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raphene oxide (GO) is a water-

soluble nanomaterial prepared

through extensive chemical attack
of graphite crystals to introduce oxygen
containing defects in the graphite stack,’
followed by complete exfoliation of the
solid into sheets of atomic thickness by ei-
ther thermal or mechanical treatments.>™
According to a recently proposed model,
GO sheets are composed of planar,
graphene-like aromatic domains of ran-
dom sizes interconnected by a network of
cyclohexane-like units in chair configuration
which are decorated by hydroxy, epoxy,
ether, diol, and ketone groups.” These func-
tional groups in GO impart water solubility
to the individual sheets, and removal of
such groups results in flocculation and pre-
cipitation.® Solution-processable GO has
been used to fabricate paper-like films with
excellent mechanical properties,” as well as
electrically conductive polymeric®® and ce-
ramic composites.’® Importantly, the elec-
trical conductivity of GO and its composite
formulations is typically enhanced through
removal of the oxidized moieties in the
sheets by chemical reduction, which takes
place after the material has been processed
into the final form.? The reduced GO inevi-
tably contains lattice defects? that degrade
its electrical properties compared to pristine
graphene sheets obtained by the tape-
peeling method,'" but the solution-
processing compatibility of GO make the
material attractive for large area applica-
tions. So far, few layer, chemically reduced
GO films with sheet resistance of ~4 MQ)/
square,’? and nanocomposite silica/GO
films with conductivities as high as ~0.5 S/
cm (sheet resistance R, ~800 k()/square for
a 25 nm film) have been reported.'® Such
level of conductivity is however not suffi-
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ABSTRACT Processable, single-layered graphene oxide (GO) is an intriguing nanomaterial with tremendous

potential for electronic applications. We spin-coated GO thin-films on quartz and characterized their sheet

resistance and optical transparency using different reduction treatments. A thermal graphitization procedure

was most effective, producing films with sheet resistances as low as 10 —10° {/square with 80% transmittance

for 550 nm light. Our experiments demonstrate solution-processed GO films have potential as transparent

electrodes.

KEYWORDS: transparent conductors - graphene - solution processed -

displays - solar cells

cient for transparent electrode applications
where intensive charge injection or large
area format is required, such as liquid crys-
tal displays.'>'* Here we explore the direct
use of GO for fabricating solution-
processed, all-GO thin-films with high elec-
trical conductivity and varying degrees of
transparency. We compare the efficiency of
chemical and thermal reduction methods
for treating our films and report that a high-
temperature graphitization treatment is
most effective in deoxygenating the films
and restoring conductivity. Similar thermal
processes have been successfully used to
remove oxygen-containing functional
groups from carbon nanotubes'” and to
fabricate transparent electrodes from thin
photoresist films.'® We obtain films with
conductivities in the order of 10? S/cm (R,
< 1 k)/square) with greater than 80% light
transmittance in the 400-1800 nm wave-
length range. The significantly enhanced
conductivity of our films arises from a more
complete reduction than that achieved
with chemical methods, and this finding
suggests that through further process de-
velopment GO films could become attrac-
tive for large-area transparent electrode
applications.
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Figure 1. Tapping mode AFM height images of spin-coated GO films.
(A) 3 nm thick, continuous GO film clearly showing edges of individual
GO sheets. Surface rms roughness (Ry) is 1.2 nm. Inset: Detail of a sub-
monolayer film depicting isolated sheetsina 1 X 1 um field. (B) 8

nm film showing GO sheets deposited in a disordered manner. R, is
2.2 nm. (C) 20 nm film showing the rough, wrinkled morphology seen
in thicker (>15 nm) GO spin-coated films. R, is 8.1 nm. (D) Hydrazine
vapor treated (18 h) 3 nm GO film. R, is 1.3 nm. (E) A 30 nm GO film
treated by a combination of hydrazine vapor for 18 h and thermal an-
nealing at 400 °C for 3 h. R is 2.4 nm. (F) Image of a 67 nm film after
vacuum annealing at 1100 °C. R, is 4 nm. White bar is 1 um in all im-
ages, and the thicknesses reported for (D—F) were measured after
reduction.

