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Non-monotonous Dependence of the Electrical
Conductivity and Chemical Stability of Graphene
Freestanding Film on the Degree of Reduction

Yun Kyung Jo,T In Young Kim,T Su-jin Kim, Su In Shin, Ara Go, Youngmi Lee,* and
Seong-Ju Hwang*

The surface morphology, electrical conductivity, and chemical stability of freestanding graphene film can
be effectively tailored by controlled reduction of graphene oxide (G-O) precursor. The elastic
freestanding graphene films with different degree of reduction can be fabricated by vacuum-assisted
filtration of reduced graphene oxide (rG-O) nanosheets prepared with different reduction time. The
surface morphology and crystal structure of the resulting rG-O films can be tuned with the change of
reduction condition. Of prime importance is that these graphene films do not show a monotonous
dependence of electrical conductivity with the concentration of oxygenated functional groups. After the
short reduction time of 30 min, the electrical conductivity of the rG-O films becomes saturated with
retention of considerable amount of oxygenated groups, demonstrating the rapid establishment of electron
percolation paths. Interestingly this graphene film with the reduction time of 30 min displays a higher
stability with respect to microwave heating than the other films, a result of the depression of microwave
absorption by the increase of electrical conductivity and the reinforced dipolar interaction between
restacked graphene by the presence of oxygenated functional groups. The present work highlights the
importance of controlled reduction condition in tailoring the transport property, surface morphology, and

chemical stability of the rG-O freestanding films.

1. Introduction

Graphene, a two-dimensional (2D) monolayer of honeycomb
carbon array, attracts intense research activities because of its
unique physicochemical properties such as high electrical and
thermal conductivities, great mechanical strength, and inherent
flexibility.»2 The reduction of graphene oxide (G-O) precursor
yields chemically-prepared graphene, i.e. reduced graphene
oxide (rG-0).* Of prime importance is that the elastic graphene
films can be easily fabricated by a simple vacuum-assisted
filtration of the resulting rG-O colloids.>®  The facile
preparation of freestanding graphene films widens the
application fields of the graphene materials. These graphene-
based materials boast excellent functionalities in many
applications such as energy storage and conversion
(supercapacitors, batteries, fuel cells and solar cells), field-
effect transistors, biosensors and delivery vectors, gas
permeable membranes, and antibacterial matrix.”-'® Many of
these functionalities of graphene rely on its high electrical
conductivity and its wide surface area having oxygenated
functional groups.'**6  The electrical transport and surface
property of the graphene materials are supposed to have
profound influence on their application as electrodes,
antibacterial matrix, catalysts, sensors, etc.1’~1% In the course of

This journal is © The Royal Society of Chemistry 2013

the chemical synthesis of graphene, the fine control of the
reduction condition can provide an effective way not only to
change the concentration and type of oxygenated functional
groups of the rG-O materials but also to tailor their
physicochemical properties including electrical conductivity,
band gap, and surface wettability.?%-?” Generally the presence
of oxygenated group is considered to degrade the electrical
conductivity of the rG-0.2° Hence, a strong reduction condition
is recommended for preparing highly conductive graphene
materials.?® There is however no clear experimental evidence
about the relationship between the concentration of surface
functional groups and electrical conductivity of the rG-O films.
In contrast to the electrical conductivity, the chemical
interaction between graphene nanosheets would be enhanced by
the presence of surface functional groups, thus leading to the
improvement of the chemical stability of rG-O films. The
content of the surface functional groups of the rG-O nanosheets
is also expected to alter the surface morphology of the
restacked graphene films affecting their functionalities such as
catalytic and antibacterial activity.5 Thus, for the optimization
of the functionalities of these materials, it is fairly important to
understand the effect of oxygenation degree on the surface
morphology, electron transport property, and stability of the rG-
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O films. However there is no systematic study about the effects
of reduction condition on the chemical stability and surface
structure of the rG-0O films.

Here we report the effects of the controlled reduction of G-O
precursor on the chemical bonding, electrical conductivity,
surface structure, and chemical stability of the resulting rG-O
films. A series of rG-O freestanding films with different
degrees of oxygenation are fabricated by vacuum-assisted
filtration of the rG-O materials synthesized by chemically
reducing G-O under finely-controlled condition. The rG-O
films with the reduction times of 7, 15, 30, and 60 min are
referred to as rG-O1, rG-02, rG-03, and rG-04, respectively.
The chemical bonding nature, electrical conductivity, and
chemical stability of these rG-O films are systematically
investigated to probe how the degree of oxygenation affects the
physicochemical properties of the rG-O materials.

