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ABSTRACT: Graphene oxide (GO) and reduced GO (rGO) are the
only variants of graphene that can be manufactured at the kilogram
scale, and yet the widely accepted model for their structure has largely
relied on indirect evidence. Notably, existing high-resolution trans-
mission electron microscopy (HRTEM) studies of graphene oxide
report long-range order of sp” lattice with isolated defect clusters. Here,
we present HRTEM evidence of a different structural form of GO,
where nanocrystalline regions of sp” lattice are surrounded by regions of
disorder. The presence of contaminants that adsorb to the surface of the
material at room temperature normally prevents direct observation of
the intrinsic atomic structure of this defective GO. To overcome this,
we use an in situ heating holder within an aberration-corrected TEM
(AC-TEM) to study the atomic structure of this nanocrystalline
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graphene oxide from room temperature to 700 °C. As the temperature increases to above 500 °C, the adsorbates
detach from the GO and the underlying atomic structure is imaged to be small 2—4 nm crystalline domains within a
polycrystalline GO film. By combining spectroscopic evidence with the AC-TEM data, we support the dynamic
interpretation of the structural evolution of graphene oxide.
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raphene oxide (GO) is the most readily scalable
G derivative of graphene, significantly less expensive and

considerably more solution-processable when com-
pared to chemical vapor deposition (CVD) graphene and
mechanical exfoliation, respectively. GO is formed by heavily
oxidizing graphite to chemically exfoliate the flakes of the
graphitic stack into mono- and few-layer sheets, depending on
the degree of oxidation and postprocessing. Graphite oxide was
first prepared by Brodie in 1859," though many commercially
implemented methods today rely on modifications to
Hummers’ method.” The structure of GO is notoriously
difficult to characterize and define broadly because of its
inherently nonstoichiometric structure and dependence on
production parameters. However, according to existing direct
imaging evidence, GO is largely considered to have long-range
order in sp” lattice. Surface contaminants have been
characterized as airborne amorphous hydrocarbons,” oxidative
debris,” and patches of disorder as a result of dynamic
interactions with its environment™® and have been observed on
both graphene” and GO."*™"" These contaminants affect the
surface properties: increasing the wettability of the graphene®
or potentially decreasing the conductivity of graphene oxide.”
Further, the surface contaminants pose a challenge to
characterizing the intrinsic properties of the material, including
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its chemical structure, nature of order and disorder, and defect
density, particularly for GO whose structure has been the
subject of a number of different, at times conflicting,
theories."*'*™'° In order for graphene or GO to achieve a
“killer app”, both these contaminants and the inherent
structural transformation of GO must be fully understood."”
Though direct imaging of the atomic structure of graphene
has been achieved extensively using aberration-corrected
transmission electron microscopy (AC-TEM), it has proven
more challenging to apply similar approaches to GO—
particularly more defective GO—due to the increased amounts
of surface contaminants relative to graphene that mask the
atomic structure. Furthermore, these surface contaminants
react with the high energy of the electron beam, leading to
structural changes that do not represent the intrinsic GO
material and could lead to misinterpreted results. Methods such
as baking in air,”>'®" vacuum,””® or carbon black'**"*
reliably clean graphene for direct observation using microscopy,
but our experiments find that none of these methods are
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effective in cleaning GO or rGO. Recent work has revealed
some insights into the atomic structure of relatively defect-free
and intact GO by AC-TEM that more strongly resembles
graphene in its long-range order.”'***

GO is characterized by oxygen functionalization on 20—30%
of the basal plane, limiting its electrical and thermal transport
and thus its widespread use in electronics and optical
applications.”"'*'>**  Although multiple models for the
structure of GO have been proposed (see, for example, refs
20 and 25), the most widely accepted Lerf—Klinowski model
reports the decoration of the carbon basal plane with epoxides
and hydroxyls, with sheet edges terminated by carboxylic acid
functional groups. The oxygen-containing functionalization
disrupts the sp® order of the graphene backbone such that
regions of sp* (ordered) are interrupted by the sp* (disordered)
in the carbon basal plane.'” Meanwhile, direct observation of
GO shows the structure of GO as consisting of long-range-
ordered sp® regions and characterized by much smaller patches
of amorphous material and/or defects, which cannot fully
account for the functionalized regions in terms of oxygen
atomic fraction.”'>**

