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raphene has received great atten-
Gtion due to its superior electronic
and mechanical properties, includ-
ing high carrier mobility (200000 cm?/(V-s)),
thermal conductivity (~5000 W/mK), and
Young's modulus (~1100 GPa).' * Because
of the 2D nature of graphene layers, it is
also being considered as transparent con-
ducting films (TCFs) and electronic devices
due to the relative ease of control over the
fabrication procedures and electronic struc-
tures in comparison with other carbon materi-
als, such as carbon nanotubes and fullerene ®
Several methods for producing graphene
sheets, such as mechanical cleavage, epitaxial
growth, chemical vapor deposition (CVD),
and chemical exfoliation of graphite, have
been introduced.®°
Micromechanical exfoliation of graphite
was exploited from Geim and co-workers at
Manchester University, who introduced the
well-known “Scotch tape” method.® This
method is useful for fundamental studies
and analysis of the intrinsic properties of a
single-layered graphene. The remarkable
transport properties of graphene present
model systems for studying quantum Hall
effects and massless Dirac fermions.'® How-
ever, large-scale production of graphene
has not been reliable due to low production
yields. As a practical approach, graphene
has been produced by a CVD method on
metal substrates, such as Cu or Ni. The large-
area electronics can be applicable by a
contact printing method. Hong et al. at
Sungkyunkwan University introduced an
outstanding roll-to-roll production process
for preparing graphene thin film with high
performance.'’ Because the domains on a
graphene sheet create defect sites during
synthesis, the production of defect-free gra-
phene sheets is still challenging. As a solu-
tion-based process, reduced graphene
oxide (RGO) has been introduced, resulting
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ABSTRACT In this work, we produced large-area graphene oxide (GO) sheets with fewer defects

on the basal plane by application of shear stress in solution to obtain high-quality reduced graphene

oxide (RGO) sheets without the need for post-annealing processes. This is described as rheologically

derived RGO. The large-area GO sheets were generated using a homogenizer in aqueous solution,

which induced slippage of the GO in the in-plane direction during the exfoliation process, in contrast

with the conventional sonication method. The effects of chemical reduction under mild conditions

demonstrated that the formation of structural defects during the exfoliation process affected the

RGO properties. In the Raman spectra, the I/l ratio of the homogenized RGO (HRGO) increased more

than that of the sonicated RGO (SRGO) due to the large number of ordered six-fold rings on the

basal plane. The enhanced sheet resistance of the HRGO thin film was found to be 2.2 kQ2/sq at

80% transmittance. The effective exfoliation method has great potential for application to high-

performance RGO-transparent conducting films.

KEYWORDS: reduced graphene oxide - shear stress - homogenizer - exfoliation -

structural defects - sheet resistance

from chemical exfoliation and reduction
of graphite. RGO is rendered with various
stoichiometries and local arrangements
of chemical functional groups, which can
alter the intrinsic properties of the pristine
graphene.'? Although these drawbacks
may hinder electrode or device perfor-
mances, these two practical approaches
are promising candidates for the large-area
production of graphene sheets. In particu-
lar, the use of RGO can be efficiently applied
in a straightforward manner to continuous
process applications, for instance, screen
printing, inkjet printing, or spray methods,
etc.'®

Several essential steps have been intro-
duced into solution-based processes for the
fabrication of RGO-TCFs: (i) chemical exfolia-
tion and dispersion, (ii) chemical and ther-
mal reduction, and (iii) transfer of large
scalable RGO thin films. To date, GO has
been generated by the chemical exfoliation
of graphite by treatment with a strong acid
as introduced by Hummers and Brodie.'*'?
This method vyields hydroxyl and epoxy
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Figure 1. Production of GO and RGO sheets by two types of exfoliation methods. (A) Schematic diagram for the exfoliation
mechanism of GO via sonication (S) or homogenization (H). (B,C) Optical images of the sonicated and homogenized GO

samples on a 300 nm thick SiO; substrate (inset: AFM images of the GO sheets). (D) Experimental procedure for the fabrication
of RGO-TCFs by the contact printing method. The scale bars in (B) and (C) are 10 um, and those in the two insets are 2 um.