2. Experimental

2.1 Synthesis.

The suspension of G-O was synthesized by a modified
Hummers method. Briefly, 100 mg of natural graphite was
mixed with 50 mL concentrated H2SOx4 in a flask and then 500
mg of KMnOs was added.* After addition of KMnOsa, the
reaction was done at 35 °C for 2 h under stirring. Excess
distilled water (50 mL) was added to the flask (placed in an ice
bath) and then more water (100 mL) was slowly added under
stirring for 1 h. Hydrogen peroxide (30wt% in water, Sigma-
Aldrich) was then added to the mixture until no further gas
evolution was observed. The reaction proceeded for 2 h under
stirring. The final suspension was filtered, washed with HCI
(10% in water), and dried at room temperature under vacuum
for 24 h. The colloidal suspension of G-O nanosheets (200 mL)
was reduced with 35 wt% hydrazine (200 plL) and 28 wt%
ammonia solution (1400 pL) at ~85 °C for various time
intervals (7—90 min). The freestanding films of rG-O and G-O
were fabricated by the wvacuum-assisted filtration of the
obtained rG-O and G-O suspensions at room temperature. To
keep the film thickness nearly the same, much care was taken
by controlling the concentration and volume of colloidal
suspension; 20 ml of G-O suspension (0.05wt%) and 40 ml of
rG-O suspension (0.025wt%) were used for the fabrication of
G-0O and rG-0O films, respectively.

2.2 Characterization.

The crystal structure of the present graphene films was
examined by powder X-ray diffraction (XRD, Rigaku D/Max-
2000/PC, Cu Ka radiation). The morphology and thickness of
the present freestanding films were probed with field emission-
scanning electron microscopy (FE-SEM, Jeol JSM-6700F) (see
Fig. S1 of Supporting Information). The chemical bonding of
the present graphene materials was examined with micro-
Raman spectroscopy with JY LabRam HR spectrometer using
an excitation wavelength of 514.5 nm. XPS data were recorded
with a PHI 5100 Perkin-Elmer spectrometer. The X-ray
photoelectron spectroscopy (XPS) machine that was used
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adopted a twin source of X-ray beams, leading to the wide
spreading of the X-ray beam and the minimization of the
charging effect. In addition, all of the present XPS data were
collected from a thin layer of the sample loaded on highly
conductive copper foil, which suppressed the accumulation of
charge during the measurement. Furthermore, any possible
shift of the XPS peak caused by the charging effect was
calibrated by referencing it to the C 1s peak at 248.8 eV. The
variation of the electrical conductivity of graphene materials
upon the change of reduction condition was probed by
measuring the sheet resistance of the freestanding films of rG-O
and G-O with four-point probe measurement system (Advanced
instrument tech. CMT-SERIES).

3. Results and discussion

The freestanding films of rG-0O1, rG-02, rG-03, rG-04, and
G-O are successfully fabricated by vacuum-assisted filtration of
the corresponding colloidal suspensions through an Anodisc
membrane filter. As can be seen clearly from Fig. 1, all the
present freestanding films composed of restacked graphene
nanosheets show high elasticity regardless of reduction time.
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Fig. 1. Side-view photo images (in bending condition) of the restacked
freestanding films of (a) G-O, (b) rG-01, (c) rG-02, (d) rG-03, (e) rG-04.

The crystal structure and morphology of the restacked
freestanding graphene films are examined with XRD and FE-
SEM techniques. As shown in the XRD patterns (the left panel
of Fig. 2), the G-O film shows the (002) reflection of graphene
oxide phase at 26 = 9.4°, indicating the layer-by-layer-ordering
the exfoliated rG-O nanosheets. The extension of reduction
time leads to the shift of this peak toward high angle region
with the depression of intensity, indicating the removal of
surface oxygenated groups of rG-O. In comparison with
powdery graphene nanosheets restored by freeze-drying process,
the corresponding freestanding films commonly show stronger
XRD peak intensity and higher crystallinity (see Fig. S2 of
Supporting Information). This finding clearly demonstrates the
enhanced ordering of the layer-by-layer-stacked structure of
graphene nanosheets during the vacuum-assisted filtration.

As illustrated in the FE-SEM images of the right panel of Fig.
2, all the present films show wavy surface formed by the
vacuum-assisted filtration process. In the case of the heavily-
reduced rG-0O4 film, the partial agglomeration of graphene
nanosheets distinctly occurs, which is attributable to the
enhanced n—= interaction of heavily-reduced rG-O nanosheets.

