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We report fabrication of reduced graphene oxide (rGO) films using chemical reduction by hydrazine
hydrate and rGO paper-like samples using low temperature treatment reduction. Structural analysis
confirms the formation of the rGO structure for both samples. Current-voltage (I V) measurements
of the rGO film reveal semiconductor behavior with the maximum current value of ~3 x 10 “A.
The current for the rGO paper sample is found to be, at least, one order of magnitude higher.
Moreover, bipolar resistance switching, corresponding to memristive behavior of type 11, is observed
in the I V data of the rGO paper. Although precise values of the rGO film conductivity and the
Seebeck coefficient could not be measured, GO paper shows an electrical conductivity of
6.7 x 10*S/m and Seebeck coefficient of —6 1V/°C. Thus, we demonstrate a simplified way for the
fabrication of rGO paper that possesses better and easier measurable macroscopic electrical proper-
ties than that of rGO thin film. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4958956]

INTRODUCTION

Graphene, a two-dimensional nanocarbon material, has
attracted significant attention in recent years due to its ex-
traordinary physical and chemical properties,’ although it is
extremely difficult to synthesize defect free graphene at mac-
roscopic scale. Being also graphite-derived, reduced gra-
phene oxide (rGO) appears as an efficient and low-cost
solution for the development of large area graphene-based
materials. Thanks to the combination of its excellent me-
chanical properties and chemical tunability, rGO films as
well as free-standing rGO paper-like materials are exciting
systems for potential applications such as membranes with
controlled permeability, anisotropic ionic conductors, me-
chanically reinforced composites, or transparent, and electri-
cally conductive films.>™*

However, the preparation of rGO from GO is not trivial.
For example, during the chemical reduction of individual GO
sheets in aqueous dispersion by hydrazine hydrate to rGO, ag-
glomeration of rGO sheets was observed, making the prepara-
tion of homogeneous paper materials from the liquid phase
impossible.>>° A similar problem with agglomeration of the
rGO sheets can be observed during film preparation. Few alter-
native works have been dedicated to post-reduction processes
based on chemical/thermal processes.”™ However, such process
can lead to a trade-off between restoring electrical conductivity
and maintaining mechanical integrity and flexibility of the
papers/films.® Thus, chemical or thermal reduction of GO is
necessary to obtain a high value of electrical conductivity but
can lead to technical problems during the sample preparation.
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In the current work, GO solution is used for the prepara-
tion of rGO film (by chemical reduction) and rGO paper-like
sample (by low-temperature treatment) for further compara-
tive study of their structural, electrical, and thermoelectrical
properties.

EXPERIMENT

A light-brown graphene oxide (GO) solution (2 g/L) was
prepared based on the Hummer method. Commercially avail-
able natural flake graphite, sulfuric acid (95% 98%), potassi-
um permanganate, hydrogen peroxide, and hydrochloric acid
were used as received from Sigma-Aldrich. All aqueous sol-
utions were prepared with deionized distilled water. GO was
synthesized using the following process: 50 ml of 98% sulfu-
ric acid was placed in a 250 ml chemical glass flask provided
with a magnetic stirrer and fixed in a water bath, with a small
amount of added ice. Then 2 g of graphite powder was added
to the acid. After stirring for a few minutes, 6 g of dry potas-
sium permanganate (KMnQO,) was added to the reactant mix-
ture. Later, the mixture was heated to 35 °C and diluted with
100 ml of water during 20 min. The diluted mixture was held
for 30 min at a temperature of 70 °C, followed by addition of
100 ml of water. To decolorize the excess potassium perman-
ganate, 10 15ml of 3% hydrogen peroxide was poured in.
Immediately thereafter, the mixture was passed through a pa-
per filter under evacuation. The filtered out material was
mixed with 500 ml of distilled water using a magnetic stirrer
for 10 min. The GO fraction was separated from the reaction
products using a centrifuge. The final product presented a
light-brown GO solution, which did not reveal almost any
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signs of settling under further centrifuging for a prolonged
time.

Finally, one part of this GO solution (100 ml) was mixed
with hydrazine hydrate (50 ml) and sonicated using a Fisher
Scientific FS60 ultrasonic bath cleaner. The obtained solu-
tion was dropped on Si or glass substrates (for electric/ther-
moelectric measurements) and dried at room temperature.
Another part of the GO solution (200 ml) was dried in the
Petri dish (diameter 5cm) at as low temperature as 100 °C
during 24 h and black color paper-like material with size up
to 3 cm was obtained.