groups in the basal plane and carbonyl and carboxyl
groups on the edge sites.'® The hydrophilic functional
groups facilitate exfoliation and dispersion of GO in
aqueous solutions with sonication, although large
numbers of structural defects and oxygen functional
groups with insulating properties are also present. To
improve the electrical performance, subsequent re-
duction processes are necessary to remove the oxygen
moieties. Ultracentrifugation and graphite exfoliation
without acid treatment have been reported to retain
the intrinsic properties of graphene with superior
electrical properties.'” Preparation methods for high-
quality graphene sheets without oxygen functional
groups have been investigated. However, low yields
of graphene sheets were obtained in these cases.
Another approach to the production of large scalable
graphene sheets involved chemical reduction treat-
ment, and the resultant sheets were described as
chemically derived reduced graphene (CDG).'® The
widely used reduction processes include exposure
to hydrazine vapor and thermal annealing at high
temperatures to enhance the electrical conductivity.
Although various reduction processes have been re-
ported, obtaining high-performance optoelectrical
properties from RGO-TCFs remains a challenge due
to the large number of structural defects and residual
oxygen functional groups in RGO sheets.

Here, we describe a novel method that is suitable
for production of large-area and high-performance
RGO thin films. On the basis of the concept of the 2D
nature of graphene, this method was exploited for the

JEONG ET AL.

formation of GO sheets by control of exfoliation in
solution. Significantly, GO sheets with much larger
areas than those produced by conventional sonication
methods were obtained using a homogenizer, which
applied a shear-induced exfoliation mechanism. The
GO sheets were then reduced by hydrazine in organic
solvents. The produced RGO sheets are described as a
rheologically derived RGO. This method is easy and
straightforward to implement the production of large-
area RGO sheets with fewer defects. Intriguingly, the
differences of Raman spectra between the sonicated
RGO (SRGO) and homogenized RGO (HRGO) demon-
strated an unprecedented extent of reduction due to
the structural defects of the GO on the basal plane,
which influenced the sp® bonds and oxygen functional
groups. This emphasized that the formation of struc-
tural defects, the reduction of oxygen functional
groups, and the size of RGO sheets were affected by
exfoliated GO through rheological engineering. This is
applicable for high-performance TCFs and electronic
devices.

RESULTS AND DISCUSSION

Production of Large Area RGO Sheets by Induced Shear
Stress. We prepared single-layered graphene oxide by
the modified Brodie method.'* Briefly, pure graphite
(average size is 70 um from natural graphite powder,
Alfar Aesar, 99.999% purity, —200 mesh) was treated
with fuming nitric acid and sodium chlorate at room
temperature with stirring for 48 h. In general, graphite
oxide reveals an expanded interlayer spacing from
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Figure 2. FE-SEM images of (A) SRGO and (B) HRGO thin films on an AAO filter with 80% transmittance (scale bars are 2 um.).