Processing GO to remove oxygen functional groups has been
thoroughly explored with chemical,"”*® thermal,”*~""2%2>%7
and simulation®***’ methods. These methods optimize the
reduction parameters such that there is sufficient oxygen
removal without considerable damage to the graphitic sheet; in
other words, removing more oxygen is favorable for
conductivity improvements, but lattice vacancies destroy the
integrity of the GO flake, limiting its conductivity. Thermog-
ravimetric analysis (TGA) combined with mass spectrometry
(MS) shows the removal of CO and CO, during thermal
annealing and attributes vacancies in the lattice structure to the
source of carbon.”'>'*'?

Here, we present a study of the atomic structure of
commercially available GO (see Methods), which we will
show exhibits short-range order that could be a result of
degradation similar to that described by the dynamic structural
model (DSM).*** We characterize the GO with a variety of
spectroscopic methods to confirm that the indirect evidence of
our samples is consistent with a large range of literature. We
also observe a consistent layer of amorphous contaminants that
are present in literature examples but not on atomic structural
characterization of GO. Though the origin of these surface
contaminants is not clear, we believe they could be a
combination of byproducts of the oxidation process®” in
addition to airborne hydrocarbons that are more strongly
attached to disordered regions in GO. We report on the
behavior of the surface contaminants in the vacuum of the
TEM and present a method to remove them in order to achieve
atomic resolution of the GO structure. Finally, we show that
the structure of hi§hly defective GO resembles the Szabo—
Dékany model,'”***° in which the structure of GO consists of
nanocrystallines and is disrupted by grain boundaries of
disorder.

RESULTS AND DISCUSSION

Surface Contaminants. We conducted a repeatable study
of the structure of graphene oxide using aberration-corrected
high-resolution TEM at 80 kV. Knock-on damage for pristine
graphene is negligible at 80 kV,*' and thus graphene and its
derivatives are observed at low voltage with spherical aberration
(Cs) correction in order to resolve the atomic struc-
ture.¥'>!%>33 We prepared samples on heating chips for

TEM (DENS) with a platinum coil shown in Figure la. Slits
were introduced into the silicon nitride thin film using a
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Figure 1. Low-voltage, high-resolution TEM was used to directly
observe the structure of graphene oxide. A heating chip containing
a platinum coil (a) was used to study the temperature dependence
of the structure. A slit was introduced into the thin silicon nitride
membrane using a focused ion beam (b) in order to obtain
suspended GO. Low-magnification images (c,d) show the macro-
scopic morphology of graphene oxide: clumped flakes with

monolayer regions.

focused ion beam to allow the GO to be suspended across the
vacuum for enhanced contrast and atomic resolution imaging,
as shown in Figure 1b. Macroscopically, GO is wrinkled and
appears clumped consistently through multiple samples, though
monolayer regions are visible, as shown in Figure 1c,d.

At room temperature and in the high vacuum of the TEM,
direct imaging of the hexagonal lattice structure is inhibited by
the presence of amorphous material on the surface of GO,
which reacts rapidly under the energy of the beam (see
Supplementary Figure 1). This interaction of contamination
and the beam is not surprising and was observed in a number of
different sample preparation methods, as well as different
solvents, graphene oxide feedstocks, and ambient conditions of
preparation. It is possible that the relative quantity of
amorphous contaminants could be affected by the presence
of the electron beam; however, we are not the first to observe
such adventitious carbon in the GO system.”'**** Numerous
experiments utilizing cleaning methods reported for other two-
dimensional materials were conducted and were unable to clear
the contamination from GO for irnaging,7’12’l3‘18_22 leading us
to believe that surface contaminants tend to be more strongly
attached to the GO sample than to graphene. At temperatures
above 500 °C, the specimen appears more crystalline and we
are able to resolve the atomic structure of GO. In Figure 2a, we
show a region of graphene oxide in false color to enhance
contrast. Both open (monolayer, low contrast) and closed
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Figure 2. Atomic structure can be resolved using in situ heating with AC-TEM at 700 °C with features shown in (a). Sufficient resolution is
achieved to identify defects in the bond structure (b). In (b), not all of the atomic structure could be accurately resolved, likely due to
structural changes occurring during image acquisition, and only the directly resolved atomic structure is indicated by white dots and lines.
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Figure 3. Graphene oxide observed at room temperature (a—c) and 700 °C (d—f) in AC-TEM is notably different in appearance. (a,d) Images
of the material at room temperature and 700 °C, respectively, with insets of the 5 nm X S nm region iii magnified for each. (b,e) FFTs, both of
which have a strong band at 1/d = 1/0.21 nm™’, suggesting polycrystalline graphene domains. (c,f) Polar transforms of the FFTs showing
increased order with decreased analysis size. Both the image and the FFTs show high amounts of disorder or amorphous material at room
temperature. At 700 °C, although the full region FFT appears similarly amorphous, analysis of smaller components shows the distinct pattern