RESULTS AND DISCUSSION

Preparation of GO Solutions and Films. We synthesized
our water-processable single-layer GO by a modified
Hummers method."” Briefly, a small amount of flake
graphite (Qingdao Tianhe Graphite Co. Ltd., Qingdao,
China) was vigorously stirred for 5 days in a solution of
NaNO; and KMnO, in concentrated H,SO,, washed with
5wt % H,SO, in water and reacted with a 30 wt % aque-
ous solution of H,0, to complete the oxidation. Inor-
ganic anions and other impurities were removed
through 15 washing cycles that included centrifuga-
tion, discarding supernatant liquid, and resuspending
the solid in an aqueous mixture of 3 wt % H,SO, and 0.5
wt % H,0, using stirring and ultrasonication. Another
set of centrifugation and washing procedures was ef-
fected three times using 3 wt % HCl in water as the dis-
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persion medium and then one more time using puri-
fied water to resuspend the solids. This suspension was
passed through a weak basic ion-exchange resin
(Styrene-DVB D301T, Tianjin Nankai Hecheng S&T Co,
Ltd.) to remove remaining acid. Finally the material was
dried to obtain a loose brown powder which can be
stored indefinitely.

For thin-film fabrication from GO, the powder was
first suspended in water by ultrasonication and centrif-
ugated at 14000 rpm to remove multilayer species,
which constituted ~10% of the powder by weight. The
carefully recovered supernatant is a solution of single-
layer GO with concentration as high as ~15 mg/mL and
is stable against precipitation for several months. We
used single-layer GO solutions to deposit the GO films
on piranha-cleaned (caution: piranha mixture is a strong
oxidizer), (aminopropyl)triethoxysilane (APTES) treated,
glass and quartz surfaces. Testing film deposition by
spin-coating, drop-casting, and solvent-induced pre-
cipitation revealed that spin-coating produces more
uniform although thinner films than the other meth-
ods, and this technique was used for all films presented
here. Typically, the substrate was completely covered
with sufficient amount of the GO solution, allowed to
stand for 60 s and spin coated at 500, 800, and 1600
rpm for 30 s each. After spin coating the GO films were
dried at 100 °C in a vacuum oven and stored in ambient
conditions in sealed plastic containers.

Morphology of GO Films before and after Reductive
Treatments. We used an atomic force microscope (AFM,
Multimode Nanoscope llla with Extender electronics,
Veeco Metrology Inc., Santa Barbara, CA) and a profilo-
meter (Dektak 150, Veeco Metrology Inc.) to probe film
morphology and thickness (see Supporting Informa-
tion). Figure 1, panels A—C, display characteristic AFM
images of as-deposited GO films of different thick-
nesses. We observed that the film morphology changes
significantly with this dimension. Panel A shows a typi-
cal film spin coated from a low concentration GO solu-
tion (<2 mg/mL). Such films are ~3 nm thick, continu-
ous and it is possible to distinguish the edges of
individual sheets. The inset in (A) depicts a submono-
layer GO film on a quartz substrate showing separated
GO sheets. From analysis of multiple similar images, we
find that the average lateral dimension of individual
GO sheets is ~364 nm with a relative standard devia-
tion (rsd) of 33% while the average sheet height, includ-
ing kinked and wrinkled areas, is 1.4 nm with a 12%
rsd, comparable to the 1.1 nm with 18% rsd observed
by other groups for GO on mica.>®'® Such sheet thick-
ness value has been suggested to indicate presence of
oxidized functional groups on both sides of single GO
sheets, and the slight discrepancy in height is likely re-
lated to the different substrate. Figure 1B is representa-
tive of the topology of films spin coated from GO solu-
tions with concentrations in the 4-8 mg/mL range. We
obtain films between 6 and 15 nm in thickness, and
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we observe increased disorder and roughness and the
appearance of micrometer-long wrinkles, and it be-
comes increasingly hard to identify edges of the sepa-
rate sheets. Finally, films deposited from high concen-
tration solutions (12-15 mg/mL) are thicker (~20 nm)
and rougher, individual flakes are not resolvable, and
there are extensive networks of long, broad wrinkles
across the film surface (Figure 1C). Films up to ~ 150
nm can be deposited through repeated spin-coating
from these high-concentration solutions. In general we
observe that film thickness increases continuously and
not in multiples of individual sheet height, again indi-
cating that the films have a significant degree of disor-
der, likely resulting from the fast dynamics of deposition
by spin coating and from the flexible nature of the GO
sheets.”