0.34 nm (pure graphite) to >0.6 nm (graphite oxide)
due to the oxygen functional groups, thus, exfoliation
is activated by the weakening of van der Waals forces
between layers.'® The GO solution was prepared using
two exfoliation methods that employed either a homo-
genizer (H) or a sonicator (S), as described in the sche-
matics of Figure 1A. Due to the 2D morphologies of GO,
the homogenizer process promoted the nondestruc-
tive exfoliation of graphite oxide because slippage of
the GO was induced in the in-plane direction by shear
stress, which was described as a rheologically derived
GO. The conventional bath sonicator vigorously de-
stroyed the pristine structure of the GO, thereby pro-
ducing a small size due to acoustical wave agitation in
solution. Significantly, the atomic force microscope
(AFM) images of GO sheets on a 300 nm SiO, substrate
revealed that the average thickness was about 1 nm
in both cases, as shown in the inset of Figure 1B,C.
The average size of sonicated GO (SGO) sheets (a
few square micrometers) was smaller than that of the
homogenized GO (HGO) sheets (a few hundred square
micrometers) in the optical images of Figure 1B,C. The
SGO exhibited some agglomerated GO on the silicon
substrate due to the small size distribution of the sheets.
In previous reports, the large-area GO sheets were ob-
tained by a stepwise centrifugation method and addi-
tion of surfactants with the use of a conventional sonica-
tion process and the large size of graphite powder (700
um to 5 mm).2%?! The size distribution of GO sheets was
from a few hundred square micrometers to square
millimeters, depending on the condition of centrifuga-
tion. To confirm the exfoliation effect of GO sheets
between HGO and SGO, we carried out the homoge-
neous dispersion of GO sheets in aqueous solution
without the additional process of using a small size of
graphite powder (70 um). The rheologically derived or
sonicated exfoliation and dispersion of GO sheets was
accomplished (Figure 1D) by homogeneously disper-
sing from the synthesized graphite oxide using H or Sin
an aqueous NaOH solution at pH 10 for 1 h. The pre-
pared GO solutions were then diluted in dimethylform-
amide (DMF) to a concentration of 90 wt %, and then
we performed the hydrazine reduction for the RGO
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formation. The effects of hydrazine reduction conditions
on HGO and SGO were compared as a function of the
reducing agent concentration and temperature. Aqu-
eous hydrazine monohydrate (N,H,4) was dropped into
the diluted GO solutions with stirring at a concentration
of 04 mM at 50 °C (condition ), 4 mM at 50 °C (condition II),
and 4 mM at 80 °C (condition Ill) for 16 h. The final
products were labeled HRGO and SRGO in this work. The
film was prepared by the filtration method over anodic
aluminum oxide (AAO) and washed with DMF solvent.
Figure 2 shows that the filtered SRGO and HRGO sheets
were uniformly coated on the AAO surface. However, as
indicated by the red arrows in Figure 2A, the SRGO film
revealed more agglomeration than the HRGO film due to
the small size sheet, which is described in Figure 1B,C.
Subsequently, the films were transferred to a PET film by
the contact printing method with PDMS stamping. The
sheet resistances (Ry,) of the transferred RGO films were
consistent with the properties of the filtrated film on the
AAO filter, as confirmed by four-probe measurements.
The optoelectrical characteristics of the HRGO and SRGO
thin films exhibited different transport phenomena
under mild hydrazine reduction condition | (0.4 mM
N5H,, 50 °C). The Ry}, of HRGO-l was about 10 times lower
than that of SRGO-I, which was found to be 5 and 49 kQ/
sq at transmittance (T) = 80%, as shown in Figure 5A. The
enhanced HRGO thin films yielded an Ry, of 2.2 kQ/sq
under condition Il (4 mM N,H,, 80 °C). This method is
easy and straightforward for fabrication of high-perfor-
mance and large-area RGO-TCFs.

Enhanced Characteristics of the HRGO and Comparison with
the SRGO Thin Films. Raman analysis provides further
insight into the number of layers, doping, and structur-
al changes of the RGO in terms of GO dispersion and
exfoliation, as shown in Figure 3. The second-order
zone boundary phonon (2D) peaks were monitored at
2649 and 2646 cm™' with a symmetric line shape,
without the presence of shoulder peaks for the SRGO
and HRGO, respectively, confirming a single-layered
graphene in Figure 3A,B.?2 However, the 2D intensity
was still lower than that of CVD-grown graphene due
to the presence of residual oxygen functional groups.®
As a consistent result from AFM images in the insets of
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Figure 3. Raman spectra of (A) SRGO and (B) HRGO depending on the mild hydrazine reduction conditions: (I) a reduction
temperature of 50 °C with 0.4 mM N,Hg; (1) 50 °C, 4 mM N,Hyg; (111) 80 °C, 4 mM N,H,. (C,D) Areal intensity ratios of Ip/Ig and I,p/
I as a function of the reduction conditions from | to lll (blue dashed square, S- and HGO; red dashed square, S- and HRGO-I).