of sp® graphene lattice, even in multilayer regions.

(folded over bilayer, high contrast) edges are visible as are
regions of disorder that separate the nanocrystallites from each
other. The high contrast of the closed edges is different from
heavier atoms contaminating the sample (Supplementary
Figure 2). Figure 2b shows the atomic structure of a region
of monolayer GO at a temperature of 700 °C, with sufficient
resolution to identify defects (pentagons and heptagons) in the
hexagonal sp” lattice.

At room temperature, this atomic resolution is not visible.
Figure 3 shows the comparison of GO at room temperature
(a—c) and at 700 °C (d—f). The fast Fourier transforms
(FFTs) for different regions are shown, with the characteristic
pattern of sp® graphene lattice (spots at 1/d, where d = 0.21
nm) observed at 700 °C for small regions. The insets in Figure
3a,d show region iii in each to demonstrate the shift from
amorphous contaminants to visible atomic structure.

We believe that the amorphous material is a result of surface
contaminants rather than the manifestation of oxygen
functionalization of the basal plane for two reasons. First, the
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specimen appears more crystalline above 500 °C, which is
consistent with previous reports of amorphous hydrocarbon
adsorbates on the surface of CVD graphene® and with the
observation of adventitious carbon on GO.”"***** The relative
amount of surface contaminants is not defined (as compared to
oxide on metals or silicon) but appears to correlate loosely with
degree of long-range order as previous HRTEM of GO reports
have considerably more visible lattice®'* and ssNMR on lab
samples with long-range order do not show large amounts of
adsorbed amorphous material.*® Second, the sample again
appears amorphous upon cooling to room temperature,
suggesting that the contaminants have returned (Figure 4).
This has been observed in graphene, but graphene tends to
retain areas of visible crystal structure, whereas samples of GO
appear qualitatively amorphous throughout.*® In both cases, the
surface contaminants return even in the high-vacuum and anti-
contamination-protected environment of the TEM, suggesting
that their origin is not strictly the oxidation process but instead
derived from compounds in the environment, as well.**”
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Figure 4. Two different samples show that surface contaminants return to the GO upon cooling from 700 °C to room temperature inside the
TEM. Qualitatively, the amount of contaminants appears fewer, but the hexagonal lattice is still not visible. (a) Region with beam damage
caused by exposure at room temperature; regions of lighter contrast in the inset are patches of damage that grow with prolonged exposure.

The boxed areas in (b) are analyzed with the FFTs in (c).

Figure 4a shows a region imaged at room temperature after
first heating to 700 °C. The inset shows the region within the
yellow box. The relatively light contrast areas are a result of
beam damage and continue to grow with increased beam
exposure. Figure 4b shows regions of a cooled sample with their
associated FFTs in Figure 4c. These results indicate that any
form of spectroscopy conducted at ambient temperature
necessarily measures both the contaminants and the intrinsic
GO structure. Although it is, as of now, not possible to fully
decouple the groups associated with the surface contaminants
and the functional groups bonded directly to the basal plane of
the GO, we remark on the importance of this observation in
any processing, functionalization, or characterization analysis of
GO at ambient temperature, even in vacuum.

