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ABSTRACT: We present a comparative investigation between thin films of Graphene SP.:: [~ Seald 3 Reducing
graphene oxide (GO) and chemically reduced graphene oxide (rGO) deposited ~ Oxide ,".:7“::;' ” ?f:pn;r)

onto glass substrates via spray pyrolysis. Two reduction techniques are : :
investigated: (1) the exposition of a sprayed layer of GO to vapors of hydrazine . 22—
hydrate to produce rGOy and (2) the addition of liquid hydrazine hydrate to a l B Reducing
suspended GO solution, which is then sprayed onto a substrate to produce rGOy. \ i agen! —
Three different spectroscopy techniques, Raman, Fourier transform infrared, and (i)
UV—Vis—NIR, show that the two reduced samples have less lattice disorder in

comparison to GO, with rGOy, having the highest degree of reduction. Interestingly, topography characterization by atomic force
microscopy reveals a morphological change occurring during the exposure to hydrazine hydrate vapors, resulting in a thickness of
110 nm for the rGOy, film, which is a factor of 16 larger than rGO| and GO. Finally, I-V measurements show a significant decrease
of the GO’s resistivity after the reduction process, where rGO/, features a resistivity 90 times lower than rGOy, confirming that rGO[
has the highest degree of reduction. Our results indicate that the reduction process for rGOy is susceptible to introducing
intercalated water molecules in the material while the fabrication technique for rGOy is a suitable route to obtain a material with

minimal lattice disorder and properties approaching those of graphene.

B INTRODUCTION

Graphene oxide (GO) has received considerable interest from
researchers due to its ease of fabrication from carbon and its
dispersibility in liquid water. Thus, these materials can be
fabricated via a low-cost scalable wet chemistry technique,'
enablin% fast deposition processes such as drop-casting,” dip
casting,” and spray pyrolysis.” Different fabrication and
deposition approaches offer several paths to control the degree
of reduction of GO° and effectively functionalize it by
decreasing the level of oxidation and creating a material closer
in composition and properties to graphene.”® Reduction
techniques can rely on thermal annealing,” laser illumination,"’
or exposure to a chemical reducing agent such as hydrazine
hydrate."" They can also involve different functional materials
such as nanoparticles,'” organic compounds,'® polymers,'* and
biomaterials,'> which also affect the material properties.

As a result, GO and its reduced form, rGO, exhibit a range of
properties that can be optimized for different kinds of
applications. For example, they can be used for gas sensing
since their electrical conductivity strongly depends on bond
chemicals on their surface.'® They also have high conductivity
and a structure that can be made porous to build efficient
supercapacitors'’ or enhance the performances of solar
cells.”"® These graphene-like materials have also found
applications in optics due to their nonlinear properties'”>’
and in medicine as a drug release matrix for targeting cancer
cells.* However, the efficient use of GO and rGO in these
applications can be limited by their arbitrary amount of lattice
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disorder, which is due to several key factors, including the
fabrication technique.22’23 Therefore, a better understanding of
the fabrication procedure, including the reduction process, and
their effects on the materials” properties is an essential step to
enable future GO-based technologies.

Many groups have previously reported different fabrication
techniques to reduce GO and performed measurements to
demonstrate a decrease in the lattice disorder. For example,
Park et al.”* reported a reduction method to modify colloidal
suspensions of GO wusing different organic systems. To
efficiently reduce GO, they added 1 uL of hydrazine hydrate
to 3 mg of GO diluted in DMF/H,0 (9:1). They allowed the
liquid to dry under an Ar atmosphere at 150 °C and monitor
the reduction via the material’s conductivity. Youn et al.*®
exposed a GO thin film to hydrazine hydrate vapor, up to 12 h,
to obtain rGO, as demonstrated from X-ray photoelectron
spectroscopy (XPS), Raman spectra, and optical absorption
experiments. Also, Guo et al.*° used a pulsed laser to induce a
reduction of GO, which they monitor by measuring the
decrease in bandgap energy from 2.4 to 0.9 eV. Finally, a
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Figure 1. Deconvolution of Raman spectra peaks of (a) GO, (b) rGOy, and (c) rGO; thin films deposited via spray pyrolysis at 150 °C.

hydrothermal preparation of rGO powder from a GO solution
was reported by Chang et al.”’ In their experiment, the rGO
powder is dispersed in ethanol/H,O (1:1), sonicated, and then
drop-cast onto an Al,O; substrate. They measure the current—
voltage characteristic to trace a resistivity smaller than GO due
to the reduction process.