Figure 1B,C, the thicknesses of the RGO layers were
about 0.8—1 nm. The structural changes on the basal
plane of GO sheets, such as imperfections, were mea-
sured by Raman spectroscopy with the laser spot size
of 1 um.These were characterized by reducing the oxy-
gen moieties in SRGO and HRGO by hydrazine reduc-
tion under mild conditions I—IIl because the reduction
ratio did not alter under severe reduction conditions.
The mild conditions varied with respect to the con-
centration of reducing agent (0.4 or 4 mM) and reaction
temperature (50 or 80 °C). Before hydrazine reduction,
as indicated by the blue dashed square in Figure 3C,
the Ip/lg ratio of SGO was higher than that of HGO. In
amorphous carbon states, the strength of the D peak is
proportional to an average interdefect distance (L,),
indicating that a higher defect density has a smaller
L,.2® The defects were mainly created by mechanical
forces through the exfoliation process and by chemical
interaction of oxygen moieties. Although the defect
density owing to the mechanical force was higher in
the SGO than in the HGO (this can be proved by an
average sheet size of both samples as shown in AFM
images of Figure 1), the total structural defect density
of the HGO was higher than the SGO because the
abundant defects were formed by the chemical inter-
action in the HGO. The XPS revealed that the atomic
percentage of oxygen functional groups on the basal
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plane of HGO, such as sp>, epoxy, and hydroxyl groups,
was much higher than that of the SGO, as shown in
Table 1.1n Raman spectra, it was mostly acquired from
the basal plane of the S/HGO samples, thus the defects
were dominantly reflected by the chemical interaction
of oxygen moieties. In this case, the HGO had a smaller
L, than that of the SGO. Substantially, the structural
defects by chemical interaction demonstrated by mild
hydrazine reduction that the sudden change of Ip/lg
ratio for the HRGO-I (large L,) compared to the SRGO-I
(small L,) was caused by the decrease of oxygen func-
tional groups. After mild hydrazine reduction with
condition (I: 0.4 mM, 50 °C), indicated by the red
dashed square in Figure 3C, the Ip/Ig ratio of S/HRGO-
| increased by reduction of the oxygen moieties. The
defect (D) peak arises from the intervalley scattering
due to the large amount of smaller graphene domains
on the basal plane, which indicated a phonon confine-
ment.>>?* In particular, the Ip/lg ratio of HRGO-I was
significantly higher than that of the SRGO-I. The differ-
ences in the Ip/lg ratio under mild conditions provided
information on the basal plane of RGO sheets about
the structural defects, including the effects of exfolia-
tion and chemical reduction.? In case of the sp? and
sp> amorphous carbon states, the structural defects
consisted of ordered hexagonal six-fold rings and
other disorders, such as heptagon and pentagon rings,
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Figure 4. XPS analysis of the hydrazine reduction products SRGO and HRGO with deconvolution by peak fitting. Before
hydrazine reduction of (A) SGO (inset: graphite oxide powder) and (B) HGO, the RGO produced by the three hydrazine
reduction conditions from I to lll: (C) SRGO-I (inset: schematic diagram of SRGO with structural defects on the basal plane),
(D) HRGO-I (inset: HRGO with the formation of ordered six-fold rings on the basal plane), (E) SRGO-III, and (F) HRGO-llI (inset:
differences in the sp3/sp? carbon ratio as a function of hydrazine reduction conditions from I to Il).