Nanocrystalline GO. The use of in situ heating to image
GO provides an opportunity to directly observe the crystal
structure of defective GO with atomic resolution. We report on
the microstructure of this commercially available GO in order
to provide structural information about large-batch, thermally
annealed GO and provide a key example to the AC-TEM
evidence available to date.

Figure 5 shows graphene oxide imaged at 700 °C. First, we
observe that the majority of the drop-cast sample is
turbostratically multilayer, with apparent Moire patterns in
the few-layer regions (Figure Sab). As expected, the presence
of functional groups and surface contaminants appears to
decouple interactions between the graphitic lattice of adjacent
layers, preventing A—A or A—B—A stacking.'”'® Figure 5b has
been color-coded to represent the number of layers in each
region of the image to assist in distinguishing mono- and
multilayer features. Second, we show that the underlying
structure of the monolayer regions (Figure Sc,d) is nano-
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crystalline, and the sp” structure of each crystal is independently
rotated with respect to each other. This latter observation is a
notable addition in potential structures to the previous reports
of amorphous (structural models'*) and observations of
uniform large-area sp* (TEM results®'***) and is characterized
quantitatively through FFTs of regions in the image. The line
scans in Figure Se show increasing sharpness of the polar FFT,
demonstrating increasing order for smaller regions.

The average size of the sp* nanocrystallites was calculated
using around 10 images collected at 700 °C. The boundaries
between crystallites are apparent in single-layer areas but are
less visible in regions where the material is few-layer or
multilayer. The intra- and interlayer rotation between
crystallites results in a film that appears amorphous in FFTs
of regions larger than ~100 nm?, even in thin regions. When an
FFT is taken of a much smaller region, one to a few crystallites
are clear, with the average size of a single crystal of ~2 nm? We
note that the size of the crystalline regions does not change
with time at the elevated temperature and under the exposure
of the beam in order to rule out heat-induced domain size
changes. Since mechanically exfoliated graphene from graphitic
parent material has larger grain sizes, the disorder is likely
introduced during the oxidation or washing process, suggesting
that tunable transport in rGO derived from chemical exfoliation
will remain limited without sufficient temperature for sp
recrystallization (>1000 °C).

Evolution of Annealed GO. In order to decouple the
oxygen removal from the surface contaminants, we compare
these HRTEM results with spectroscopic data. Unlike
graphene, GO undergoes chemical changes upon heating,
including carbon removal from the lattice site.”* In addition to
the removal of amorphous surface contaminants, oxygen-
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Figure S. (a) High-resolution image of mono- and few-layer grapene oxide at 700 °C imaged with an in situ TEM heating holder. (b) Overlaid
color represents layers of the material, showing turbostratic stacking and thicker and thinner regions. (c) False-color polar transforms of the
FFTs (0 x-axis, 1/d y-axis). (d) Regions of the image show an increase in sharpness of the band and points at 1/d spacing of 1/0.19 to 1/0.21
nm . (e) Line scans show the increase in sharpness of the lattice points from regions ii and iii.

containing functional groups attached to the basal plane are
removed with increasing temperature, as is reported by many
others.”>**3° Further, simulations show that thermal annealing
in the absence of surface contaminants reduces the oxygen
content of rGO.***® However, here, despite a reduction in
oxygen content of 70% when heated to 700 °C in a vacuum,
cooled, and then analyzed, the correlating images consistently
show amorphous material.

To determine whether heating to 700 °C dramatically
changes the nanocrystalline nature of GO, we collected selected
area diffraction patterns (SADP) of GO that had not been
heated previously with decreasing selected area aperture sizes.
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We deposited GO on lacey carbon grids and examined the
diffraction patterns from GO flakes that were very thin and
appeared monolayer and flat in their projection with respect to
the electron beam. Figure 6a shows a flake of graphene oxide
with SADPs for small area (200 nm in Figure 6b) and the
yellow region indicated (Figure 6¢) and their associated line
traces. Though much more order is detected in the smaller
region in b, the area is still demonstrably polycrystalline. Figure
6d shows the SADP for monolayer graphene grown by CVD on
Cu using CH, according to prior reported methods and
transferred to a TEM grid for comparison.*” Though it is
possible that the GO undergoes structural transformation
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Figure 6. (a) A graphene oxide flake suspended on a lacey carbon grid (b) SADP with polycrystallinity in a region of about 200 nm, and (c)
SADP for the region inside the yellow circle. (d) Sharp spots for crystalline SADP for monolayer graphene. Line scans for each demonstrate

the range in order that is observed.