Next we evaluated the effect of different chemical
and thermal reduction treatments on the morphology
of GO films. We used hydrazine monohydrate in our
chemical reduction procedures since it has been re-
ported to achieve the highest degree of reduction of
GO in solution.? Unfortunately, immersing our GO films
in hot aqueous hydrazine solutions (80 °C) resulted in
film fragmentation and delamination even on sub-
strates that had been treated with APTES adhesion lay-
ers, so we utilized an alternative hydrazine vapor reduc-
tion scheme described in the methods section. For
thermal treatments, we experimented with heating
our films under nitrogen flow, argon flow, or vacuum,
at temperatures ranging from 400 to 1100 °C. Impor-
tantly, while it is known that graphene oxide is ther-
mally unstable,'® rapid heating of such material to
~1050 °C can be used to exfoliate GO sheets through
the large pressures generated during gasification of
oxygenated functional groups intercalated between
graphite oxide layers.>* Additionally, high-temperature
treatments (>1000 °C) have also been used to prepare
graphene films from SiC substrates,”®?' We therefore
hypothesized that controlled high-temperature treat-
ments could gradually pyrolyze and remove oxygen-
ated functional groups from the GO sheets, reducing
them into the more temperature-stable graphene. In-
deed, the results we present here show that high-
temperature thermal treatments can, under certain
conditions, produce highly reduced GO films. Very re-
cently, during review of this paper, another research
group has reported effective reduction of graphene ox-
ide using a similar high-temperature graphitization
method at 1100 °C.??

Panels D—F of Figure 1 are micrographs of films
that underwent different reduction treatments. In gen-
eral, we observe that the reduction does not drastically
alter the appearance of the films. The image in Figure
1D is from a ~3 nm film that was chemically reduced by
exposure to an atmosphere of hydrazine monohydrate
vapor at 40 °C for 18 h and dried in a vacuum oven at 80
°C for 3 h. Individual, well-defined sheets are still
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Figure 2. Thermal analysis of GO powder. TGA shows ~30%
mass loss with onset ~200 °C and a relatively monotonous
profile after. The DSC trace shows a correlated desorption
peak centered ~223 °C. About 30% of the film was retained
at temperatures as high as 1000 °C for this particular run.

present, and the overall roughness is still comparable
to that of the untreated film in Figure 1A of similar thick-
ness. Figure 1E shows a typical film exposed to a com-
bination of chemical and thermal treatments. This ~30
nm thick sample was treated with hydrazine monohy-
drate vapor at 40 °C for 18 h and dried similarly to the
film in Figure 1D, and then the film was heated to 400
°C in a flow of ultrapure argon for 3 h inside of an in-
house-built tube oven. The appearance of the sample
shares features from Figure 1, panels B and C. Figure 1F
shows an image of a ~60 nm film which received only
a high-temperature graphitization treatment. The
sample was spin coated, dried in a vacuum oven at 80
°C for 3 h, and heated to 1100 °C for 3 h at a pressure of
<10° Torr in a quartz tube furnace fitted with a turbo-
molecular pump. The AFM shows that the substrate
contains abundant GO material, and the film displays
the typical morphology of a thick GO sample (Figure
1Q). Importantly, when working at 1100 °C a quality
vacuum is critical for the successful recovery of GO ma-
terial, otherwise the films can be quickly lost, likely
through reaction with residual oxygen in the system.
Complete loss of GO was not observed in 3 h runs at
temperatures of 400, 600, and 800 °C in vacuum, and
we also successfully recovered GO samples after treat-
ing them for as long as 7 h at 400 °C under Ar flow.
These findings illustrate that GO materials can be heat-
processed with significant degree of freedom. Figure 2
shows a thermogravimetric analysis (TGA) trace and a
differential scanning calorimetry (DSC) curve of our un-
treated GO powder which mainly show ~30% mass loss
with onset around 200 °C due to desorption of CO,
CO,, and other oxygenated carbon species as has been
observed in other studies.®>*'®

