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T
ransparent conductors have been
used in a wide variety of photoelec-
tronic and photovoltaic devices, such

as flat displays, solar cells, optical commu-
nication devices, and solid-state lighting.1,2

Graphene, a two-dimensional monolayer
of sp2-bonded carbon atoms, has attracted
significant interests recently because of the
unique transport properties.3 Due to the
high optical transmittance and electrical
conductivity, graphene is being considered
as a transparent conductive electrode. Com-
pared with traditional electrodes made
from indium tin oxide or fluorine tin oxide,
graphenefilmshavehighmechanical strength,
flexibility, chemical stability, and are con-
sidered much cheaper to produce.
A key to success in such applications is to

developmethods to produce large-size gra-
phene sheets with high yields and depo-
sit them onto a substrate uniformly in an
aligned manner. The graphene sheets in
current use for the fabrication of transpar-
ent conductors are relatively small, mostly
with an area of hundreds of square microm-
eters.4�8 The small area of graphene sheets
results in high intersheet contact resistance
due to a large amount of intersheet junc-
tions.9 To decrease the number of inter-
sheet tunneling barriers, production of in-
herently large-size graphene sheets is
highly desirable. Although mechanical clea-
vage of graphite was shown to prepare
high-quality graphene with a millimeter
size, the yield of this method is extremely
low, being unsuitable for mass production.10

Alternatively, graphitization of Si-termi-
nated SiC (0001) in an argon atmosphere
could produce monolayer graphene films
with a domain size of several tens of
micrometers.11 However, the graphene ob-
tained thereby was difficult to transfer to

other substrates, and the yield was very low.
The chemical vapor deposition (CVD) tech-
nique has been extensively explored to
grow extremely large-area graphene on Ni
films or Cu foils.12�14 The CVD method
usually requires specific substrate materials,
which have to be removed chemically after
the growth of graphene. The high cost of
single crystal substrates and the ultrahigh
vacuum conditions necessary to maintain
the CVD growth significantly limit the use of
the method for large-scale applications.13

Owing to the scalability of production
and the convenience in processing, gra-
phene oxide (GO) has been considered an
important precursor for the fabrication of
transparent conductors.15 GO sheets are
strongly hydrophilic and can produce stable
and homogeneous colloidal suspensions in
aqueous and various polar organic solvents
due to the electrostatic repulsion between
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ABSTRACT Monolayer graphene oxide (GO) sheets with sizes ranging from a few to∼200 μm

are synthesized based on a chemical method and are sorted out to obtain four different grades

having uniform sizes. Transparent conductive films are produced using the ultralarge graphene oxide

(UL-GO) sheets that are deposited layer-by-layer on a substrate using the Langmuir�Blodgett (LB)

assembly technique. The density and degree of wrinkling of the UL-GO monolayers are turned from

dilute, close-packed flat UL-GO to graphene oxide wrinkles (GOWs) and concentrated graphene oxide

wrinkles (CGOWs) by varying the LB processing conditions. The method demonstrated here opens up

a new avenue for high-yield fabrication of GOWs or CGOWs that are considered promising materials

for hydrogen storage, supercapacitors, and nanomechanical devices. The films produced from UL-GO

sheets with a close-packed flat structure exhibit exceptionally high electrical conductivity and

transparency after thermal reduction and chemical doping treatments. A remarkable sheet

resistance of ∼500Ω/sq at 90% transparency is obtained, which outperforms the graphene films

grown on a Ni substrate by chemical vapor deposition. The technique used in this work to produce

transparent conductive UL-GO thin films is facile, inexpensive, and tunable for mass production.

KEYWORDS: ultralarge graphene oxide . Langmuir�Blodgett assembly . transparent
conductive films . graphene oxide wrinkles . self-assembly
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the negatively charged GO sheets. These GO disper-
sions are easy to process to produce transparent
conductors on a substrate.16 Transparent conductor
films containing GO or chemically reduced GO sheets
have been deposited via several well-established tech-
niques, including spin- or spray-coating,17,18 transfer
printing,5,19,20 dip-coating,6 electrophoretic deposi-
tion,21 and Langmuir�Blodgett (LB) assembly,22,23 fol-
lowed by chemical reduction and/or thermal anneal-
ing. Among these approaches, LB assembly is the only
technique that can realize controllable deposition of
GO in a layer-by-layer manner. The thickness of GO
films can be accurately controlled upon repeated
deposition, leading to optimized optical and electrical
properties of the final products.24

In this report, we present an efficient and highly
reproducible chemical method that involves pre-ex-
foliation of natural graphite flakes to produce gram
quantities of ultralarge graphene oxide (UL-GO) sheets,
up to ∼50�200 μm in lateral size with a yield exceed-
ing 50% by weight. The LB assembly technique is then
used to transfer the GO monolayers onto substrates
and produce highly conducting transparent LB thin
films. After thermal reduction and chemical doping
treatments, the transparent conductor made from the
UL-GO sheets shows a sheet resistance of 459Ω/sq at a
transmittance of 90% along with a remarkable σDC/σOP
ratio of 7.29. These values are better than those
of the graphene films prepared by CVD on a Ni

substrate, confirming the beneficial effects of both
the ultralarge size of GO and layer-by-layer structure
of the films.

