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raphene is a one-atom-thick layer of
G graphite with two linear bands cros-

sing at the Dirac point. Due to such
unique electronic structure, the prospects of
graphene-based nanoelectronics have sti-
mulated extensive research activities.'®
Although single layers of graphene have
been prepared by mechanical cleavage,’
calcinations of SiC,'®'" and CVD growth on
transition metals,'®'* the central challenge
of graphene implementation is its mass
production. A promising solution to this
problem comprises chemical conversion of
readily accessible monolayers of graphene
oxide to graphene.'* '® Graphene oxide
has its own advantages. First, the exfoliation
of graphite oxide is efficient and results in
high yields of single-layered graphene
oxide flakes.'® Second, good solubility of
graphene oxide in water and other solvents
allows it to be uniformly deposited onto a
wide range of substrates in the form of thin
films or networks which are valuable for
nanoelectronic  devices.'”'® Third, gra-
phene oxide is an insulator, but a controlled
oxidation provides a way to tune its elec-
tronic properties, optical transparency, and
mechanical characteristics."® 2" Such fea-
tures hold significant promise for novel
sensors, optoelectronic devices, and smart
composites.

To date, it has generally been accepted
that a sheet of graphene oxide forms over a
range of O:C compositions with the oxygen
bound to carbon both at the top and at the
bottom of a honeycomb lattice in the form
of hydroxyl and epoxy functional groups,
whereas the sheet edges are mostly deco-
rated by carbonyl and carboxyl groups.
Although tuning the conductivity of a gra-
phene oxide sheet by thermal annealing
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ABSTRACT A suspended graphene oxide device is fabricated and investigated using a
transmission electron microscope (TEM) scanning tunneling microscope (STM) setup. A detailed
study of step-by-step reduction of an individual graphene oxide sheet under current flow and Joule
heating in tandem with conductivity measurements, atomic structure imaging, chemical composi-
tion, and bonding alternations tracing is performed. As monitored by electron energy loss
spectroscopy, the oxygen content is tuned from that peculiar to a pristine graphene oxide
(i.e., 23.8 at %) to oxygen-free pure graphene. Six orders of magnitude conductance rise is observed
during this process with the final conductivity reaching 1.5 x 10° $/m. Quantification of plasma
energy losses of the starting graphene oxide shows that ~40% of the oxygen atoms are in the form
of epoxy, and ~60% oxygen atoms are in the form of hydroxyl. The total portion of sp* bonds in
pristine graphene oxide is estimated to be ~45%. The epoxy groups show a larger influence on the
conductivity of graphene oxide than hydroxyl ones. Through analyzing consecutive plasma-loss
energy spectra under gradual graphene oxide to graphene transformation, it is found that the

oxygen atoms in epoxy groups decompose prior to those in hydroxyl groups.

KEYWORDS: graphene - graphene oxide - electron energy loss spectroscopy (EELS) -
in situ TEM

reduction has successfully been demons-
trated,?®*3>7?% the detailed nanostruc-
ture evolution and chemical composition
changes during this process have not been
elucidated as yet. It worth noting that be-
fore graphene oxide can be used for many
technological applications it is important to
understand its detailed chemical reduction
kinetics.

In this work, a specially designed gra-
phene oxide device was fabricated and
investigated in a transmission electron mi-
croscope (TEM)-based setup which allowed
us to perform in-tandem conductance mea-
surements and real-time TEM observations
at a high spatial resolution. The graphene
oxide sheet was reduced step-by-step by a
gradual increase of temperature under its
Joule heating. The atomic structure changes
were monitored by high-resolution TEM.
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The sheet's chemical composition and bonding states
were characterized by electron energy loss spectros-
copy (EELS). The graphene oxide sheet was finally
reduced to an oxygen-free pure graphene; its resis-
tance dropped from >1 GQ to 10 kQ2 (corresponding to
a conductivity of 1.5 x 10> $/m). Consecutive deoxida-
tion stages were systematically studied.