Characterization of Reduced GO Films. After the reduction
treatments, we patterned 40 nm gold contacts onto
GO films through a shadow mask and determined their
sheet resistance using a semiconductor parametric ana-
lyzer (Keithley 4200, Keithley Instrumetns Inc., Cleve-
land, OH). We also probed the optical transmittance of
the films at 550 nm wavelength, using a UV-vis—NIR
spectrophotometer (Carey 6000i, Varian Inc.), and mea-
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Figure 3. Comparison of the electrical properties of GO films
of different optical transparency after undergoing different
reduction treatments. (A) Measured sheet resistance of the
films. (B) Film conductivity calculated from the sheet resis-
tance and the film thickness. Thickness of the films in the
90% transmittance group is 8.5, 5.0, 2.9, and 8.1 nm from
left to right. The corresponding thickness averages are 55.3,
30.9, and 66.9 nm for the films in the 30% transmittance

group.
sured film thickness using AFM or profilometry. Figure
3A presents two groups of films with distinct optical
transmittance, which include a nonreduced film and
films treated with hydrazine vapor, hydrazine-vapor
plus 400 °C annealing, and 1100 °C graphitization, and
compares their respective sheet resistance. In general,
thinner (thicker) films are more (less) transparent irre-
spective of reduction method, but within each group
the thickness of individual films can vary. In Figure 3B
the thickness of the films has been used to calculate the
conductivity of the samples in panel A. Both figures
clearly show a trend in the electrical properties of films
reduced by different methods, with sheet resistance
(conductivity) decreasing (increasing) in the order unre-
duced < hydrazine vapor < hydrazine plus 400 °C an-
nealing < 1100 °C graphitization. To elucidate the
causes behind this trend, we used X-ray photoelectron
spectroscopy (XPS, PHI-5000 Versaprobe, ULVAC-PHI
Inc., Osaka, Japan) to probe effect of the different reduc-
tion treatments on the composition of the GO films.
Figure 4 shows high-resolution narrow scans from
the carbon region of nonreduced and reduced films,
with the three most prominent deconvoluted compo-
nents of the C 1s envelope shown in each panel. This
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Figure 4. High-resolution XPS analysis of the effect of differ-
ent reduction treatments on the GO films. Deconvolution re-
vealed the presence of C—C (~284.8 eV), C—N (~285.7
eV), C—O (286.2), (=0 (~287.8 eV) species in the film. The
percentage of deoxidized carbon (C—C, ~284.5 eV) in each
film is indicated in the figure. (A) Nonreduced film. (B)
Hydrazine-vapor treated film. (C) Hydrazine-vapor plus an-
nealing at 400 °C. (D) Thermal annealing at 1100 °C in
vacuum. The significant C—N signal in panels C and D sug-
gests formation of hydrazone groups during the hydrazine
treatment. The F signal at ~292 eV, most evident in panel C,
is caused by contamination from the vacuum system.

analysis revealed that the relative content of carbon
not bound to oxygen (C—C, ~284.5 eV peak) follows
the same trend as the film conductivity. We also ob-
served substantial incorporation of nitrogen in both
hydrazine-treated samples (Figure 4, panels B and C),
and the presence of this element in these films was con-
firmed by XPS analysis of the nitrogen region (see Fig-
ure 5, panels B and C). Similar nitrogenated carbon sig-
nals in hydrazine-treated GO have been observed and
attributed to partial reduction of carbonyl functional-
ities to hydrazone groups.>® We see that annealing at
400 °C reduces the nitrogenated carbon content, likely
through desorption of nitrogen. These results indicate
that chemical reduction with hydrazine vapor alone is
less efficient than the other two methods of GO reduc-
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Figure 5. High-resolution XPS narrow scans of the N 1s re-
gion for the films in Figure 4. (A) Nonreduced GO film mate-
rial deposited on an APTES-treated quartz slide shows slight
indication of nitrogen, possibly from the APTES layer. (B)
Hydrazyne-vapor treated sample shows a well-defined and
significant nitrogen peak (arrow). (C) Sample treated with
hydrazine vapor plus annealing at 400 °C under argon flow
clearly shows nitrogen content, although in less degree than
(B), likely because of the thermal treatment. (D) Film graphi-
tized at 1100 °C shows no nitrogen signal.