during the heating process, we provide these data as one piece
of evidence suggesting that the polycrystallinity exists prior to
annealing, but that the surface contaminants inhibit their direct
observation.

Annealing to 700 °C most notably, and unsurprisingly,
reduces the oxygen content of the GO (Supplementary Figure
3). Meanwhile, heating does not change the shape or position
of the characteristic D (1330 cm™) and G (1590 cm™) Raman
peak shapes drastically (Supplementary Figure 4). Similarly, the
Ip/Ig ratio changes only slightly from 1.09 to 1.13 (just outside
standard error bars) and suggests little change to the crystallite
size and that high-temperature images are representative of the
unheated GO, though defects could be introduced into the
lattice upon heating. Moreover, the AC-TEM results very well
support the models presented for the Raman spectroscopy of
graphene and graphene oxide presented recently.*'~*

Finally, Fourier transform infrared spectroscopy attenuated
total reflectance (FTIR-ATR) (Supplementary Figure S) shows
qualitatively that the same functional groups are present after
annealing as before. However, as with prior TGA studies under
nitrogen, we observe dehydration of adsorbed water around
100 °C (Supplementary Figure 6). Also consistent with prior
studies, we observe a slight change in slope near 400 °C, which
we would instead attribute to the release of amorphous surface
contaminants rather than oxygen-containing functional groups
and carbon from the sp* lattice. Further, direct observation of in
situ heating shows no significant carbon removal from the
lattice even upon extended periods of heating up to 700 °C,
which demonstrates its stability at such a high temperature.

CONCLUSIONS

These results show how using an in situ heating holder can help
elucidate the atomic structure of GO as a function of
temperature by removing surface-adsorbed material that
inhibits AC-TEM imaging. Our evidence supports alternative
models to the structure of GO, for example, the DSM described
by Dimiev et al, and is importantly a TEM study of bulk-
produced GO with short-range order. In order to relate the
structure of the GO directly with models such as the DSM, a
progressive experiment utilizing in situ heating and water or
strong base exposure of the time scale of months could be
conducted. The nanocrystalline nature of GO has implications
in the efforts of restoration of efficient transport for electronic
applications. The ubiquitous presence of amorphous contam-
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inants on defective GO at room temperature has implications
for GO design as a catalyst substrate, enhancing electrical
conductivity, or the stable cross-linking of GO sheets for
membrane separation processes, revising our interpretation of
carbon and oxygen removal, lattice defects, and spectroscopic
data. With in situ heating for TEM, the evolution of the
graphene oxide structure is revealed beyond long-range order.
The rapid degradation of the GO sample under electron beam
irradiation at 80 kV at room temperature shows that care must
be taken when analyzing GO samples by TEM, and detecting
defects or nanopores that are intrinsic to the material is
extremely challenging.

METHODS

Nanoplatelet graphene oxide (>99% single layer, average flake size 90
nm) was purchased from Graphene Supermarket to represent GO
produced at scale and was used for all measurements reported herein.
GO was produced using a modified Hummers’ method, and samples
were washed in water for purification. No processing method above 80
°C was used in order to maintain the stability of the GO framework.
Low-magnification TEM shows that the majority of the GO flakes after
dispersion in isopropyl alcohol (IPA) were actually larger (Supple-
mentary Figure 6) but could be due to the size of holes in the grid,
with small flakes falling through the support material. Annealing was
conducted in a furnace under vacaum (<30 mTorr) to mimic TEM
conditions. The heating rate in the CVD was about 1 °C per second.
Samples were annealed for 1 h to allow them to achieve a steady state,
although most chemical changes (oxygen removal) occur within
seconds to minutes of reaching temperature. Samples were then
evaluated using Raman spectroscopy, X-ray photoelectron spectros-
copy (XPS), TGA, and FTIR-ATR in addition to TEM to monitor
evolution during heating. All spectroscopic data collection was
conducted at room temperature and ambient pressure except the
XPS, which was collected under vacuum.