RESULTS AND DISCUSSION

A suspended graphene oxide sheet was placed in a
TEM, and an electrical contact was made to it. The
geometry of the design is shown in Figure 1a. A low-
magnification TEM image of the cantilevered graphene
oxide device is shown in Figure 1b. A high-resolution
image and the corresponding fast Fourier transform
(FFT) pattern show that the graphene oxide sheet has
an amorphous-like structure. Using a dipping method
(see details in the Experimental Method), we typically
produced sheets made of 3—5 layers of graphene
oxide, rather than of a single layer (see the bottom
insetin Figure 1d). Since graphene oxidation is random
throughout a single graphene layer, C—O bonds break
the symmetry of the original honeycomb carbon lat-
tice. Therefore, when several single graphene oxide
layers are randomly stacked to form a sheet, the lattice
fringes peculiar to a pure graphene cannot be resolved.
At the beginning, the graphene oxide sheet was highly
electrically resistant with a resistance >1 GQ. We
gradually increased the maximum bias (and thus
the Joule heating temperature), and the consecutive
current measurement cycles were performed in series.
The resistance of the sheet decreased after each cycle.
The serial -V curves are shown in Figure 2a,b using a
linear scale and in Figure 2c using a logarithmic scale.
From the logarithmic plot, one can clearly see that a
passing current increases 6 orders of magnitude, and
so does the conductance.

After each |-V measurement, we performed de-
tailed EELS analysis of the sheet. As seen from the core
loss spectra, both carbon and oxygen peaks are visible.
Quantification of the spectrum 1 (Figure 3a) gives a
23.84 at % oxygen content in the pristine graphene
oxide. The oxygen content decreases after each |-V
measurement until pure graphene is finally obtained
(spectrum 7, Figure 3a). The corresponding /—V curve
(Figure 2b, plot 7) displays a linear character attribu-
table to the Ohmic contacts between the metal elec-
trodes and the pure graphene. In the previous study,
when graphene oxide was heated to 1100 °C, there
was still about 8 at % oxygen left.>>?* In our study,
during the final cycle, a current exceeded 2 mA under a
18 V bias. In the previous report on Joule heating of a
carbon nanotube?” and a pure graphene,?® Huang
et al. used the thermal-induced lattice expansion of
nanotube walls (from 0.34 to 0.4 nm) to estimate the
temperature. Here, the electrical circuit and current
density (1.2 x 10”7 A/cm?) are close to those applied in
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Figure 1. (a) Schematic drawing of a suspended free-stand-
ing graphene oxide device mounted into the high-resolu-
tion transmission electron microscope. Silicon nitride can-
tilevers are used to support gold electrodes on which the
graphene oxide sheet is deposited. (b) Low-magnification
TEM image of the graphene oxide device. Graphene oxide
sheet can be seen in the space between two cantilever ele-
ctrodes. (c) High-resolution TEM image of the pristine
graphene oxide sheet. Inset: fast Fourier transform image
showing that the pristine graphene oxide sheet is amor-
phous. (d) High-resolution TEM image of the graphene
oxide sheet after its complete reduction. Top inset: fast
Fourier transform image showing {10—10} diffraction ring,
which indicates the sample graphitization. Bottom inset:
high-resolution TEM image of the sheet edge after reduc-
tion; 3—5 layers are seen.

the Huang's experiments, and thus we assume that
the temperature may also exceed 2000 °C during the
final Joule heating cycle, as was verified in the former
work.

Each carbon K-edge EEL spectrum consists of a peak
ataround 284 eV due to excitations from the 1s level to
empty 77* states of the sp>-bonded atoms, followed by
a step at around 289 eV due to a transition from the 1s
level to empty o* states at both sp? and sp>-bonded
atoms. During the regarded Joule heating-induced
chemical reduction process, the fine structure of the
C K-edge also displays a notable change. At the begin-
ning (no. 1 spectrum, Figure 3a,b), the 7* peak is hardly
seen. With the oxygen content decreasing, this peak
becomes more and more intense. The o* peak also
becomes sharper when the pure graphene is obtained.
These changes demonstrate the chemical bonding
alternations during the Joule heating cycles. As indi-
cated in Figure 1c, the pristine graphene oxide exhibits
an amorphous-like structure. Oxygen forms sp®> C—0
bonds with carbon, and the sp® bonding fraction is
relatively low. When oxygen is consumed, sp*-bonded
C atoms eventually dominate, and the sample be-
comes more and more graphitized. Sharpening of EELS
peaks indicates that crystallization improves after
in situ TEM Joule heating/annealing. This result coin-
cides with the HRTEM images shown in Figure 1d.
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Figure 2. (a) First three /I—V curves at the initial stage of the
graphene oxide chemical reduction. (b) Latter four /—V
curves at the final stage. Curves gradually change their
character from nonlinear to linear. No oxygen is detected in
the EEL spectrum during the measurement #7. (c) In order to
evaluate the change in current, the |-V curves from #1 to #7
are plotted in the logarithmic scale. From #1 to #7, 6 orders
of magnitude increase in current is apparent.