as described in the insets of Figure 4C,D. The strength
of the D peak depended on the probability of finding a
six-fold ring in the cluster, thus, the development of a
D peak indicated ordering among the amorphous car-
bons.?®?” Therefore, the distribution of ordered six-
fold rings on the HRGO-I was higher than that of SRGO-I
due to fewer defects in the HGO with large L, during
the exfoliation process, as shown by the blue dashed
square in Figure 3C. It also has a strong correlation that
the lrp/lg ratio of HRGO-I was higher than that of SRGO-
I, as shown in Figure 3D. The intensities of the second-
order Raman peaks (2D) were sensitive to the ordering
structures on the basal plane of the graphene. These
peaks detected changes not only in the polarizability
but also in the symmetric and asymmetric vibrational
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energies. Thus, the broadened fwhm and weak inten-
sity of 2D peaks indicated the disordered carbon ring
structures on the basal plane of the graphene.?®?’
Moreover, the increase of the /,p/lg ratio may have
been governed by the dedoping of holes as a result
of phonon softening by deoxygenation of the gra-
phene.® These data agree with the finding of the X-ray
photoelectron spectroscopy (XPS) analysis that a rela-
tively low atomic percentage of epoxy and hydroxyl
groups and a high percentage of sp> region was present
on the basal plane in HRGO-I, as shown in Figure 4C,D.
Additionally, the Ry, of HRGO-I (5 k€2/sq) was 10 times
lower than that of SRGO-I (49 kQ2/sq) at 80% transmit-
tance, indicated by the red dashed circle of Figure 5A.
High-performance RGO sheets were obtained by
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TABLE 1. Analysis of C1s Peak Positions and the Relative Atomic Percentages of sp?, sp?, and Oxygen Functional Groups
with Respect to Pristine Graphite Oxide, Before Hydrazine Reduction, S/HGO, and after Hydrazine Reduction, S/HRGO, as

a Function of Hydrazine Reduction Conditions From I to lll

=C —UC—N
graphite oxide 284.6(8.53%)
SGO 284.6(39.8%)
HGO 284.6(43.27%)
SRGO-I 284.6(57.6%) 285.5(8.7%)
HRGO-I 284.6(56.1%) 285.4(20.3%)
SRGO-II 284.6(56.4%) 285.4(21.8%)
HRGO-II 284.6(56.7%) 285.4(23.1%)
SRGO-I1I 284.6(62.3%) 285.3(19.5%)

( )

HRGO-1I 284.6(64.8% 285.5(15.1%)
performing the reaction under more severe conditions,
Il and Ill, at 50 and 80 °C, respectively, in the presence
of 4 mM N,H,4. However, the deviation of /,p/lg ratio
between HRGO and SRGO at the reduction condition Il
(Alyp/lg =0.1) was lower than that of conditions | (0.28)
and Il (0.24) due to intensive reduction on the RGO
sheets, as shown in Figure 3D. Although it revealed the
decreased deviation, the carrier mobility increased
more than 2 times as the I,p/lg ratio increased by about
013" In Figure 3C, the Ip/Ig ratios of HRGO-III (large L)
were lower than those of SRGO-III (small L,), indicating
an inverse proportionality relationship between Ip/lg
ratio and the average size of sp® domains due to
formation of crystalline structures in the graphene.?*%”
These results demonstrate that low defect formation
on the basal plane of the GO sheets, via the highly
effective exfoliation process, is a prerequisite for the
production of high-performance RGO-TCFs.

XPS also revealed different degree of oxygen func-
tional group loss in HRGO and SRGO conditions. The
inset of Figure 4A shows the Cls peak of graphite
oxide, which consists of four typical components aris-
ing from C=C/C—C (sp and sp> ~284.6 eV), C—O
(hydroxyl and epoxy, ~286.7 eV), C=0 (carbonyl,
~288.3 eV), and O—C=O0 (carboxyl, 290.1 eV) as de-
scribed previously.>? Subsequent to exfoliation and
dispersion in NaOH solution at pH 10 to enhance the
dispersibility of the GO sheets in DI water,*® the pre-
sence of the carbonyl and carboxyl groups in S- and
HGO decreased dramatically, which was attributed to
the mildly alkaline reduction conditions, despite the
low concentration of NaOH in solution.>* In contrast,
the epoxy and hydroxyl groups relatively increased
due to formation of the GO layers by exfoliation of
graphite oxide, as shown in Figure 4A,B. The atomic
percentages of C=C—C and C—0 bonds in the HGO
were higher than that in the SGO. This indicated that
the HGO sheets formed with a large area and fewer
structural defects compared to the SGO sheets, in
agreement with the optical images and Ip// ratio from
the Raman spectra in Figures 1C and 3C. Although
the carboxyl and carbonyl groups of S- and HGO
decreased, these RGO sheets exhibited an insulating
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-0 =0 COOH
286.7(15.0%) 288.3(38.9%) 290.1(37.6%)
286.3(28.2%) 287.2(24.2%) 292.3(7.8%)
286.3(36.1%) 287.7(14.6%) 291.3(6.1%)
286.5(15.7%) 287.2(10.4%) 289.3(8.6%)
286.4(10.7%) 287.5(6.0%) 289.4(6.8%)
286.8(11.5%) 288.0(5.1%) 289.7(5.1%)
286.5(9.1%) 287.8(5.1%) 289.6(6.6%)
286.3(9.8%) 287.4(5.3%) 289.1(3.1%)
286.3(8.2%) 287.2(4.7%) 289.0(7.1%)