This journal is © The Royal Society of Chemistry 2012
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In fact, an agglomeration of colloidal graphene nanosheets is
observed for the colloidal suspension of this heavily-reduced
rG-O4 nanosheets, since the extended reduction of the G-O
precursor results in the remarkable enhancement of =n—=n
interaction. The FE-SEM analysis for the agglomerated
particles restored from the rG-O4 colloid clearly demonstrates
that these particles are composed by the stacked graphene
nanosheets. The lateral size of these agglomerated particles
matches well with those of the agglomerated particles in the
freestanding rG-0O4 film (see Fig. S3 of Supporting
Information). This finding allows us to conclude that the
agglomerated domains of the rG-O4 films correspond to the
agglomerated graphene particles existing in the precursor rG-
04 colloidal suspension.
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Fig. 3. Micro-Raman spectra of the exfoliated nanosheets of (a) G-O (black line),
(b) rG-01 (blue line), (c) rG-02 (red line), (d) rG-O3 (green line), and (e) rG-04
(pink line).

X-ray intensity (a.u.)

Fig. 2. (Left) XRD patterns and (right) FE-SEM images of the restacked
freestanding films of (a) G-O, (b) rG-01, (c) rG-02, (d) rG-03, and (e) rG-O4. In
the SEM image (e), the red circles denote the agglomerated domains of
graphene nanosheets.

The dependence of the concentrations of the oxygenated
groups of the rG-O on the reduction time is further evidenced
by micro-Raman spectroscopy, see Fig. 3. As the reduction
time increases, the intensity ratio of the D/G peaks (I(p)/l)), a
sensitive measure for the structural defects of graphene
nanosheets,?® becomes smaller (namely, D/G = 1.40, 1.39, 1.25,
1.12, and 1.10, respectively, for G-O, rG-01, rG-02, rG-03,
and rG-O4). This confirms a gradual curing of surface defects
with increasing the reduction time.?® After the reduction and
resulting restoration of the aromaticity of the graphene lattice, a
significantly decrease of I(p)/l(G) is observed. The reduction of
Ioy/lG) can be regarded as an indication of ‘graphitization’,
which is related to the degree of recovery for sp? carbon bonds
in graphitic structure. 3031

All the materials under investigation show both the 2D and
S3 peaks at ~2680 and ~2940 cm2, respectively, which are
assigned as the combination of defect-activated phonons.?8:32
The lepy/le) ratios of all the present rG-O samples are
estimated to be ~0.12-0.15, indicating the stacking of a few
graphene layers.?832 The intensity of 2D peak is higher for the
present rG-O materials than for the precursor G-O, confirming
the graphitization of G-O upon the reduction.®?

The evolution of the surface nature of the rG-O materials
upon the change of reduction time is examined by XPS. XPS is
one of the most widely used tools to determine the
concentration of functional groups of nanostructured carbon-
based materials. Carbon atoms in these materials possess
different binding energies reflecting their chemical
environments. As shown in Fig. 4, the C 1s XPS features of the
present materials can be resolved into three components
corresponding to the carbon atoms in different oxygen-
containing functional groups: (i) the non-oxygenated sp? carbon
(C-C, ~284.7 eV), (ii) the (epoxy+ether) group on the surface
of graphene sheets (C-O-C, ~286.5 eV), and (iii) the
carboxylate carbon on the edge of graphene sheets (H-O-C=0,
~289.0 eV).** The precursor G-O displays the highest amount
of the oxygen-containing groups with (ii) + (iii) = 48.1%, see
Fig. 4 and Table S1 of Supporting Information. The amounts
of these oxygen-containing groups in rG-O1, rG-02, rG-03,
and rG-O4 are 42.8, 37.5, 24.6, and 13.4%, respectively,
showing a gradual removal of oxygenated group with
increasing the reduction time.

Intensity (a.u.)

I
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Fig. 4. (Left) C 1s XPS spectra and (bottom-right) the relative concentration plot
of the functional groups for the exfoliated nanosheets of (a) G-O, (b) rG-01, (c)
rG-02, (d) rG-03, and (e) rG-04.

A closer inspection for Fig. 4 reveals that the carboxyl
groups are reduced prior to the (epoxy+ether) groups,
indicating the poor stability of carboxyl group for chemical
reduction.®® As a consequence of the preferred reduction of
carboxyl group, the ratio of {[epoxy]+[ether]}/[carboxyl] can
be maximized for the rG-O3 nanosheet prepared by the
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reduction for 30 min; the {[epoxy]+[ether]}/[carboxyl] ratios in
G-0, rG-01, rG-02, rG-03, and rG-O4 are 1.1, 1.2, 1.8, 4.1,
and 2.9, respectively. This result clearly demonstrates the
usefulness of the reduction time as a critical factor for
controlling the nature and concentration of the oxygenated
groups of the rG-O nanosheets.