The sp*/sp> atomic ratio can also be deduced from
the plasmon energy loss range of the EEL spectra,
which is derived from the corresponding valence
states' alternations. From the low loss EEL spectra
recorded along with the /—V measurement cycles
(e.g., Joule heating cycles), one can see a notable red
shift of the plasmon energy when the oxygen content
decreases. When this observation is combined with the
elemental quantification analysis using Figure 3a, the
plasmon energies as a function of the oxygen content
are summarized in Figure 3d. The plasmon energy of
the pristine graphene oxide is ~24.5 eV; this value for
the oxygen-free pure graphene sheet becomes ~22.7
eV. Previously, it has been found that 7* and 7* + o*
plasmon modes in a free-standing graphene sheet are
substantially red-shifted compared to their values in

XU ET AL.

graphite. The experimentally recorded z* + o* plas-
mon energies for a single layer and a five layer gra-
phene are 14.6 and 18 eV, respectively.’®3° When the
thickness of a graphene flake exceeds 10 atomic layers,
its plasmon energy approaches that of bulk graphite
(i.e., 26 eV). Thus 22.7 eV plasmon energy for a 3—5
layer graphene sheet in our experiments looks reason-
able. The low-energy plasma excitations of the z* elec-
trons in the graphene oxide sheet sample take place at
the energy of ~6 eV, which is lower than that in
graphite (i.e,, ~7 eV) but higher than that in a single
graphene oxide sheet (i.e., ~5 eV) and in a single-layer
graphene (ie., 4.7 eV)?* 3" The positions of these
st* electron plasma excitations do not show an obvious
change when the graphene oxide sheets are reduced
to graphene.

The plasmon energy of a pristine graphene oxide
sheet, 24.5 eV, is higher than that in graphene because
of the sp? hybridization induced by the oxygen-contain-
ing groups. On the basis of the previous studies and the
free electron model, the plasmon energy decreases al-
most linearly with sp® fraction decreasing.?** The plas-
mon energy of an amorphous carbon sample, which has
~45% fraction of sp> bonds, is around 24 eV.2' It is
reasonable to suggest that in our pristine graphene oxide
sample the actual amount of carbon sp® bonds is also
around 45%. Connecting the plasmon energy with the
oxygen content (shown in Figure 3d), we conclude that
this energy change takes place in two stages: a decreas-
ing rate is 2 times faster at the starting than in final stages.
Since plasmon energy is linearly related with the sp®
bond fraction, if a same amount of oxygen is released
from graphene oxide, 2 times more sp® bonds are broken
during the starting than during the final stages. The sp® to
sp? transition mainly takes place in the basal plane, where
the epoxy and hydroxyl groups coexist. Considering that
in the epoxy group one O atom bonds to two C atoms,
whereas in the hydroxyl one O atom bonds to only one C
atom (see atomic models in Figure 3d), it is concluded
that at the beginning mainly epoxy groups decompose,
and latter hydroxyl groups start to decompose. Ab initio
calculation demonstrates that the formation energy of
hydroxyl is more than 2 times larger than that of the
epoxy.?' By contrast, using molecular dynamic simula-
tions of graphene oxide thermal annealing, the epoxy
groups were found to be relatively more stable than the
hydroxyl ones.?* This discrepancy clearly indicates that
the atomic structure evolution of graphene oxide during
thermal annealing is still an open question which requires
further investigations. The present analysis also suggests
that the ratio of hydroxyl groups to epoxy groups in a
graphene oxide is 14.5%: (23.8—14.5%) ~ 3:2. We have to
point out that graphene oxide is not stoichiometric and is
highly hygroscopic, and hence its composition can vary
with the synthesis methods and environments.'®?* We
additionally carried out X-ray photoelectron spectrosco-
py (XPS) analysis of the starting graphene oxide materials,
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Figure 3. (a) EEL core loss K-edges of C (284 eV) and O (532 eV) at different graphene oxide chemical reduction stages.
Quantification of the C and O K-edges is carried out to calculate the atomic ratio of the species; this is shown on the right-hand
side of each spectrum. (b) Enlarged view of the C K-edge. The evolution of 7* peak is evident. (c) Plasmon energy spectra at
different reduction stages. The 7* peak does not show an obvious change, whereas the % + o* peak red shifts. (d) Plasmon
energy as a function of the O content. Generally, plasmon energy decreases with decreasing O content; the decreasing rate at
the initial stage is twice as fast compared to the final stage. The dashed line is drawn as a guide to the eye. Since the plasmon
energy is linearly proportional to the sp® bond fraction, the sp? fraction label is added on the left-hand side of y axis. Atomic
models of epoxy and hydroxyl complexes are shown. Carbon, gray; oxygen, red; hydrogen, white.

which we used for the present in situ TEM experiments.
The ratio of hydroxyl groups to epoxy groups deduced
from the C 1s peak on the XPS spectrum was about 1.4,
which is consistent with the EELS analysis data (see
Supporting Information).