Here, we produce and characterize GO and rGO thin films
sprayed onto a glass substrate. The rGO is fabricated with two
chemical reduction methods based on hydrazine hydrate; the
first method uses the reducing agent in vapor phase and the
second in liquid phase. To our knowledge, this is the first
demonstration and study of rGO produced with the second
method. We rely on complementary techniques to characterize
the samples: Raman spectroscopy and Fourier transform
infrared spectroscopy (FTIR) are used to investigate lattice
disorder related to the presence of functional groups, optical
spectroscopy reveals the bandgap energy, atomic force
microscopy (AFM) provides information about the roughness
and sample thickness and, finally, -V electrical measurements
yield information on the sample’s conductivity.

B RESULTS AND DISCUSSION

The fabrication of GO and rGO thin films uses a nanocolloidal
solution of GO in water, which is deposited by spray pyrolysis
onto a glass substrate to obtain thin films. The reduction
process is carried out following two different approaches. We
first expose a GO thin film to hydrazine hydrate vapors at
100 °C, for 24 h, inside a sealed Petri dish. We refer to this
sample as rGOy in relation to the vapor phase (V) of the
reducing agent. Then, liquid hydrazine hydrate is added to the
original GO solution, which, after 24 h, this solution is similarly
deposited on a substrate by spray pyrolysis. Note that no
heating or filtering process of the solution is required. We refer
to this sample as rGO| in relation to the liquid phase (L) of
the reducing agent.

To investigate the crystallographic structures of our samples,
we investigate their vibrational modes with Raman spectros-
copy. Figure la—c shows the spectra for GO, rGOy, and rGOy,
respectively. Here, we follow the peaks’ nomenclature used in
refs 28—30 where the two bands, D and G bands, are
deconvoluted into five distinctive peaks. We identify the
spectral position of the D and G peaks, indicative of the
carbon-like nature of the material, as well as the three
additional modes, I, D”, and D’, attributed to the disordered
structure. The baseline is corrected using the asymmetric least
squares method to remove artifacts, notably due to
luminescence.”’ When considering the five Raman resonances
mentioned above, the fits are in good agreement with the
experimental data. We observe in all samples a large G peak

related to sp® hybridizations,” associated with the graphene
honeycomb structure. As expected, the D peak activated by the
defects (mainly the epoxy and the hydroxyl groups) is
dominant and always present in oxidized graphene.” The
additional resonances named I, D”, and D’ peaks, which
appear in all samples, are also related to the disorder. More
particularly, Schwan et al.>* attributed the I peak to
compressive stress in the film while Tanet al.”> consider that
it becomes active when selection rules are relaxed due to the
presence of defects. The peak D” appears because of
amorphous sp2 bonds and interstitial defects,>® and it can be
attributed to the bond disorder caused by the attached
functional groups such as —COOH, —COC, and —OH.*”**
Graphene-like materials generally contain the peak D’ as it is
related to an oxidized sp® carbon hybridization, resulting in an
sp’ hybridization,” but can also be observed for intercalation
compounds.”®*" Although we expect the reduced samples to
show a larger proportion of sp* hybridization associated with
the G peak in the Raman spectrum, we also find the ratio
between the D and G peaks to be relatively constant in all
three samples. As a result, a more complete analysis comparin%
all Raman peaks is necessary to confirm chemical changes.””