Morphology of the studied samples was analyzed by
transmission electron microscopy (TEM) (Hitachi 9000) and
scanning electron microscopy (SEM) (Hitachi SU-70). The
GO and rGO samples for the TEM characterization were pre-
pared by deposition of a drop of GO or rGO solution on a
holey carbon grid with further drying in air.

X-ray diffraction (XRD) profiles were collected at room
temperature in a continuous scanning mode (step 0.02 and
time 10s) on Rigaku D/Max-B, Cu K diffractometer in the
20 range from 5° to 36°. The Fourier transform infrared
(FTIR) spectra were recorded using a Bruker Tensor 27 FT-
IR spectrometer, mixing the sample with KBr (Aldrich,
99%, FT-IR grade). Raman spectra of analyzed samples
were obtained at room temperature in back scattering config-
uration with a Jobin-Yvon Lab Ram HR using 441.6nm
(blue) laser line.

Current-voltage (I V) cycles were obtained at room tem-
perature using a Keithley SourceMeter 2400 and two manual
probes with tungsten tips. For such typical I V measurements,
no special top contacts were deposited on studied samples.
Electrical resistivity values were measured by four-point
method for square of 1cm? in a Van der Paw configuration.’

The Seebeck coefficient was obtained using a simple
setup system for a parallel (in-plane) measurement. A small
temperature difference (<10°C) was applied between two
contacts of the sample, clamping the sample between two
high conductance metal blocks. The hot side metal block
was heated with an internal heating source, and the cold
block was cooled by convection to room temperature. The
temperature difference was measured with two platinum
temperature sensors (PT100), and the voltage was recorded
by high-impedance (>1 GQ) voltmeter. The Seebeck

[
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FIG. 1. TEM image of GO.

coefficient was, thus, calculated, dividing the measured volt-
age by the temperature difference.

RESULTS AND DISCUSSION

To study the quality of the GO solution, used for further
preparation of rGO film and rGO paper analysed in this work,
it was investigated in TEM mode. As shown in Figure 1, the
continuous layers of GO are confirmed to be rather thin and
transparent.

A morphology of the rGO film was observed by TEM
and SEM, as shown in Figure 2. TEM image (Fig. 2, left im-
age) indicates that although the rGO film is not atomically
flat, it is rather transparent, implying that its thickness is very
small. At the same time, the SEM image (Fig. 2, right image)
demonstrates a homogeneous microstructure without any
visible agglomerations.

SEM images displaying the morphology of the rGO pa-
per are presented in Figure 3. A layered structure is observed
with the individual layer thickness of about 2 um, resulting
in an overall thickness of the paper between 20 um and
30 um. The gaps observed between the layers are due to the
release of water vapor or CO, formed during the reduction

process. 10

FIG. 2. TEM (left) and SEM (right)
images of rGO film.
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FIG. 3. SEM images of the rGO paper like material.

XRD profiles of the prepared rGO film and rGO paper
material are depicted in Figure 4. A broad peak at 20 of
about 24° 25° was observed for both samples and ascribed
to rGO."" Note this peak cannot correspond to GO, which
has a maximum at 20 ~ 10°.'"1? At the same time, a reflec-
tion from the pristine graphite can be detected from 26.46°
[Ref. 13] to 30.8°."* Hence a small peak at about 29° in the
analyzed XRD profile of the rGO paper, which can be
detected sometimes in the graphene samples,'” is attributed
to a weak response from the pristine graphite.

Fourier transform infrared spectra of the analyzed rGO
film sample and rGO paper sample are shown in Figure 5. In
the case of rGO film, which was reduced by hydrazine hy-
drate, a small but visible response at ~1060 cm ! was ob-
served and ascribed to the remaining carbonyl groups after
the reduction process.'® Sometimes after chemical reduction
by hydrazine, the stretching vibrations C O at ~1060cm '
are indeed observable and become sharper, being caused by
remaining carboxyl groups even after reduction.” However, no
chemical reduction was used in the current work for rGO paper
sample and hence no band at ~1060cm ' can be detected in
the FTIR spectrum. Instead, a small vibration at ~1380 cm 1,
similar to that reported in Ref. 16 for rGO film, was found.
The peaks observed from ~1060cm 'to ~1220cm ' in both
spectra of Figure 5 are due to C-OH stretching vibrations.

rGO film sample

/

Intensity (arb. unit)

/

rGO paper sample

10 20 30
20 (degree)

FIG. 4. XRD profiles of rGO film and paper samples.