tion because it generates a substantial amount of par-
tially reduced byproducts. Stankovitch et al. have ob-
tained similar conclusions from their analysis of GO
reduced in hydrazine solutions.® Since our goal is to
find out the best possible performance of GO transpar-
ent electrodes, we did not pursue it further in this work.
However, investigation of an efficient chemical reduc-
tion method is essential for reduction of annealing tem-
perature in the future. Our XPS results also show that
the conductivity enhancement that we observe be-
tween films treated with hydrazine and those treated
with the combination of hydrazine and 400 °C anneal-
ing is due to a real chemical difference and is not due to
improved sheet to sheet contact caused by film consoli-
dation during the annealing step, as was proposed in
the case of GO—silica composites.'® Finally, when con-
sidered together with the electrical characterization
data, the XPS analysis shows that even a relatively mod-
est increase in the content of nonoxygenated carbon
causes a significant boost in electrical performance.
Next we prepared spin-coated GO films of various
thicknesses and reduced them through the combined
hydrazine—400 °C treatment or the 1100 °C graphitiza-
tion method. Figure 6A is a photograph of a series of GO
films deposited on quartz slides, where the leftmost
sample is an unreduced GO control and the rest are
high-temperature-reduced GO films with thickness in-
creasing from left to right. There is a marked transmis-
sion difference between the nonreduced and the re-
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Figure 6. Optical and electrical characterization of spin-
coated GO films on quartz. (A) Photograph of an unreduced
(leftmost) and a series of high-temperature reduced GO films
of increasing thickness. Black scale bar is 1 cm. (B) Optical
transmittance spectra of the films in (A) with the film thick-
ness indicated. (C) Comparison of the dependence of sheet
resistance vs optical transmittance to 550 nm light for films
reduced using two different methods. (D) Film conductivity
vs % transmittance for films shown in (C).

duced material that is evident when comparing the
first and third films from the left, which have similar
thicknesses. This darkening of the reduced material has
been observed previously® and suggests partial restora-
tion of the m-electron system in the GO. We find that, in-
dependent of thickness, our films have a flat optical
transmittance profile across the visible and near-
infrared region of the spectrum (Figure 6B), making
them potentially desirable for solar cell,>® display, and
optical communication applications.?* Indeed, by plot-
ting sheet resistance versus optical transmittance at 550
nm wavelength of our films (see Figure 6C), we iden-
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tify graphitized films that already have sheet resis-
tances in the 10 —10% (M/square range with 80% light
transmittance. Such values are significantly higher than
those obtained with previously reported graphene-
based materials'® and are comparable to those ob-
tained with carbon nanotube network transparent elec-
trodes used for solar cells**?> and other
applications.?®?” In fact, some of the graphitized films
in Figure 6D show conductivities of ~10% S/cm, less
than 2 orders of magnitude lower than that for indium
tin oxide (IT0).'?® Importantly, during review of our
manuscript Wang et al. published a similar high-
temperature graphitization procedure for reduction of
GO films and obtained a conductivity of 550 S/cm? with
a transparency of ~70% at 1000 nm,*? which is also
consistent with our results.

We note that despite the high performance of the
films that we prepared, the temperature used for
graphitization needs to be significantly reduced for
this process to be useful in practice, so that it becomes
compatible with glass or plastic substrates. Neverthe-
less, this study shows the potential of GO for transpar-
ent electrodes. We expect that through enhanced
chemical manipulation of the solution-processable GO
the oxygenated groups can be transformed into less re-
silient functionalities which can be more completely re-
moved after film processing using mild conditions. Dif-
ferent research groups have already reported the
derivatization of GO with isocyanates®® and octadecyl-
amine®® mainly with the goal of providing enhanced
solubility of GO in polar organic solvents. Another
group has recently reported reduction of graphite fluo-
ride with alkyl lithium reagents as an alternative route