Both rGOy and rGOy, show a strong reduction of the D” peak
in comparison to GO as well as a narrower full width at half
maximum (FWHM) of the D peak, indicating that the
reducing agent effectively removes defects in GO.° The
increase in the D’ peak in the rGOy, sample indicates that
the reducing agent in vapor form interacts preferentially with
the surface but less effectively throughout the deposited thin
film to remove sp® hybridizations, which results in a relatively
small creation of new sp> hybridization. Partial hydration of the
material, which could occur during the reduction process, may
contribute to increase the D’ peak amplitude.

Furthermore, we observe an overall narrowing of the bands
in the reduced samples in agreement with previous work,”"’
which indicates an increase in the planar order of graphitic
materials.”> The two rGO samples also exhibit a reduced D"
peak amplitude, indicating less amorphous sp> bonds. The
precise positions of the I, D, D”, G, and D’ peaks (in increasing
order of wavenumber), for the three samples investigated in
this work, are listed in Table 1. The peaks D, G, and D’ are
found at their expected spectral position.”***>*” The extracted
spectral positions of the I and D” peaks have the largest
uncertainty because of their relatively small amplitude and
their large FWHM. We find nonetheless good overall
agreement between our results and those reported in previous
studies.”>*’

While Raman spectroscopy provides information about the
activated vibration modes in the samples, FTIR directly
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Table 1. Raman Resonance Peak Positions for GO, rGOy,
and rGO

peak position (cm™")

sample I D D” G D’

GO 1180 1349 1521 1582 1605
rGOy 1120 1348 1500 1585 1608
rGOy, 1150 1349 1490 1591 1616

addresses the existence of chemical groups in the material.
Figure 2 presents the FTIR spectra of GO (black line), rGOy
(red line), and rGOy (blue line). The reflection spectra of GO
present a dominant peak of C—OH vibration mode (1260
cm™) and an additional side peak corresponding to C=0
(1750 cm™") of the carbonyl group, indicating a high oxidation
degree of the sample. For the two rGO samples, the peak
related to C—OH is less intense than the one observed with
GO and it disappears almost entirely in the case of rGOy. We
observe instead a dominant peak related to C—O bonds at a
slightly lower energy (1085 cm™'). This shifted resonance
indicates the effect of a reducing agent acting preferentially on
hydrogen bonds, which are easier to reduce than C—O bonds
of the epoxide group (C—O—C).*” The band appearing
around 3530 cm ™! is usually referred to the stretching mode of
the hydroxyl groups O—H. This band is significantly more
intense for rGOy and is likely due to the presence of water
molecules. This indicates that water, in vapor form, may be a
contaminant during the reduction process performed in a
sealed container at 100 °C, especially considering that GO can
easily absorb water molecules.”’ For rGOy and rGOy, the peak
corresponding to inoxidized carbon atoms, C=C, has
appeared. The fact that rGO has the most pronounced C=
C peak (1615 cm™) indicates that this sample has the highest
degree of reduction in our experiment. This result agrees with
the conclusions drawn from the Raman measurements. All
FTIR spectral peak positions identified in Figure 2 are in good
agreement with previous work.”*~*’
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Figure 2. FTIR spectra in reflection mode for GO, rGOy, and rGO,
thin films deposited via spray pyrolysis at 150 °C.

The oxidation of graphene increases the material’s optical
bandgap energy E,. Consequently, one expects the reduction
process to decrease the measured bandgap energy since rGO is
more graphene-like than GO.***’ Figure 3 presents the Tauc
plot,*” which is used to estimate the bandgap values of our
samples based on oFtical reflection experiments and the
following expression:”

1.0

0.8

0.6

0.4

(athv)? x 10" (eV’em?)