RESULTS AND DISCUSSION

LB Assembly of GO. The process used to prepare
monolayer UL-GO sheets is essentially similar to our
previous reports25,26 and is schematically illustrated in
the flowchart in Figure 1. The sizes of the as-prepared
GO sheets varied largely (Figure 2), making it difficult to
control the occurrence of these morphological fea-
tures. Therefore, before the LB deposition, the as-
prepared GO dispersion was screened to separate the
dispersions containing the smallest and the largest
groups of GO sheets with uniform size distributions,
namely, the small graphene oxide (S-GO) and UL-GO
dispersions. S-GO and UL-GO dispersions were ob-
tained through three runs of centrifugation and se-
paration of the precipitate and supernatant of
unsorted, as-prepared GO. The area of UL-GO sheets
ranged from about 1 to 10 000 μm2, while the area of
S-GO sheets was several square micrometers on aver-
age. The surface pressure was monitored using a
tensiometer during compression. The typical surface
pressure�area isotherm shown in Figure 3a presents
the change in the slope corresponding to the phase
transition of GO sheets from gas to condensed
liquid and to solid state. There existed an initial gas
phase where the surface pressure remained essentially

Figure 1. Flowchart for preparation of graphene thin films.
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constant (stage a). The pressure began to increase as
the compression continued (stage b) and the GO
sheets were about to touch one another, tiling over
the entire surface. The increase in surface pressure was
likely due to the electrostatic repulsion between the
GO sheets. Slight darkening of themonolayer colorwas
observed, which is consistent with the increase in
material density on the water surface. A further in-
crease in surface pressure followed (stage c) when the
monolayer was compressed beyond the close-packed
stage. This occurred because the GO sheets started to
fold at the touching points along their edges instead of
overlapping on top of another. At a higher pressure
(stage d), partial overlapping and wrinkling happened,
leading toanearly completemonolayer of interlockedGO.

The 2D GO monolayers thereby produced were
stable and consistently showed the same quality as
indicated by the fully reversible compression/expan-
sion behavior of the GO sheets even after many cycles.
Figure 3b shows the representative surface pres-
sure curves plotted against area for two cycles of

compression/expansion without sample collection,
confirming that the curves had nearly the same shape
and final pressure. It is worth noting that there is a small
shift of the gas�liquid phase transition point toward a
smaller area as the cycles continued, indicating the loss
of a small amount of material from themonolayer after
each cycle.22

The GO films produced on quartz substrates were
reduced thermally to obtain reduced ultralarge gra-
phene oxide (rUL-GO). To further improve the optical
transparency and electrical characteristics of transpar-
ent conductors, a series of additional treatments were
employed, as schematically illustrated in the flowchart
in Figure 1. The final products are designated as the
chemically doped, reduced ultralarge graphene oxide
(C-rUL-GO) films.

Control of GO Structure. When the GO sheets were
brought together side-by-side during the LB assembly,
several unique microscopic morphologies were ob-
served through the interactionsbetween theneighboring
GO sheets: namely, wrinkles, folds, and overlaps. These

Figure 2. SEM images of as-preparedGO sheets deposited on a Si substrate at a constant surface pressure of 10mN/m: (a) low
magnification and (b) high magnification.
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morphological features are undesirable as they reduce
the optical transparency of the GO films.27 Figure 4
shows the SEM images of LB-assembled S-GO sheets
collected on a silicon substrate at different stages of
isothermal compression using the S-GO dispersion. As
the surface compression increased, the packing den-
sity increased continuously from (a) isolated S-GO
sheets to (b) close-packed S-GO sheets, (c) overpacked
GO sheets with folded edges, and (d) overpacked S-GO
sheets with folded edges and overlapping on top of
another.23 It is also worth noting that the rigid S-GO
sheets collected from the LB assembly were free of
wrinkles, while other methods, such as drop-casting,
spin-coating, and spraying, usually produced wrinkled
sheets.4,5,28