behavior according to the Ry, measurement. This
suggested that the electrical conductivity of the RGO
sheets was dominantly affected by the oxygen func-
tional groups on the basal plane. In changing reduction
conditions from | to lll, the sp? atomic ratio increased
slightly with the S- and HRGO, as indicated in Table 1. It
should be noted that compared to conditions investi-
gated previously, the conditions used in the present
work were not as harsh, involving lower quantities of
hydrazine and lower temperatures. Figure 4C,D pre-
sents the different degrees of functional group loss
under the hydrazine reduction condition I. The total
areal intensity of the oxygen functional groups, includ-
ing hydroxyl, epoxy, carbonyl, and carboxyl groups on
the HRGO-I, was lower than on the SRGO-L. In particular,
the sp® (C—N bond) content of HRGO-I (20.3%) was
intensively higher than that of SRGO-I (8.7%), whereas
the sp? atomic percentages were similar regardless of
the equivalency of the reduction rates in both cases.
The sp® bonds on the basal plane were present in the
ordered six-fold and disordered carbon rings. The
SRGO layers were produced by sonication and dis-
played carbon rings that were more disordered than
those of HRGO. Thus, the probability of finding the
ordered six-fold rings in HRGO-I was relatively higher
than in SRGO-12>?® The schematic diagrams in the
insets of Figure 4C,D describe that the sp>, epoxy,
and hydroxyl groups on RGO were affected by the
structural defects created during the exfoliation pro-
cess of the GO formation. In reasonable agreement, the
sp>/sp? carbon ratio determined by the XPS spectra
corresponded to the Ip/Ig ratio in the Raman spectra, as
shown in the inset of Figure 4F. Therefore, the structur-
al defects on the basal plane of GO were directly
affected by the exfoliation procedure. This observation
agreed with the lower Ry}, for HRGO-I than for SRGO-I at
80% transmittance, indicated by the red dashed circle
of Figure 5A. This approach highlights two substantial
issues for the formation of effective RGO: (i) large-area
GO sheets by shear stress effects produced larger basal
planes, and (ii) the formation of structural defects during
the exfoliation process was a crucial factor for high-
performance RGO engineering, in strong correlation
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Figure 5. Optoelectrical and electrical properties RGO thin films. (A) Sheet resistance vs transmittance of RGO-TCFs under
reduction condition Ill from previously reported results and our work; the filled stars indicate our data for the HRGO (red
dashed circle, comparison of Ry, of HRGO (filled star) and SRGO (open star) at T = 80% under reduction condition |; yellow star,
the Ry, of HRGO-III thin film was 750 Q/sq at T = 80% with Au ion doping). (B) Iys— Vs characteristics of the HRGO-IIl film in the
gate bias range from —40 to 40 V (inset: optical image (upper right), and schematic diagram of HRGO-TFT).