Sample Preparation. GO samples were purchased from
Graphene Supermarket (nanographene oxide) to replicate bulk
processing conditions of a modified Hummers’ method. GO was
dispersed in IPA and drop-cast onto silicon nitride chips for
spectroscopic analysis and DENS heating chips for TEM imaging.
The heating chips were prepared by introducing a slit in the silicon
nitride membrane using a focused ion beam for free-standing
graphene. Annealed samples were thermally treated in a custom-
built CVD chamber at a pressure of ~S—30 mTorr (vacuum) and with
the ends of the tube open to the ambient environment (air) for 30 min
to 1 h.

Transmission Electron Microscopy. HRTEM images were
collected using a JEOL MCO 2200 aberration-corrected transmission
electron microscope operated at an accelerating voltage of 80 kV. Data
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were recorded using a Gatan Ultrascan 4K X 4K CCD camera with 1—
2 s acquisition times and 2 pixel binning.

SADPs were collected using a JEOL 2100 HRTEM operated at an
accelerating voltage of 200 kV. Using a higher voltage for SADPs does
not damage the GO sample due to lower beam intensity.'®

Image Processing. Processing of TEM images was conducted
using Image]J. Band-pass filters (1—100 pixels) were used to remove
uneven illumination on all presented images. No image reconstruction
was used. Line profiles and false-color images were generated using a
polar transformer plugin for Image] to process FFTs. False-color
images are LUT Fire in Image].

In Situ Heating Holder. We used a commercially available in situ
heating holder from DENS Solutions (SH30-4M-FS). Heating the
sample was achieved by passing a current through a platinum resistive
coil imbedded in the TEM chip (DENS Solutions DENS-C-30). The
resistance of the platinum coil was monitored in a four-point
configuration, and the temperature was calculated using the
Callendar—Van Dusen equation (with calibration constants provided
by the manufacturer). Slits were introduced into the silicon nitride film
of the TEM chips using a Zeiss NVision focused ion beam.

Raman Spectroscopy. Micro-Raman spectra were collected using
a Horiba LabRAM 800 HR spectrometer equipped with He—Ne
(632.817) laser and no filter. Samples were tested for degradation
under the intensity of the laser, and no degradation was found.
Collection time was S s, an average of 5—10 times; spot size was ~800
nm in diameter, had a power of <1 mW at the sample surface, and was
corrected for fluorescence. Data were collected across the thin film on
6—1 points and averaged to observe film uniformity and reduce error
bars. All graphs include standard error bars. Data were analyzed using
LabSpec, and peak intensity (area) was used for the calculation of the
I,/I ratio.

X-ray Photoelectron Spectroscopy. XPS data were collected
using a Thermo Fisher Scientific K-Alpha with Al Ka radiation. In
order to reduce surface charging, XPS data were collected with the
flood gun, which consists of low-energy electrons and ions that
neutralize the surface of the GO. The XPS samples were prepared with
a dilute solution of GO (in IPA) drop-cast onto silicon nitride. The
use of silicon nitride is to eliminate any contribution of oxidation of
the substrate to the peaks. The samples were taken with a 400 ym spot
size on regions that appear visually homogeneous. Finally, the survey
spectra detected the substrate, which indicates that the film is thin,
further helping to suppress charging. Data were analyzed using
CasaXPS survey spectra to calculate oxygen concentration.

FTIR-ATR Spectroscopy. Fourier transform infrared spectroscopy
was conducted using a germanium attenuated total reflectance crystal
in a Thermo Fisher FTIR6700 at ambient conditions. Background and
sample scans were taken at a sample rate of 64.

Thermogravimetric Analysis. TGA data were collected using TA
Instruments QS00 in air and nitrogen as an inert environment with
about 70 mg of GO. The heating rate was 10 °C/min. Data were
analyzed using Universal Analysis 2000.
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