A skeletal vibration at ~1600cm ' from unoxidized
graphitic domains was observed for both rGO film and rGO
paper (at ~1610cm ' and ~1560cm ', correspondingly).
No stretching vibrations from C =0 at ~1720cm ' charac-
teristic for GO spectrum'’ were detected for the analyzed
rGO film and rGO paper. So the FTIR spectra indicate that
the oxygen-containing functional groups have been removed.
This observation confirms the efficiency of the reduction
process of GO in the analyzed rGO film and rGO paper
samples.

Raman spectroscopy is a powerful nondestructive tech-
nique that is widely used to distinguish order and disorder in
the crystal structure of carbon. As usually, the Raman spec-
trum of graphene consists of several major features: D, G, and
2D bands. The G band is related to the in-plane vibration of
sp®-bonded carbon atoms and it is the only band coming from
a normal first order Raman scattering process in graphene,
while the D- and 2D-bands are associated with the vibrations
of carbon atoms with sp® electronic configuration of disor-
dered graphene (originating from a second-order process at-
tributed to local defects, vacancies, and grain boundaries).18

The typical Raman spectra of studied rGO-film and pa-
per are shown in Figure 6. They both show the existence of

rGO film
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FIG. 5. FTIR spectra of rGO film and paper samples.
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FIG. 6. Raman spectra of rGO film and paper samples.

the G band (Gaussian peaks fitting data: ~1591cm ' for
film and ~1595cm ' for paper) and D band (~1364cm '
for both film and paper). The intensity ratio of D band to G
band (Ip/Ig) is often used as a measure of defect levels in
graphitic systems and correlates with the average size of sp”
domains® and the smaller number of sp2 domains leads to the
higher ratio (Ip/Ig). In the current work, the intensity ratio
Ip/Ig of GO film (~0.96) prepared with chemical reduction
is higher than that for the rGO paper (~0.86) obtained with
thermal reduction. This indicates an increasing number of
sp” domains due to the chemical reduction process.*'® Thus,
it can be concluded that the rGO-film has been reduced to a
slightly higher level than the rGO-paper.

An additional 2D band is usually observed in monolayer
graphene samples at ~2680cm '. Nonetheless, this band
cannot be seen in the current samples with as high intensity
as would be expected for a pure, defect free graphene. It is
well known that Raman shift and shape of the 2D band corre-
late with the number of graphene layers.”® Thus, a broad
peak at ~2950cm ' indicated in Figure 6 as D-+D’ can be
attributed to a shifted defect-activated vibration of a multi-
layered material.*!

I V measurements of rGO film were performed in two
cycles as presented in Figure 7, demonstrating a reproducible
response. Moreover, the rGO film reveals semiconducting

0.4
rGO film
0.2
<
£
E 0.0
5
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FIG. 7.1 V curves of rGO film.
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behavior with current up to 3 x 10 “A that is typical for rGO
film."” In contrast, GO films were reported to possess an in-
sulating behavior, revealing high resistance and low current
(I~10 °A)."

Figure 8 shows I V curves of analyzed rGO paper-like
sample measured in three cycles. During the measurement
cycle, the voltage was swept in a sequence of —1 V —
—10V—-0V =1V =10V — 0V at arate of 0.01 V/s. It
is seen that during all three measurement cycles, the sample
still has high conductivity. Moreover, during the first cycle
of the measurement, the current increases dramatically from
10mA to 80 mA at the applied voltage of ~—5 V. During the
second and third measurement cycles, the peak current is
about one order lower but still can be observed between
*+3V and *=5V. These reproducible peaks of current in-
duced by voltage pulses of different polarity (bipolar switch-
ing) are typical for many materials, including TiO, [Refs. 22
and 23] or GO.>* It can be also seen from Figure 8 that all
sweeps present clockwise switching direction at both nega-
tive and positive applied voltages, resembling a memristive
system of type I1.%>° So the I V characteristics of the rGO
paper exhibit a typical bipolar switching behavior that corre-
sponds to the memristive system of type II.

From the I V curve in a semilogarithmic scale, shown
in inset of Figure 8, it is possible to see that I V results are
stable and reproducible and currents in the second and third
cycles are of order 10 * A, being one order higher than that
for rGO film. Although this unexpected from the Raman
results, which showed that the rGO film is more reduced
than the rGO paper, and, hence, should reveal lower resis-
tance and higher currents, it can be explained as follows. The
film consists of the graphene flakes and the size of the flakes
is very limited, whereas the thickness of the film is very
small. Therefore, there can be some discontinuity in the rGO
film, making the macroscopic measurements of its electrical
properties and precise determination of its electrical parame-
ters very difficult, since the electrical properties of the films
can have a contribution from substrates, electrodes, etc.?
Such problems are absent in the rGO paper sample.