The corresponding SEM images for the UL-GO
sheets are given in Figure 5. Due to the large size
ranging from a few tens to∼200 μm, the UL-GO sheets
tend to be softer and more flexible than S-GO sheets,
presenting microscopic morphologies distinct from
those observed in S-GO sheets depending on the
pressure applied. Typical features include (a) isolated
UL-GO sheets, (b) close-packed UL-GO sheets, (c)

overlapped UL-GO sheets with some wrinkles, and (d)
overlapped UL-GO sheets with extensive wrinkles, in
the increasingorder of the surfacepressureor thepacking
density. It appears that at a high surface pressure the
UL-GO sheets tended to wrinkle while the S-GO sheets
were more prone to overlap. When the surface pressure
was low (0 to∼10mN/m), the films collected at this stage
consisted of dilute, well isolated, flat individual UL-GO
sheets (Figure 5a,b). With increasing surface compression
beyond the close-packed region, the UL-GO sheets were
forced to squeeze each other, leading to overlapping and
buckling. Figure 5c,d shows typical graphene oxide wrin-
kles (GOWs) with different degrees of wrinkling. The
hydrogen bonds present between the carboxylic acid
edge groups encouraged the interactions between
UL-GO edges and thus prevented them from sliding,
which in turn contributed to wrinkling of UL-GO sheets.
Because of the irregularly shaped polyhedrons with poly-
disperse sizes of UL-GO sheets, they would squeeze each
other from random directions, resulting in wrinkling with
randomorientations. Thesewrinkles tended to be aligned
along the contact lines of neighboring sheets, confirming
the source of wrinkling being caused by buckling devel-
oped under in-plane compression.

In an effort to control the degree of wrinkling,
different pulling speeds were used during the LB
transfer. Figure 5e,f shows a much higher degree of
wrinkling in the UL-GO films obtained at a higher
pulling speed of 1.0 mm/min, designating it “concen-
trated graphene oxide wrinkles” (CGOWs). The LB
transfer of flat GO sheets is a self-assembly process
whose quality depends largely on the evaporation of
water molecules present between UL-GO sheets and
substrate. The relatively small size of S-GO allowed
water to evaporate easily, and thus wrinkle-free S-GO
films were obtained (Figure 4). However, the water
droplets are often trapped between the UL-GO sheets,
and the capillary force induced by water evaporation
causes wrinkling of the sheets.29,30 In particular, if a
high pulling speed is applied, there would be too
short a time for the UL-GO sheets to relax into a flat
state and transfer onto the substrate. In this case,
water may not be fully evaporated, causing wrink-
ling to occur during the transfer process due to the
capillary force and gravity (Figure 5g). This may
explain why the UL-GO sheets assembled at a high
pulling speed of 1.0 mm/min and a high surface
pressure of 30 mN/m became CGOWs after transfer.
Other than the fast pulling speed, the compression
of the films can also cause wrinkling even before
deposition onto the substrate.

A novel approach has recently been reported for
direct fabrication of graphene oxide nanoribbons with
varying widths and lengths by plasma etching of
GOWs.31 Single- or double-layer graphene oxide nano-
ribbons were obtained through the accurate control of
plasma etching conditions so that the top layers of

Figure 3. (a) Surface pressure vs area plot showing the
corresponding four stages (a�d) of the formation of GO
monolayers in LB assemly; (b) isotherm plots of two se-
quential compression/expansion cycles, confirming highly
reversible and stable GO monolayer against compression.
The two curves essentially overlap on top of another over
the whole area, except at the early stage of compression.
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GOWs acted as sacrificial layers. However, the GOWs
used in the above study did not have enough wrinkles,
and there is no established method to control the
wrinkles on the surface of GO. The method proposed
in this study offers a facile and environment-friendly
approach to prepare large-size GOs with controllable
amounts of wrinkles on their surface. Because GOWs
and CGOWs have no caps at their ends, it may be easier
to encapsulate functional molecules or nanomaterials
in the internal cavities of GOs than in carbon nano-
tubes.32,33 In addition, the interlayer distance of the
wrinkles can also be tailored to better accommodate
intercalants of various sizes.34 The UL-GO sheets with
high densitywrinkles, such asGOWs andCGOWs,make
them promising candidates for many applications,
including hydrogen storage, supercapacitors, and na-
nomechanical devices. Table 1 summarizes various GO
structures that can be obtained at different pulling
speeds and surface pressures alongwith their potential
applications.

