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T
ransparent conductive films (TCFs)
have a wide range of important
technological applications, such as

flat displays, solar cells, optical communica-

tion devices, and solid-state lighting.1

Graphene is widely considered to be an

ideal material for the use as TCFs because

of its unique two-dimensional structure, re-

markable electrical conductivity, and optical

transparency to visible and near-infrared

light (380�1300 nm) as well as excellent

mechanical properties.2�7 In particular,

large-area graphene sheets are highly desir-

able for TCF applications. Currently, me-

chanical cleavage of graphite is able to

make high quality graphene reaching a

millimeter size but with a very low yield.4

Emtsev et al. demonstrated that graphitiza-

tion of Si-terminated SiC (0001) in an argon

atmosphere can produce monolayer

graphene films with a large domain size of

several tens of micrometers.8 However, as

well as the low yield, the graphene obtained

is difficult to transfer to other substrates.

Chemical vapor deposition (CVD) has re-

cently been developed and extensively ex-

plored to grow large-area graphene by us-

ing Ni films and Cu foils, which greatly

expands the applications of graphene as

TCFs.9�14

Alternatively, chemical exfoliation start-

ing from the oxidation of graphite is an effi-

cient process to produce graphene on a

large scale and at low cost, combined with

post-reduction processes.15�21 Moreover,

the product of the chemical exfoliation of

graphite oxide, that is, graphene oxide (GO),

possesses different properties from

graphene due to the covalent functionaliza-

tion by oxygen-containing groups.19�21 GO

sheets are strongly hydrophilic and can

generate stable and homogeneous colloi-

dal suspensions in aqueous and various po-
lar organic solvents due to the electrostatic
repulsion between the negatively charged
GO sheets, which makes them easy to
process.19�21 In addition, the electrical insu-
lating property of GO sheets, owing to the
disruption of graphitic networks, can be
tuned and partially recovered to produce
electrically conducting material (reduced
GO, rGO),16�26 by chemical reduction,16,17,22�24

thermal annealing,18,25 and ultraviolet excita-
tion.26 More importantly, compared to the
porous and fragile property of graphene flake
films, GO films are dense, stiff, and strong be-
cause the functional groups bind individual
sheets together.4,6 Because of the above ad-
vantages, GO sheets have been demon-
strated to generate flexible TCFs with excel-
lent mechanical properties20 by using well-
established methods, such as vacuum
filtration,27 spin-coating,25,28 and the
Langmuir�Blodgett film technique,29,30 for
the building blocks of organic electronics and
solar cells.31,32
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ABSTRACT Large-area sheets are highly desirable for fundamental research and technological applications of

graphene. Here we introduce a modified chemical exfoliation technique to prepare large-area graphene oxide (GO)

sheets. The maximum area of the GO sheets obtained can reach �40000 �m2. We found that the GO area is

strongly correlated with the C�O content of the graphite oxide, which enables the area of the synthesized GO

sheets to be controlled. By simply changing oxidation conditions, GO sheets with an average area of ca. 100�300,

ca. 1000�3000, and �7000 �m2 were selectively synthesized. For transparent conductive film applications,

thin GO films were fabricated by self-assembly on a liquid/air interface and reduced by HI acid. We found that

the sheet resistance of the reduced GO (rGO) films decreases with increasing sheet area at the same transmittance

because of the decrease in the number of intersheet tunneling barriers. The rGO film made from GO sheets with

an average area of �7000 �m2 shows a sheet resistance of 840 �/sq at 78% transmittance, which is much lower

than that (19.1 k�/sq at 79% transmittance) of a rGO film made from small-area GO sheets of ca. 100�300

�m2, and comparable to that of graphene films grown on Ni by chemical vapor deposition.
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However, the GO sheets currently used for the fabri-
cation of TCFs are small,25,27,31�34 mostly with an area
in the order of 100 �m2, because of the difficulty in the
production of large-area GO sheets, i.e., unavoidable
breaking of GO sheets during the vigorous oxidation
and exfoliation processes. The small area of GO sheets
results in high intersheet contact resistance in their rGO
films due to a large amount of intersheet junctions.20

Very recently, two groups reported the synthesis of ul-
tralarge GO sheets by modifying the oxidation/exfolia-
tion in the Hummers’ method.35,36 However, Su et al.
found that the ultralarge GO sheets break into small do-
mains after high-temperature reduction.35 In addition,
the sp2 conjugated carbon network in GO sheets is only
partially recovered by the present reduction meth-
ods,20 and this hinders efficient charge transport
through the atomically thin plane. As a result, the re-
ported properties of TCFs made from GO sheets are sig-
nificantly lower than those of TCFs made from CVD-
grown graphene. Therefore, both synthesis and
efficient and nondestructive reduction of large-area
GO sheets are essentially important for improving the
properties of GO-based TCFs.