Indeed, it was not possible to measure the resistivity of
the film sample by the four-probe method probably due to dis-
continuities in the film with very small thickness but large
area ~1 cm?. However, the electrical resistivity of the rGO pa-
per measured by the four-probe method was found to be about
1500 Q2 m. Correspondingly, electrical conductivity of the
rGO paper was calculated as 1/1500 uQ m =6.7x10*S/m.
This value is three times higher than that reported for a GO
paper reduced by hydrazine (1.7 x 10%S/m) and about one or-
der lower than that reported for the GO paper obtained by
very specific and much more complicated preparation routs,
e.g., hydrazine + argon treatment (3.9 x 10 S/m), argon treat-
ment (8.1 x 10°S/m), and hydrogen treatment (5.0 x 10°s/
m).”” In contrast, pure GO materials contain large sp” domain
sizes that are interrupted by sp” bonds due to the presence of
oxygen, thus showing a very low electrical conductivity of
only 8.5 x 10 2S/m.?” Exposure to vapors of hydrazine makes
the GO paper electrically active increasing its conductivity by
four orders of magnitude (from 8.5 x 10 % S/m to 1.7 x 10*S/
m) due to the removal of oxygen-containing functional groups



051706-5 Okhay et al.

J. Appl. Phys. 120, 051706 (2016)

-20 4

1st cycle

= 3— FIG. 8.1 V plots of GO paper like
§ E P W sample during three cycles of measure
= <10 S ment. The inset shows the I V charac
O 604 - ‘éms: _— 4 teristics in semilogarithmic scale.
1 S ]
| ] 1074 = — 1st measurement
-80 / - i © - 2nd measurement
n 10_9 A — 3rd measurement
] -10 0 10
rGO paper Voltage (V)
-100 — T —T— T — Tt
-10 -5 0 5 -5 0 5 -5 0 5 10
Voltage (V) Voltage (V) Voltage (V)

from the GO paper and enhancement of the connectivity
among the graphitic domains by the formation of new sp”
clusters.”’

Thus, in the current work, rGO paper with a high value
of electrical conductivity (6.7 x 10> S/m) was obtained by a
simple low temperature thermal treatment. It demonstrates
that the thermal treatment restores much better sp2 carbon
domains in the rGO paper than by chemical reduction, pro-
viding a higher reduction degree.

For complete study, thermoelectrical properties of the
rGO samples, particularly values of Seebeck coefficient, were
measured. However, Seebeck coefficient measurements pro-
vided imprecise values for the rGO film sample probably again
due to very small graphene flake size and low thickness of the
film and, hence, unwanted contribution of the substrate. At the
same time, a Seebeck coefficient of the rGO paper of —6 uV/
°C was obtained, indicating that the sample is an n-type semi-
conductor. A similar absolute value of Seebeck coefficient was
found for single layer graphene made by chemical vapor depo-
sition on Cu (6 £V/°C)*® or for multilayer epitaxial graphene
on Si (—30uV/°C).* Tt should be stressed here that the
Seebeck coefficient can show different values (from 6 uV/°C
to 180 uV/°C) and depends highly on the method of sample
preparation, measurements method, sample thickness, etc.?

CONCLUSIONS

We formed rGO film and rGO paper samples and studied
their structural, electrical, and thermoelectric properties. The
rGO paper sample obtained by simplified low temperature
treatment of the high-quality GO solution at 100 °C was found
to show better electrical properties than the rGO film sample
despite the fact that the rGO film was more highly reduced by
the chemical route (based on Raman results). From our point
of view, this can be explained by discontinuities in the thin
film due to the limited graphene flake size and, hence, the pres-
ence of the substrate contribution in the rGO film sample elec-
trical response. Moreover, these discontinuities lead to
difficulties for macroscopic measurements and precise

determination of electrical conductivity and Seebeck coeffi-
cient of the rGO film. At the same time, no substrate is needed
for the rGO paper sample. Moreover, the thickness of the rtGO
paper can be easily controlled by the concentration and volume
of GO solution. Thus, our approach suggests an easy, cost-
effective, and environment-friendly fabrication route for con-
ducting graphene paper that is of great potential application as
energy storage/harvest (supercapacitors, batteries) and sensors.
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