Surface Morphology. GO could form a colloidal solu-
tion in water due to electrostatic repulsion between
the ionized carboxylic and phenol hydroxyl groups
that are located on the basal plane of GO sheets with
a negative charge.26 When the second GO layer was
deposited on top of the first layer in our study, these
two layers were likely to experience both electrostatic

repulsion and van der Waals attraction. Since the GO
sheets are brought together on top of another, their
van derWaals potential can be scaledwith (1/d2).35 The
residual π-conjugated domains can also contribute to
the attraction between GO sheets. While these attrac-
tive forces dominate and lead to successful layer-by-
layer deposition of GO sheets, the GO sheets also
experience electrostatic repulsion from both their
neighbors and those already deposited, causing wrink-
ling to occur. In particular, wrinkling becomes serious
when depositing a large number of layers because the
substrate is no longer flat due to the presence of GO
sheets deposited previously.22

The typical surface morphologies of as prepared
UL-GO and rUL-GO films after thermal treatment are
shown in Figure 6, and the corresponding arithmetical
mean roughness, root-mean-square roughness, and
peak to peak roughness values are summarized in
Figure 7a�c. The surface roughness of both films
increased consistently with increasing number of GO
layers. The parabolic increase, instead of a linear
increase, may indicate that the wrinkles have been
accumulated after each GO layer, deteriorating the
flatness of the films. It is also worth noting that the
surface roughness was consistently reduced after the
thermal treatment due to the removal of oxygenated
functional groups and graphitization of the films at an

Figure 4. SEM imagesof S-GO sheets collectedona silicon substrate at different stagesof surfacepressure (see Figure 3a). The
packaging density increases from (a) isolated S-GO sheets to (b) close-packed S-GO sheets, (c) overpacked S-GO sheets with
folded edges, and overpacked S-GO sheets with overlapping, taken at a (d) low magnification and (e,f) high magnification.
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elevated temperature.19,20 Although the wrinkles and
defects cannot be completely removed after thermal
treatment, due to the very well-aligned structure of the
LB films, the surface roughness was much lower than
the films produced by other techniques, such as
spin- or spray-coating,17,18 dip-coating,6 and transfer
printing.5,19,20 The thickness of the deposited UL-GO

films was measured using the AFM (Figure S4 in the
Supporting Information) and is plotted in Figure 7d. It is
interesting to note that the average thickness of the
filmmade from one UL-GO layer was∼1.9 nm, which is
about 50% higher than the literature value36,37 and
the AFM measurement in our study (Figure S1a).
This observation is not surprising in light of the

Figure 5. (a�d) SEM images of UL-GO sheets collected on a siliconwafer at different stages of surface pressure (see Figure 3a)
at a pulling speed of 0.1 mm/min. The packaging density increases from (a) isolated UL-GO sheets to (b) close-packed UL-GO
sheets, (c) overlapped UL-GO sheets with some wrinkles, and (d) overlapped UL-GO sheets with extensive wrinkles. (e,f) SEM
images of UL-GO sheets collected on a silicon substrate at stage d of the surface pressure curve (see Figure 3a) at a pulling
speed of 1.0 mm/min: concentrated GOwrinkles (CGOWs), taken at (e) low and (f) highmagnifications. (g) Schematics for the
generation of CGOWs due to capillary forces.
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corresponding roughness of the film, which is about
1 nm (Figure 7a) due to wrinkling of UL-GO sheets.

Optical Transmittance and Electrical Conductivity. Compar-
ison of optical and electrical properties between UL-
GO films with different number of layers obtained at
different stages of treatment is presented in Figure 8.
A thicker film resulted in a higher degree of absorption
of light and thus a lower transparency at all treatment
stages studied. The transparency was significantly
deteriorated after the thermal treatment, whereas part
of the lost transparency was restored after the chemi-
cal treatments (Figure 8a,b).20 The films darkened after
the thermal treatment due to the reduction of GO and
the adsorption of impurity particles on the other side of
quartz substrates, whichwas an artifact. The removal of
these impurities by the subsequent acid treatment
contributed to the improvement of transparency.
Due to the graphitization effect of the high-tempera-
ture annealing, there was a strong interaction between
the rUL-GOandquartz substrate after thermal treatment.

The films maintained good integrity after acid treat-
ment, and no peeling was observed.

The sheet resistance values of the graphene films
measured after the thermal treatment were in the
range of 277�605 Ω/sq for films with thickness of
3.7�18.5 nm (Figure 8c), which is much lower than our
previous finding on the graphene films obtained by
transfer printing, 1598 Ω/sq for a 38.7 nm thick film.20

The thermal treatment removed part of the oxyge-
nated functional groups and helped graphitization of
graphene films, which in turn restored the π-electron
system in graphene. After the chemical treatments, the
sheet resistance was reduced by about 30�50% to
197�459 Ω/sq depending on the film thickness.