METHODS

Preparation of Water-Soluble, Single-Layered Graphene Oxide.
Graphene oxide was prepared using modified Hummers
method'® from flake graphite (average particle diameter of 4
um, 99.95% purity, Qingdao Tianhe Graphite Co. Ltd., Qingdao,
China). Briefly, 5 g of graphite and 3.75 g of NaNO; (A.R.) were
placed in a flask. Then, 375 mL of H,SO, (A.R.) was added with
stirring in an ice-water bath, and 22.5 g of KMnO, (A.R.) were
slowly added over about 1 h. Stirring was continued for 2 h in
the ice-water bath. After the mixture was stirred vigorously for
5 days at room temperature, 700 mL of 5 wt % H,SO, aqueous
solution was added over about 1 h with stirring, and the temper-
ature was kept at 98 °C. The resultant mixture was further stirred
for 2 h at 98 °C. The temperature was reduced to 60 °C, 15 mL
of H,0, (30 wt % aqueous solution) was added, and the mixture
was stirred for 2 h at room temperature.

To remove the ions of oxidant and other inorganic impurity,
the resultant mixture was purified by repeating the following
procedure cycle 15 times: centrifugation, removal of the super-
natant liquid, addition of 2 L of a mixed aqueous solution of 3 wt
% H,S0,/0.5 wt % H,0, to the bottom solid, and dispersing the
solid using vigorous stirring and bath ultrasonication for 30 min
at a power of 140 W. Then a similar procedure was repeated:
three times using 3 wt % HCl aqueous solution (2 L) and one time
using H,O (2 L). The final resultant water solution was passed
through a weak basic ion-exchange resin (D301T, Nankai Univer-
sity Chemical Plant) with water as mobile phase to remove the

to solution processable graphene.>' We propose that
such transformations of the chemical groups in
graphene oxide can play an important role in facilitat-
ing complete reduction and achieving higher film con-
ductivities per unit thickness, possibly allowing the use
of thinner films to also improve transparency. The im-
portance of realizing these studies lies in the abun-
dance, high-purity, and relatively inexpensive nature of
graphite and GO when compared to carbon nano-
tubes and ITO, as well as the fact that devices fabri-
cated with GO films would not experience ion-diffusion
degradation known for ITO-based devices.>> Develop-
ing more efficient and practical GO reduction schemes
will be the object of future research, while preliminary
evaluation of our GO electrodes in device applications is
currently underway.

CONCLUSIONS

We reported water-processable GO thin films and in-
vestigated the relative efficiencies of chemical and ther-
mal reductive treatments in enhancing the electrical
performance of the films. We evaluated the potential
of our highly reduced GO thin films as transparent con-
ductors and identified graphitization conditions that
produce films with sheet resistance and transparency
levels comparable to carbon nanotube networks, but
substantial improvements in the reduction method
must be made before it can have serious practical appli-
cations. We have proposed a possible route for address-
ing this issue and identified the significant advantages
that such optimized material would have as an inexpen-
sive, abundant, transparent conductor.

remaining HCl acid. Then water was removed through a drying
process for the collected water solution to yield 3.5 g of product.

Substrate Preparation and Deposition of GO. Glass slides, 8 X 25
mm, or 3 mm thick 1.5 X 1.5 cm quartz squares were cleaned
in piranha solution (7:3 H,S0,:H,0, mixture, caution extremely
corrosive and highly exothermic) for 40 min followed by exten-
sive rinsing with deionized water, dried under a nitrogen stream,
and stored in a vacuum oven at 80 °C until use, typically within
a period of 2 h. Substrates were treated in a dry glovebox with a
3% solution of (aminopropyl)triethoxysilane in anhydrous tolu-
ene for 1 h at room temperature, rinsed with and sonicated in an-
hydrous toluene, and dried under a nitrogen stream to form an
APTES adhesion layer with a contact angle ~67°. Aqueous solu-
tions of GO were deposited on the prepared substrates and al-
lowed to wet the surface for 1 min, after which the slide was al-
lowed to spin at 600 rpm for 1T min to cause uniforml spreading
of the solution on the substrate, then at 800 rpm for 1 min to thin
the solution layer, and finally at 1600 rpm for 1 min to dry the
film. Films were further dried by placing them in a vacuum oven
at 80 °C for 3 h before any reducing treatments.