The dependence of the electrical conductivity of the
restacked freestanding rG-O films on the reduction time is
monitored by four-point probe measurements. The electrical
conductivity of the present freestanding films is calculated from
the measured sheet resistance. The relationship among the
sheet resistance (Rs), electrical resistivity (p), and electrical
conductivity (o) are given as follows:

p=Rsx | (€]

c=1/p 2
where | is the thickness of the film. The thickness of all the
obtained rG-O and G-O films are obtained from the cross-
sectional FE-SEM analysis, as presented in Fig. S1 of
Supporting Information. As plotted in Fig. 5, the electrical
resistivity of the rG-O film is lowered with increasing the
reduction time t. The electrical resistivity reduces quickly with
increasing t until t = 30 min, but decreases slowly when t > 30
min. The reduction for t > 60 min induces no significant
decrease in the electrical resistivity. This observation does not
coincide with widely-accepted expectation that the conductivity
of rG-O material would be proportional to the degree of
reduction.

108
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Fig. 5. The electrical resistivity of the restacked freestanding films of (a) G-O, (b)
rG-01, (c) rG-02, (d) rG-03, (e) rG-O4 and the heavily-reduced rG-O films
prepared by the extended reduction for (f) 75 and (g) 90 min.

Actually, Chung et al. reported that solvothermally-reduced
graphene oxides show an inverse correlation between reduction
time and electrical resistivity, which is not consistent with the
present result.?® The observed discrepancy between the two
works might be attributable to the fact that the chemical
reduction with hydrazine is more efficient than the
solvothermal reduction employed by Chung et al.?® The
observed rapid saturation of conductivity strongly suggests that
a large number of electron percolation paths are established
within 30 min of the reduction. The observed saturation of
electrical conductivity is in good agreement with the theoretical
prediction about the rapid formation of electrical percolation
paths.3637 Additionally, the present finding underscores that the
reduction time of 30 min is optimal for improving the electrical

4| J. Name., 2012, 00, 1-3

conductivity of rG-O with minimal loss of the surface
functional  groups and increasing the ratio of
{[epoxy]+[ether]}/[carboxyl].

(a) (b) (c) (d) (e)
Fig. 6. Photoimages of the restacked freestanding films of (a) G-O, (b) rG-01, (c)
rG-02, (d) rG-03, (e) rG-04 (top) before and (bottom) after microwave heating.

Currently microwave absorption materials with low density
and low cost attract intense research interest because of their
important role in many electronic devices for industry and
military uses. Graphene material can be one of the promising
candidates as efficient microwave absorbers.  Since the
adsorption of microwave might increase the local temperature
of graphene nanosheet and thus induce the significant
deformation of its morphology, a relationship between the
degree of reduction and morphological stability of graphene
under microwave irradiation is a fairly important issue for its
use as microwave absorber. The effect of controlled reduction
on the stability of freestanding graphene films is probed by
monitoring the morphological change after the loading of
microwave heating (frequency ~ 2 GHz). The photoimages of
the present rG-O films subjected to are presented in Fig. 6, as
compared with that of the pure G-O film. The pure G-O film
does not show any significant morphological change after the
microwave treatment, underscoring the high morphological
stability of this material. This result strongly suggests that a
stronger dipole interaction between restacked G-O nanosheets
compared with van der Waals interaction of the rG-O
nanosheets improves the stability of the restacked freestanding
film.  Conversely, all the present rG-O films suffer from
considerably severe swelling and destruction after the
microwave heating, which is attributable to the weakening of
interaction between the restacked rG-O nanosheets due to the
removal of polar functional groups. Among the present rG-O
films, the rG-O3 film displays the highest stability against
microwave heating. It is well-known that the increase of
electrical conductivity depresses the absorption of microwave.
Since this rG-03 film possesses higher electrical conductivity
than the rG-O1 and rG-02 films, the resulting depression of
microwave absorption is responsible for the higher stability of
the rG-O3 film. While the rG-O4 shows similar electrical
conductivity to the rG-0O3, the former possesses a lower
stability than the latter. As can be seen from the right panel of
Fig. 2, the agglomerated particles in the precursor rG-O4
colloidal suspension is embedded in the rG-O4 films. This
creates the stacking disorder of graphene nanosheets in the rG-
04 film, leading to the lowering of film stability. Such a
disorder of the stacking structure is responsible for the observed
lower stability of the rG-04 film than the rG-03 film.

This journal is © The Royal Society of Chemistry 2012
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The controlled oxygenation of rG-O nanosheet is quite effective in
controlling the chemical bonding nature and surface morphology of

graphene films and also in optimizing their electrical conductivity
and stability.
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