Now, we are able to link the conductance of the
graphene oxide sheet to its oxygen content, as shown
in Figure 4. The conductance is calculated from the linear
section of each /—V curve in a high-voltage regime. At the
initial stage, the conductance increases rapidly under
release of oxygen, whereas at the final stage, the increase
rate becomes comparatively slow. Comparing the con-
ductance change (Figure 4) with the plasmon energy
shift (Figure 3d), one can see that when the plasmon
energies red shift rapidly (corresponding to the epoxy
decomposition) the conductance also drastically in-
creases, whereas when the plasmon energy change
becomes slow, the conductance also does not notably
change. For the epoxy group, one O atom bonds to two C
atoms, and such groups mainly exist on graphitic basal
planes. When O atoms from the epoxy groups are
released, the graphene oxide lattice transforms to a
perfect graphene structure and its conductance drama-
tically increases. Ab initio calculations have also shown
that an epoxy dopant can more easily introduce a band
gap in graphene than a hydroxyl one.'
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Figure 4. Conductance and conductivity of a sheet sample
as a function of O content. At the initial stage, conductance
increases very rapidly, while at the final stage, the increase
becomes slow. Atomic models of epoxy and hydroxyl
complexes are added for clarity. Carbon, gray; oxygen, red;
hydrogen, white.

CONCLUSION

In summary, different deoxidation stages of a gra-
phene oxide sheet, from as-prepared material to oxy-
gen-free pure graphene, were studied under
controllable step-by-step Joule heating inside a high-
resolution transmission electron microscope. The pro-
cess was monitored and analyzed using EELS com-
bined with in-tandem conductance measurements
and high-resolution imaging. An oxygen content de-
crease, as determined by quantification of the core loss
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EEL spectra, resulted in a 6 orders of magnitude
increase in sheet conductance. During the sheet
reduction, the transformation of sp*-hybridized
states to sp>-hybridized ones was verified under
plasmon energy red shift observations. Quantitative
analysis of the plasmon peak fine structure showed
that the epoxy O groups of the graphene oxide had
decomposed prior to the hydroxyl ones. As a result,
the sheet conductivity rapidly increased at the
beginning of graphene oxide to graphene phase

EXPERIMENTAL METHOD

A graphene oxide sample was prepared by the modified
Hummers method. A suspension of graphene oxide flakes in
distilled water was obtained'® (see details in Supporting
Information). In order to perform the electrical measurements
inside a TEM, we designed a suspended graphene oxide device
in which cantilever electrodes were used to support a graphene
oxide sheet and to make electrical contact to it. The geometry of
the design is shown in Figure 1a. A silicon nitride film was
etched into two cantilevers; on top of these, gold electrodes
were fabricated (see details in Supporting Information). When
the blank device was made, the cantilever electrodes were
dipped into a graphene oxide suspension for a short period of
time under micropositioning in an optical microscope. When a
graphene oxide flake was seen to be successfully placed
between the cantilevers, the device was finally completed
and mounted inside a “Nanofactory Instruments” multiprobe
STM-TEM holder for high-resolution imaging and in-parallel
electrical measurements inside a field-emission HRTEM (JEOL
3100FEF) equipped with an in-column Omega filter and, thus,
with EELS capabilities. Then the /—V measurements were
performed on this free-standing graphene oxide device. Due
to a Joule heating effect when a current flows over the
graphene oxide sheet, it was heated to a certain temperature
(up to 2000 °C in the final cycle). When each |-V cycle was
completed, HRTEM images were recorded and EEL spectra were
acquired. Then, we used a larger bias voltage (compared to the
previous /—V cycle) to perform a new /—V measurement. That
means that in each consecutive cycle the graphene oxide sheet
was heated to a higher temperature than during the previous
|-V cycle. In this way, the same graphene oxide sheet was
thermally reduced step-by-step under in-steps increasing tem-
perature during each consecutive measurement. A gradual
decrease of the oxygen peak during EELS was documented,
and finally, an oxygen-free material—a pure graphene sheet—
was obtained.
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