reduction” and “annealing”, respectively.
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results for thin film samples and individual flakes, respectively. In the
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morphological features can be eliminated. Surprisingly,
mobilities obtained for rPOG that were chemically reduced
and annealed at 250 °C are comparable to or significantly
higher than those of rGO that have been reduced at much

higher temperatures.'>'®*5 These results indicate that mild
annealing of POG is sufficient to achieve an extended network
of sp? carbon that is comparable to that of highly reduced
GO.

Conclusions

We have demonstrated that graphite can be exfoliated into
individual sheets via mild oxidation followed by intercalation. By
minimizing the aggressive oxidation process commonly
employed in many studies and avoiding prolonged ultra-
sonication, large sheets (>1 um) of POG can be obtained. The
chemistry of POG was found to be distinctly different from that
of GO. The main oxygen functional groups were in the form of
epoxide and/or ethers and other groups such as carboxyl,
carbonyl, and hydroxyl were present in only minor concentra-
tions in POG. Due to the low initial concentration of oxygen
(~12%), as-synthesized POG is conductive in contrast to
as-synthesized GO which is highly insulating. Low sheet
resistance (~28 kQ sq~') can be achieved in individual monolayer
rPOG after mild annealing (<300 °C) due to efficient reduction.
POG allows fabrication of devices at temperatures significantly
lower than that required to achieve equivalent reduction in GO
even without the need for reducing chemicals. Our results offer
a promising route towards incorporating chemically derived
graphene into a variety of materials systems where low temper-
ature processing is desired.
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