0.2

2.0 2.5 3.0 35 4.0 4.5
hv (eV)

Figure 3. Tauc plots of GO, rGOy, and rGOy thin films deposited via
spray pyrolysis at 150 °C.

ahv = A(hv — Eg)" (1)

where o is the linear absorption coefficient, A is a constant
measuring the disorder of the material,”>** h is Plank’s
constant, v is the incident photon’s frequency, and n is equal to
1/2 since GO and rGO are considered direct bandgap
materials.””>°> From the experimental measurements, we
extract E; = 3.93 eV for GO and lower values of 3.01 and
3.14 eV for rGOy and rGOy, respectively. These smaller
bandgap energies are consistent with a material structurally
closer to graphene. Our results are within the range of energies
reported for GO and rGO thin films in previous studies,” >
but the induced changes are small in comparison to other work
using different reduction methods®® or studying rGO in a
powder state.*® The measured bandgap energy does not only
depend on the degree of reduction but also on the thickness
and structural properties of the thin film. As shown below,
AFM measurements reveal that the rGOy sample in this work
has a much larger thickness than GO and rGO;. This
difference can explain why rGOy, features the lowest bandgap
energy although rGOp is a more graphene-like material
according to Raman and FTIR measurements.

We examined the morphological properties of our samples
with AFM. Besides information about the surface roughness
and sample uniformity, we also measure the layer thickness,
which is indicative of the compactness and porosity of the thin
film. Figure 4 presents the AFM micrographs and profile curves
of the three samples using the same quantity of dissolved
material and the same spray pyrolysis deposition parameters.
The darker vertical stripes at the right edge of each image in
Figure 4 correspond to the bare substrate. A razor blade is used
to remove the graphitic material and obtain this plane of
reference, allowing us to precisely measure the thin film
thickness with AFM. A micrograph of the GO sample (Figure
4a) shows a relatively uniform film with a roughness of 3.9 nm
for an average thickness of 10.8 nm.

The micrograph of the rGOy sample (Figure 4b) presents a
much larger roughness of 55.7 nm with microbubbles,
indicating possible detachments of the thin film from the
substrate, and a surprisingly large average thickness of 110 nm.
This result might be in part attributed to localized hydration of
the sample during the reduction process. GO is hydrophilic
and its interplanar distance can expand up to 1.2 nm in a water
environment.””>® Our observations of a microscopically rough
surface are consistent with previous work also using reducing
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Figure 4. AFM micrographs and profile curves of (a) GO, (b) rGOy, and (c) rGO| were used to extract their surface roughness and layer thickness.

agents in the vapor phase.”” Finally, the micrograph of the
rGO, sample (Figure 4c) shows a much more uniform film,
with a roughness of 2.1 nm and thickness of 6.4 nm,
comparable to the GO sample. We can conclude that adding a
liquid reducing agent to the GO solution before spray pyrolysis
deposition leads to a homogeneous reduced material and helps
prevent the thin film’s surface irregularities. The moderately
smaller thickness of the rGOy in comparison to the GO can be
attributed to the reduction process, removing out-of-plane
functional groups.”

For most applications related to graphitic materials, one of
the most important properties of these materials is their
electrical resistivity, which can be extracted from the I-V
curve. Figure S presents the current—voltage behavior of the
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Figure S. I-V curves of GO, rGOy, and rGO_ thin films with
resistivity values of 300 X 1073, 180 X 1073, and 2 X 107> Q.cm,
respectively.

three samples. The curves show a linear relationship, indicative
of an ohmic behavior and an absence of Schottky diode
response due to the electrodes.””®" The extracted resistance R
values of the GO, rGOy, and rGOy samples are 280, 16, and
2.5 KQ, respectively. We use the following relation to extract
the resistivity from the measured resistance:*”

_ Ly
"7 @)
where t is the measured thickness of each sample, R is the
resistance, L is the length of electrodes, and d is the distance
between the electrodes. Both L and d correspond to 1.5 cm in
our setup. The extracted resistivity values for GO, rGOy, and
rGO; are 300 x 1073 180 x 1073 and 2 X 107° Q.cm,
respectively. As expected, we observe a drop in resistivity after
the reduction process. The sample rGO; displays the lowest
resistivity, almost two orders of magnitude smaller than rGOy,
which indicates once more that the reduction technique based
on the liquid hydrazine hydrate leads to a higher degree of
reduction in comparison to the process relying on the gas
phase. The measured resistivity values for both rGO samples
are higher than those reported in previous work using high-
temperature annealing®® or hydrothermal fabrication”” to
produce rGO but lower than the resistivity reported by other
work using an optical reduction process.”* Finally, the hot
point probe method is used to determine that the holes present
the minority carriers, and the electrons form the majority free
carrier population in rGOy and rGOy. As a result, the electrical
properties are mostly determined by electron density and
mobility.