The degradation of the electrical conductivity im-
proved by various chemical processes is a critical issue
for practical applications in service environment.20,38

To evaluate whether these properties remain stable,
the sheet resistance of the C-rUL-GO film was mea-
sured after 4 months of exposure to ambient air and

TABLE 1. Various GO Structures Obtained at Different Pulling Speeds and Surface Pressures

type of GO pulling speed (mm/min) surface pressure (mN/m) structure applications

S-GO 0.1�1.0 any flat GO nanoelectronic devices
UL-GO 0.1 0�15 flat GO micro- and nanoelectronic devices
UL-GO 0.1 >20 GOWs fabrication of graphene oxide nanoribbons
UL-GO 1.0 >20 CGOWs hydrogen storage, microcircuit interconnects

Figure 6. AFM images of GO films consisting of two layers (a,b) and eight layers (c,d) of monolayer GO sheets taken before
(a,c) and after thermal treatment (b,d).
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the results are presented in Figure 8c. It is shown that
the sheet resistance increased by about 10�30% after
exposure depending on the film thickness. A possible

reason for the degradation of conductivity is the loss of
chloride functional groups that have an ameliorating
effect of enhancing the electrical conductivity. The acyl
chloride groups are reactive with water, and thus it is
likely that the doped functional groups on the gra-
phene film surface may have reacted with moisture
present in air during aging. To reduce the possibility of
decomposition and thus to retain the improved elec-
trical conductivity, it was proposed to apply a protec-
tive coating made from poly(3,4-ethylenedioxythiop-
Hhene)/poly(styrenesulfonate) (PEDOT/PSS).39

Surface Chemistry. Raman spectra of natural graphite
and UL-GO obtained before and after thermal treat-
ment and chemical doping are shown in Figure 9a,c.
Owing to the presence of isolated double bonds that
resonate at frequencies higher than that of the G-band
of graphite, the G-band peak of UL-GO was up-shifted
from 1581 to 1607 cm�1.40,41 The corresponding
G-band after the thermal reduction (rUL-GO) occurred
at 1590 cm�1, which represented the recovery of the
hexagonal network of carbon atoms containing de-
fects. Due to the possibility of charge transfer reaction
between (host) carbon in graphene and (guest)
chloride,42 the G-band of C-rUL-GO (1587 cm�1) was
marginally down-shifted. The high electronegativity of

Figure 7. Film surface roughness of films in terms of (a)
arithmetical mean, Ra, (b) root-mean-square, Rq, and (c)
peak-to-peak roughness, Rpp. (d) Film thickness as a func-
tion of the number of layers.

Figure 8. Comparisonof optical and electrical properties betweenUL-GOfilms of different number of layers taken at different
stages of treatment: (a) transmittance measured at 550 nm wavelength; (b) transmittance spectra of C-rUL-GO films as a
function of wavelength; and (c) sheet resistance at different stages.
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chloride species encouraged carbon�chloride interac-
tions that in turn triggered charge transfer reaction and
created holes in graphene.

The G-band is Raman active for sp2-hybridized
carbon-based material, while the D-band is activated
only if defects participate the double resonance Raman
scattering near K point of Brillouin zone.43 Hence, the
intensity ratio of ID/IG is often used for estimating the
sp2 domain size of graphite-based materials. The ID/IG
ratio of rUL-GO was indeed notably lower than UL-GO
(Figure 9b), indicating that the thermal reduction
process removed the functional groups and recovered

the graphitic structure with less defects. However, the
ID/IG ratio increased after the chemical treatments that
again altered the graphene structure. Besides the
G- andD-bands, there are two other Raman bands, called
2D andDþG at 2600�3000 cm�1 (Figure 9c), which are
often ignored due to their weak intensities compared
to D- and G-bands. The 2D-band is Raman-active for
crystalline graphitic materials and is sensitive to the
π-band in the graphitic electronic structure, while the
combination mode of DþG is induced by disorder.43

Here, we propose that it is very easy to distinguish the
electronic conjugation of UL-GO obtained at different

Figure 9. (a,c) Raman spectra for natural graphite, UL-GO, rUL-GO, and C-rUL-GO; and (b,d) the corresponding D/G and
2D/(DþG) intensity ratios. Schematic illustrations of (e) molecular structure of SOCl2 molecules absorbed onto graphene
surface; and (f) chemical structure of graphene sheet after chemical doping treatments.
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stages of reduction and treatments by comparing
these two bands. The intensity ratio I2D/IDþG shown in
Figure 9d indicates that the I2D/IDþG ratio was more
sensitive to the change in electronic conjugation from
UL-GO to rUL-GO than the ID/IG ratio (Figure 9b), as a
reflection of the recovery of graphitic electronic con-
jugation. The reduction of the I2D/IDþG ratio corre-
sponding to the modification from rUL-GO to C-rUL-
GO indicates that the newly doped functional groups,
such as �Cl, �SOCl, and �COOH, introduced disorder
again. Overall, the above discussion based on the
Raman results is consistent with the XPS analysis in
Supporting Information.