with the optical images and Ip/Ig ratio from the Raman
spectra shown in Figures 1C and 3C. As the hydrazine
concentration increased from reduction conditions Il
and I, the sp? atomic percentages increased as
the presence of other oxygen functional groups de-
creased. In condition II, the sp® region increased much
more than in the other conditions, due to 10-fold
higher concentration of hydrazine reducing agent
without changes in temperature, as shown in Table 1.
Figure 4EF reveals that the difference in areal intensity
of the oxygen functional groups in the SRGO-IIl and
HRGO-III was not significant. Although the atomic
ratios of the oxygen functional groups on the RGO
were similar both cases, the extent of defect formations
on the basal plane was lower than in SRGO, as de-
scribed by the Raman spectra shown in Figure 3C.
These results suggest that the formation of GO sheets
by shear stress can significantly influence not only the
low defect formation on the basal plane but also the
performance of large-area RGO sheets.

Figure 5A shows the sheet resistance (Ry,) versus
transmittance depending on the HRGO films. Under
reduction condition |, as indicated by the red dashed
circle of Figure 5A, the Ry, of HRGO-I (filled star) was 10
times lower than that of SRGO-I (empty star), corre-
sponding to 5 and 49 kQ/sq, respectively, at T = 80%.
This result demonstrated that the large-area and high-
quality RGO sheets influenced the Ry, of thin films
because the series resistance, including contact and
RGO sheet resistances, depended on the size distribu-
tion, residual oxygen moieties, and presence of defects
on the RGO sheets. In the case of higher-performance
HRGO thin films produced under the reduction condi-
tion Ill, the Ry}, values were less than those of condition
I, which exhibited 2.2 kQ/sq at 80% transmittance.
These results are comparable to the values reported by
others in studies of the optoelectrical properties of RGO
using hydrazine reduction.'”"33~3” Although the hydra-
zine reduction conditions without a post-annealing step
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were mild, the Ry, values of our HRGO films were much
smaller than those of other recent works, in strong
agreement with the Raman and XPS results. However,
HRGO-III yielded a higher Ry, than CVD-grown gra-
phene due to residual oxygen moieties and the in-
complete restoration of crystallinity. To enhance the
electrical properties, the HRGO-Ill was selected for
doping with HAuCl,. The Ry, consistently decreased
by 30% at T = 80%, as shown by the yellow star of
Figure 5A. The Au ions acted as electron-withdrawing
groups, thus increasing the hole carrier concentration,
similar to the effects observed for carbon nanotube
doping.*® To verify the high conductivity of the HRGO-
Il sheets, the carrier mobility was measured, as de-
scribed in Figure 5B. The inset of Figure 5B shows a
fabricated HRGO thin film transistor (HRGO-TFT). The
metal electrodes were fabricated by conventional
photolithography. The device showed typical p-type
behavior in ambient conditions due to adsorbates
comprising oxygen moieties. The Iqs—Vys curve was
observed over the range of —40 to 40 V gate voltages
with a constant Vg, of 0.1 V. The hole carrier mobility
was calculated from the linear region of the [3s— Vg
curves using the following equation:*'

Uy = Lgm/WCoV gs

where uy, is hole mobility, L and W are channel length
and width, g, (dlys/dVys) is transconductance, Gy is
capacitance for 300 nm thick silicon oxide, and Vs is
the drain—source voltage (0.1 V). In previous charac-
terizations of chemically derived RGO, the hole mobi-
lity was reported to be about 0.01—1 cm?/(V-s). Re-
cently, solvothermal reduction treatment at 180 °C
yielded hole mobilities of 10—30 cm?/(V+s).>* In our
work, the HRGO-TFT had substantially higher hole
mobility (95 cm?/(V-s)) than that of other works using
the sonication method. Significantly, the strong corre-
lation between the Raman and XPS spectra demon-
strated that the rheologically derived large-area GO
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sheets efficiently minimized the formation of structural
defects on the basal plane of the RGO sheets, yielding
higher performance.