B CONCLUSIONS

Reduction of graphene oxide has been performed with two
different chemical techniques based on hydrazine hydrate in
vapor or liquid phase and then deposited by spray pyrolysis to
obtain thin film samples, rGOy and rGOy, respectively. Raman
spectroscopy measurements show that rGO; exhibits less
lattice disorder than rGOy. The FTIR spectra of rGO reveal a
more intense inoxidized carbon peak in comparison to rGOv,
indicating a better degree of reduction, while rGOv
interestingly exhibits a reduced density of C—OH groups.
Furthermore, spectrophotometer measurements show that the
GO’s bandgap decreases from 3.9 to ~3 eV after the reduction
process, indicating a transition from an insulator to a
semiconductor state. AFM measurements indicate that the
rGO;, film thickness is thinner than the GO film due to the
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removal of functional groups, while the rGOy film, also
containing the same amount of original GO material, appears
surprisingly thick, a factor of 10 larger than GO, due to the
large inhomogeneity and surface roughness. Finally, I-V
measurements reveal a significant decrease in the GO’s
resistivity after reduction, where rGOy features a resistivity
90 times lower than rGOy, confirming that rGOy has the
highest degree of reduction. We demonstrate fabrication steps
that are simple and scalable to enable GO and particularly rGO
to be implemented in a variety of scientific and industrial
applications. Our results can lead to different optical, chemical,
structural, and electrical properties, with rGOy partially
responsible for partial hydration of the material and rGO
featuring properties closest to those of graphene.

B MATERIALS AND METHODS

Synthesis of Graphene Oxide and Reduced Graphene
Oxide Films. The fabrication of GO and rGO thin films used
a nanocolloidal solution (5 mL) of GO in H,O (Sigma
Aldrich) diluted to a concentration of 0.5 mg/mL. The
solution was ultrasonicated for 30 min at room temperature
and deposited by spray pyrolysis onto heated glass substrates at
150 °C with an airbrush (VH174, VIVOHOME) to obtain
thin films. To fabricate rGOy, we exposed a GO thin film to
hydrazine hydrate vapors at 100 °C, for 24 h, at a
concentration corresponding to 0.1 mL evaporated inside a
sealed Petri dish (9 cm diameter, 4 cm height). We fabricated
rGOy, using 0.2 mL of liquid hydrazine hydrate, which was
added to the original GO solution. After 24 h, the solution was
deposited on a substrate with the same spray pyrolysis
technique described above.

Material Characterization. Optical and electrical instru-
ments were used to characterize the samples. Raman
spectroscopy was performed with a Wltec 300RSA confocal
system at a wavelength of 532 nm and optical power of 3.6 W
to trace vibrational resonances. A Fourier transform infrared
FTIR spectrometer (Nicolet) was operated in reflection mode
over a spectral range extending from 400 to 4000 cm ™' to
identify the existing chemical bonds. A UV-Vis—NIR
spectrophotometer (SHIMADZU UV-3100S), operating over
a wavelength range of 300 to 1800 nm, was used to determine
the optical bandgap of the samples. Atomic force microscopy
(AFM Park NX 10) was used to study the morphological
properties and the thickness of the sample. Two parallel silver
paint stripes connected manually by copper wires were used as
electrodes to measure the I—V response (Agilent N6700B) and
characterize the thin film resistivity. The length of the
electrodes (L) and their separation (d) are both 1.5 cm.
Finally, the same circuit with an ammeter was used to
determine the types of majority charge carriers in our samples
using the hot probe method®” referenced to an n-type Si wafer.
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B NOMENCLATURE

GO graphene oxide

rGOy reduced graphene oxide (using a reducing agent in
vapor phase)

rGO| reduced graphene oxide liquid (using a reducing agent
in liquid phase)

FTIR Fourier transform infrared

AFM atomic force microscopy

FWHM full width at half maximum
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