In summary, the combined effect of both HNO3

cleaning and SOCl2 doping resulted in enhanced elec-
trical and optical properties. The effect of HNO3 treat-
ment is two-fold, namely, the removal of the impurities
originated from thermal annealing and the etching of
graphene film beneficial to electrical conductivity.
SOCl2 doping treatment introduced �Cl or �SOCl
functional groups with a strong electronegativity onto
the graphene surface and acting as electron acceptors
to improve the electrical conductivity. Figure 9e,f pre-
sents schematic illustrations of the doping effect: SOCl2
molecules are attached onto the graphene sheets,
and �Cl or �SOCl functional groups are bonded after
doping with SOCl2. These molecules and functional

groups with strong electronegativity acted as electron
acceptors, allowing the Fermi level tomove toward the
valence band and thus increasing the hole density in
graphene, giving rise to a significantly increased elec-
trical conductivity.

Comparison with S-GO Films and Literature Data. Figure
10a,b presents the transmittance and sheet resistance
of the films prepared from the S-GO sheets of typical
lateral size of 1�3 μm, respectively. Compared to the
films made from UL-GO sheets of typical size 50�200
μm, the transmittance of S-GO films showedmarginally
higher values over the whole film thicknesses and
wavelengths studied, whereas its electrical resistance
was significantly higher. The direct comparison be-
tween the films made from GO sheets of two different
sizes using the same processing conditions in Figure 10c
clearly indicates the benefits of using the large-size GO
sheets. The rUL-GO sheets showed a much lower sheet
resistance than the rS-GO sheets, by a remarkable 1
order of magnitude, for a given transmittance of the
film. The decrease in the number of intersheet tunneling
barriers in a continuous rGO film due to the increase in
average size or sheet area of GO from several square
micrometers to thousands of square micrometers was
responsible for this observation.44 The two-step chemical
and doping treatments further reduced the resistivity by
almost 50%.

Figure 10. Optical and electrical properties of S-GO filmsmade fromdifferent number of layers: (a) transmittance spectra as a
function of wavelength; and (b) sheet resistance and transmittance of rS-GO LB films consisting of different number of layers;
(c) sheet resistance and transmittance measured at 550 nm for transparent conductors consisting of rS-GO, rUL-GO, and
C-rUL-GO.
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The DC to optical conductivity ratio has been pro-
posed to measure the figure of merit that can char-
acterize the relative performance in terms of trans-
parency and sheet conductivity between transparent
conductors with different thicknesses and prepared
using different synthesis routes and materials.45 The
relationship between transparency (T) and sheet resis-
tance (Rs) is controlled by the conductivity ratio, σDC/
σOP, using the equation

σDC

σOP
¼ Z0

2Rs(T �1=2 � 1)
(1)

where Z0 = 377Ω is the impedance of free space. A high
σDC/σOP ratio represents a high transmittance and a low
sheet resistance, and thus high opto-electrical proper-
ties of transparent conductors, and vice versa. Table S3
in Supporting Information lists the calculated σDC/σOP
values for transparent conductors made by different
methods, including LB deposition, CVD, transfer print-
ing, spin-, spray-, or dip-coating.44 The σDC/σOP ratio of
the transparent conductorsmade fromUL-GO sheets in
this study was 7.29 for C-rUL-GO consisting of two
graphene layers, which outperformed the transparent
conductors made by LB deposition, transfer printing,
spin-, spray-, or dip-coating. Assuming relatively small-
size graphene or GO sheets used previously, the above
positive revelation confirms that the electrical conduc-
tivity of graphene films is limited mainly by intersheet
junctions.3 More surprisingly, our σDC/σOP ratio is even
higher than that of graphene films prepared by CVD on
a Ni substrate (σDC/σOP of ca. 2�6; see Table S3),
demonstrating great potential for fabricating high-
performance transparent conductors using UL-GO
sheets and highly efficient two-step chemical and
doping treatments. In addition, theCVDmethodusually
requires certain substrate materials to be used, and the
high cost of these single crystal substrate materials
significantly limits the use of CVD method for large-
scale applications.13 As described above, films derived

from aqueous suspensions of UL-GO through the LB
method can avoid these limitations.