Hydrazine Vapor Reduction. GO films on quartz slides were placed
in a perfectly cleaned glass Petri dish inside a larger glass Petri
dish which also contained 1 mL of hydrazine monohydrate 98%
(Alfa Aesar, Ward Hill, MA). The larger dish was covered with a
glass lid, sealed with Parafilm tape, and placed over a hot plate
at 40 °C for 18 h, after which the dish was opened and the films
were rinsed with purified water and dried both under a nitrogen
stream and by heating to 80 °C in vacuum. GO films changed
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color after the hydrazine vapor treatment, from matte brown to
metallic gray, indicating reduction of the material. Additionally
we experimented with treating our GO samples with hydrazine
vapor at room temperature and at 80 °C. In all cases we observed
the same color change in the films, but partial film delamina-
tion occurred in some of the samples treated at 80 °C. We se-
lected 40 °C as the working temperature for all subsequent treat-
ments since it provided a standard condition across sample
batches and did not damage the films.

400 °C Thermal Annealing under Argon Flow. Dry GO films on quartz
slides were loaded inside a 2 cm internal diameter cylindrical
quartz boat with open ends. The boat was introduced in a 1 in.
internal diameter glass tube oven fitted with controlled vacuum
and gas flows. Films were heated under a continuous flow of 70
standard cubic centimeters of ultrapure argon, at a rate of 20 °C/
min, and held a the 400 °C for 3 h, and allowed to cool to room
temperature over ~1 h.

1100 °C Graphitization in Vacuum. Dry GO films on quartz were
placed in quartz boats inside a 3 ft long 1 in. diameter quartz
tube with one end closed. The tube was introduced into a Lind-
berg/BlueM split hinge oven (Lindberg/Blue M 3-zone tube oven,
Blue-M, White Deer, PA) and the open end was fitted to a tur-
bopump vacuum line (Turbo-V 250 MacroTorr, Varian Inc., Palo
Alto, CA). Films were heated to 100 °C at ambient pressure, then
the turbo pump was switched on and a vacuum of ~10"° Torr
was established before heating to 1100 °C. Heating rates as high
as 20 °C/min could be achieved without loss of films. The tem-
perature was held constant at 1100 °C for 3 h after which the sys-
tem was allowed to cool down (~3 h). At room temperature am-
bient air was admitted to the tube and the films were recovered
and stored as mentioned above. Heating rate and treatment du-
ration were determined empirically. We found that the initial
heating from room temperature to ~300 °C must be done slowly
(<10 °C) to avoid complete film loss by rapid evolution of CO,
CO,, and water vapor. Some gradual film loss also occurs dur-
ing heating from 300 to 1100 °C as can be appreciated in the TGA
trace in Figure 2. This can be minimized by keeping the heating
rate below 20 °C/min, but batch to batch variation of the GO ma-
terial prevents us from drawing more specific conclusions. Simi-
larly, the length of the graphitization step at 1100 °C treatment
was varied between 2 and 7 h and we found that 3 h was the
longest time with acceptable sample yield (>40%). Importantly,
the choice of 1100 °C as the graphitization temperature was
guided by related literature reports.>*'>2%21 Finally, we expect
that performing the graphitization treatment under a flow of in-
ert gas would eliminate the problem of film loss by reaction
with residual oxygen, but our equipment setup did not allow us
to carry out such an experiment.

Thermal Characterization of G0. We performed thermogravimet-
ric and differential scanning calorimetric analysis of our dry GO
powder, running under purified nitrogen gas flow with a 5 °C/
min heating rate.

XPS Analysis of Reduced GO. We probed the nitrogen content of
our GO films by taking narrow scans of the C 1s and N 1s re-
gion using XPS, PHI-5000 Versaprobe (ULVAC-PHI Inc., Osaka, Ja-
pan). Spectra were baseline corrected and energy shifted using
the instrument software.
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