CONCLUSIONS

We have produced rheologically derived RGO sheets
by inducing shear stress using a homogenizer. Large-
area GO sheets were obtained by this modified exfolia-
tion and dispersion process in higher yields than can

METHODS

Graphite oxide was synthesized using a modified Brodie
method.' Pure graphite (Alfar Aesar, 99.999% purity, —200
mesh) was mixed with fuming nitric acid and sodium chlorate at
room temperature with stirring for 48 h. Subsequent to the acid
treatment, the purification process was carried out by washing,
filtering, and cleaning. The GO solution was prepared via two
exfoliation and dispersion processes as described in the sche-
matics of Figure 1A. The synthesized graphite oxide was immersed
in an aqueous NaOH solution at pH 10 with a concentration of
100 mg/L, then exfoliation and dispersion were carried out
using either a homogenizer (H) or sonicator (S) for 1 h. The GO
was exfoliated and dispersed in the solution homogeneously at
10000 rpm in the homogenizer, and the power level of the
conventional bath sonicator was 150 W. The prepared GO
solutions were then diluted in dimethylformamide (DMF) to a
concentration of 90 wt %, with respect to the dispersion of RGO
after hydrazine reduction. The effects of hydrazine reduction
conditions under H or S were tested as a function of reducing
agent concentration and temperature. Aqueous hydrazine
monohydrate (N,H,;) was added dropwise to the diluted GO
solutions to a final concentration of 0.4 or 4 mM, followed by
heating at 50 or 80 °C for 16 h, respectively. Films were formed
by filtration using anodic aluminum oxide (AAO) as shown in
Figure 2. After washing, the RGO was transferred to a PET film by
the contact printing method using PDMS stamping. To enhance
the HRGO-TCFs performance, 20 M aqueous HAuCl, was spin-
coated onto the HRGO film at 2500 rpm for 1 min.

The absorbance properties of prepared GO and RGO solu-
tions were measured by absorption spectroscopy (using a
Varian Cary winRV). The morphologies of SRGO and HRGO were
imaged by optical microscopy (Nikon Eclipse LV100), atomic
force microscopy (AFM, Park Systems XE-100 Multimodes), and
field emission scanning electron microscopy (FE-SEM, HITACHI
S4800). The structural characteristics of the RGO sheets were
investigated by a high-resolution Raman spectrometer (LabRAM
HR 800 UV) with an excitation wavelength of 633 nm (1.96 eV)
and a Rayleigh line injection filter with a spectral range of
100—3600 cm ™' to account for the Stokes shift. To confirm the
change in the carbon to oxygen atomic ratio in the functional
groups of the H and S samples after reduction, the X-ray photo-
electron spectroscopy (XPS) analysis was carried out using a
Multilab2000 (Thermo VG Scientific Inc.) spectrometer with
monochromatized Al Ko X-ray radiation as the X-ray excitation
source. The power was set to 150 W and the voltage to 20 eV for
high-resolution scanning, and a 500 um diameter beam size was
used. The fitted peaks of XPS spectra were determined by
considering a combination of Gaussian and Lorentzian distribu-
tions. To identify the optoelectrical characteristics of the HRGO
and SRGO samples, the sheet resistance and transmittance were
measured using a four-probe tester (Loresta, MCP-T610) and an
absorption spectrometer. The I4,— Vg measurement was per-
formed by two-probe measurement to characterize the carrier
mobility and type of HRGO in ambient condition. The super-
natant HRGO solution was dropped onto a 300 nm thick SiO,
substrate. The electrode pattern was obtained using conven-
tional photolithography process. The channel width and length
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be achieved using a conventional sonication method.
The shear-induced exfoliation process for preparing
GO significantly influenced RGO formation, not only
by introducing fewer structural defects on the basal
plane but also by producing large-area RGO sheets
with high quality. The proposed approach is straight-
forward and enables the practical use of high-perfor-
mance large-area RGO thin films, such as TCFs and
electronic devices.

of metal electrode was 10 and 150 um. The Cr and Au electrodes
were deposited using a thermal evaporatorat2 x 10 ®Torrtoa
thickness of 20 and 100 nm, respectively.
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