CONCLUSIONS

Transparent conductive films made from graphene
or GO sheets have been considered as potential re-
placements for indium tin oxide transparent conduc-
tors. Developing methods to produce large-size GO
sheets with high yield and promote their electrical
conductivities is the key to success in such electronic
applications. We demonstrate here that UL-GO sheets
of ∼50�200 μm in lateral size can be obtained by a
combination of thermal expansion and modified che-
mical methods. The LB assembly technique is used to
transfer the GO monolayers onto a substrate layer-by-
layer. By varying the surface pressure and pulling
speed during the LB assembly, the film density and
the formation of wrinkling can be tailored to produce
different topological features, namely, dilute, close-
packed flat UL-GO, GOWs, and CGOWs. The UL-GO
sheets containing high density wrinkles, such as GOWs
and CGOWs, produced in this study make them ideal
candidates for applications in hydrogen storage,
supercapacitors, and nanomechanical devices.
The electrical conductivities of transparent conduc-

tors made from closed-packed flat UL-GO and S-GO
sheets are improved by a combination of thermal
reduction and chemical doping treatments. The trans-
parent conductors made from UL-GO sheets show a
sheet resistance of 459Ω/sq at a transmittance of 90%
along with a remarkable σDC/σOP ratio of 7.29. The
comparison with literature data clearly indicates that
the transparent conductors produced in this study
outperform the transparent conductors made by LB
deposition and other methods, such as transfer print-
ing, spin-, spray-, or dip-coating methods. Most nota-
bly, the opto-electrical properties of our product are
even better than those of the graphene films prepared
by CVD on a Ni substrate.

METHODS
Preparation of UL-GO. Five grams of natural graphite flakes

(Asbury Graphite Mills) and 150 mL of sulfuric acid (H2SO4,
General Chemical) were mixed and stirred in a round-bottom
flask at a speed of 200 rpm. Fifty milliliters of fuming nitric acid
was added into the mixture. The mixture was kept at room
temperature and stirred for 24 h. Two-hundred milliliters of
deionized water was then poured slowly into the mixture. The
resultant mixture was washed using DI water, followed by
centrifugation and drying at 60 �C for 24 h to obtain graphite
intercalation compound. The dry graphite intercalation com-
pound powder was thermally expanded at 1050 �C for 15 s to
obtain expanded graphite that was used for the production of
GO. One gram of expanded graphite and 200mL of sulfuric acid
were mixed and stirred in a three-neck flask. Ten grams of
KMnO4 was added to the mixture while stirring. The solution
was transferred into an ice bath, and 200 mL of deionized water

and 50 mL of H2O2 were poured slowly into the mixture,
realizing color change of the suspension to light brown. The
GO particles were washed and centrifuged with a HCl solution
three times, then centrifuged again and washed with deionized
water until the pH of the solution became about 5 to 6. The GO
particles obtained therebywere diluted usingDIwater (∼1mg/mL)
and dispersed by gentle shaking.

Grading of Polydisperse GO Sheets. The as-prepared GO sheets
with polydispersity in size need to be grouped into a few
different size grades for efficient use. Four groups of GO sheets
were obtained through three runs of centrifugation of unsorted,
as-prepared GO. The GO solution was initially centrifuged at
8000 rpm for 40 min on a table-top centrifuge (SIGMA 2-16P),
producing supernatant and precipitate. The precipitate was
collected for the second run of centrifugation, while the super-
natant was labeled as S-GO. The collected precipitate was dis-
persed in water again and centrifuged at 6000 rpm for 25 min,
again producing supernatant and precipitate (large GO).
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The precipitate was dispersed in water again for the third run of
centrifugation at 4000 rpm for 25 min, producing supernatant
(very large GO) and precipitate (UL-GO). Both the UL-GO and
S-GO sheets were used in this study for the assembly of LB
thin films.

Preparation of LB Films. Because the GO monolayers are very
sensitive to surface-active impurities, all parts of the LB trough
had to be thoroughly cleaned before each experiment. In
addition, to minimize any contamination, plastic ware or rubber
should not be used during storage and handling of the solvent
and dispersion. If the hydrophilic GO monolayers were applied
directly onto the deionized water surface, most GO submerged
without spreading onto thewater surface. To allow spreading of
GO monolayers, a volatile solvent has to be mixed with water.
Common water-immiscible solvents, such as chloroform or
toluene, are not suitable for this purpose. Meanwhile, GO
monolayers tended to collapse and adopt 3D compact con-
formations in nonpolar solvents such as acetone.46 Therefore,
methanol;a polar alcohol;was chosen as the solvent, which
was proven to spread GO rapidly onto the water surface.22

A DI water/methanol mixture in the ratio of 1:5 was filled
into the LB trough (KSV Instruments Ltd., MiniMicro L-B System),
and the GO dispersion was slowly spread onto thewater surface
dropwise using a glass syringe. The solution was applied at a
speed of 100 μL/min up to a total of 5 mL, and the GO
monolayer formed thereby was stabilized for about 20 min
before compression. The GO monolayer was compressed by
moving barriers at a speed of 10 mm/min, while the surface
pressure was monitored using a tensiometer attached to a
Wilhelmy plate. At the end of the compression, a GO film with
faint brown color could be observed. The GO monolayer was
transferred to a substrate at various stages of compression
based on a dip-coating method: a quartz substrate was verti-
cally dipped into the trough and pulled out at a speed of 0.1
mm/min, and transfer of GO film occurred when the meniscus
was spread on the substrate during pulling out. The effect of
pulling speed was also studied for UL-GO. The substrate surface
had to be maintained hydrophilic for proper wetting by water
and efficient deposition of GO film. Poor deposition was
observed on a hydrophobic surface that was obtained after a
silane treatment of silicon or glass.22 Typically, wafers made
from silicon, glass, quartz, and mica were cleaned for about 30
min before deposition using a Piranha solution consisting of a
sulfuric acid and peroxide in the ratio of VH2SO4

/VH2O2
= 7:3.

To produce transparent conductors with uniform coverage
and low optical scattering loss, multilayer GO films were
transferred onto the substrate by sequential, layer-by-layer
deposition of close-packed GO monolayers. Wrinkles, folds,
and overlaps had to be avoided as they have strong light
scattering effects.27 Upon deposition of each GO monolayer,
the substrate was either dried in air overnight or baked in an
oven at 80 �C for 1 h to stabilize the adhesion of GO layer to the
substrate. The deposition of the next GO layer was repeated to
produce transparent conductor films consisting of 2 to 10 GO
monolayers.

Reduction and Doping of GO Thin Films. The substrates were
loaded inside a ceramic container with open ends, which was
introduced into a furnace (Thermcraft/Eurotherm) with con-
trolled vacuum and gas flow. A vacuum of 10�5 Torr was
established before heating. The films were heated with a
continuous flow of ultrapure argon, at a rate of 10 �C/min, held
at 400 �C for 1.5 h at 10�3 Torr, andwere allowed to cool to room
temperature for about 20 min. Subsequently, the films were
heated to 1100 �C at a rate of 10 �C/min and were held at the
same temperature for 0.5 h. After cooling to room temperature,
ambient air was admitted to the furnace and the films were
recovered to obtain rUL-GO. The choice of 1100 �C as the
graphitization temperature was confirmed effective previ-
ously,19,20 and the flow of argon gas would eliminate the
problem of film loss by reaction with residual oxygen. The
rUL-GO obtained after the thermal treatment was subject to
additional chemical doping treatments to obtain C-rUL-GO:
namely, (i) dipping in a HNO3 bath for 3 h and drying with
gentle nitrogen flow; and (ii) dipping in a SOCl2 bath for 24 h and
drying with gentle nitrogen flow.

Characterization. Scanning electron microscope (SEM, JSM-
6700F, JEOL) and field emission transmission electron micro-
scopy (TEM, 2010F, JEOL) were used to characterize the struc-
ture and morphology of GO. The tapping-mode atomic force
microscope (AFM, Scanning Probe Microscope-NanoScope,
Digital Instruments) was employed to evaluate the surface
morphology and the thickness of GO films. The transparency
was measured using the UV/vis spectroscopy (Perkin-Elmer
Lambda 20). The sheet resistance of the films was measured
using the four-point probe method (Scientific Equipment &
Services). To reduce the contact resistance between the probes
and the film surface, the four contact points were coated with
silver paste. The elemental compositions and the assignments of
the carbon peakswere characterized using the X-ray photoelectron
spectroscopy (XPS, PHI5600 Physical Electronics), which was
equipped with a monochromatic Al KR X-ray source operated in
a residual vacuum of 5 � 10�9 Torr. The high-resolution spectra
were deconvoluted using amultitak software (Physical Electronics).
Raman spectroscopy (Renishaw MicroRaman/Photoluminescence
System) was used to analyze the effects of thermal reduction and
chemical doping on crystal quality of graphene films.
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