We demonstrate the synthesis of large GO sheets
by a modified chemical exfoliation method. The larg-
est graphene sheet can reach �40000 �m2 in area.
Moreover, we found that the area of GO sheets is
strongly correlated to the C�O content of graphite ox-
ide, and that this can be controlled, to a certain extent,
by simply changing the oxidation conditions. For TCF
applications, the GO films were fabricated using a self-
assembly method on a liquid/air interface37 and re-
duced by HI acid, an efficient reduction method re-
cently developed by our group.38 We found that the
sheet electrical resistance of the rGO films decreases
with increasing area of GO sheets at the same transmit-
tance because of the decrease in the number of inter-
sheet tunneling barriers. The electrical resistivity of the
TCF made from large GO sheets of �7000 �m2 in area is
�840 �/sq at 78% transmittance, which is �20 times
lower than that (19.1 k�/sq at 79% transmittance) of
TCF made from the small GO sheets of ca. 100�300
�m2 in area, and comparable to that of CVD-grown
graphene on Ni.

RESULTS AND DISCUSSION
Preparation and Reduction of Large-Area GO Sheets. Gener-

ally, the preparation of GO sheets by chemical exfolia-
tion consists of three key steps: the oxidation of graph-
ite to obtain graphite oxide, the exfoliation of graphite
oxide to prepare GO sheets by sonication, subsequent
dispersion, and centrifugation to remove thick graphite
flakes. To prepare large-area GO sheets, three modifica-
tions were made in our experiments: (1) using graph-
ite with a large lateral size (nature flake graphite with an
average size of 500�600 �m) as starting material to
prepare large-area graphite oxide; (2) applying mild oxi-

dation and sonication to avoid the overcracking of

graphite during oxidation and exfoliation; (3) using a

two-step centrifugation to successively remove thick

multilayer flakes and small flakes.

Figure 1 shows typical scanning electron micros-

copy (SEM) and atomic force microscopy (AFM) images

of GO sheets obtained by the modified chemical exfoli-

ation. It is worth noting that most of the GO sheets are

about 10000 �m2 in area (Figure 1a,b), which is much

larger than those reported previously,16,17,29,39�41 usually

having a lateral size in the range of hundreds of nano-

meters to a few micrometers, and similar to those re-

ported very recently.35,36 The largest GO sheet observed

can reach �40000 �m2 (Figure 1c). Because of van der

Waals interactions between GO sheets, some GO sheets

were overlapped on the substrate after pulling the sub-

strate out of the GO suspension, as shown in Figure

1a,b. Because of the presence of covalently bonded

oxygen and the displacement of sp3-hybridized carbon

atoms slightly above and below the original graphene

plane, the monolayer GO sheets are much thicker than

monolayer graphene, with a thickness of �1.0 nm.16 A

large number of AFM measurements shows that most

of the GO sheets obtained are 0.8�1.2 nm in thickness,

as shown in Figure 1d, indicating that these GO sheets

are monolayer.

The presence of oxygen-containing groups on a

graphene plane disrupts the sp2 bonding nature of car-

bon atoms, resulting in the insulating nature of GO

sheets. To improve the electrical conductivity of large-

area GO sheets, we reduced the large-area GO sheets by

HI acid.38 Figure 2 panels a and c show typical optical

images of the as-prepared individual GO sheets and

those reduced by HI acid. The as-prepared GO sheets

are almost transparent with a very light contrast with

the substrate, which confirms the insulating nature of

GO sheets. The small blue regions near the edges, cor-

responding to a larger thickness, are attributed to the

commonly observed edge folding.42 It is interesting to

Figure 1. (a�c) SEM and (d) AFM images of large-area GO
sheets. The inset of panel d shows that the thickness of the
measured GO sheets is �1.2 nm.
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note that the contrast of GO sheets with the substrate

is remarkably increased after HI acid reduction, indicat-

ing the effective reduction and appreciable improve-

ment in their electrical conductivity. Moreover, no

cracking and area decrease of the GO sheets were ob-

served after HI acid reduction. This is quite different

from high-temperature annealing reduction in which

Su et al. found that ultralarge GO sheets break into small

domains after treatment at 800 °C.35

We also performed X-ray photoelectron spectros-

copy (XPS) measurements on the GO sheets before

and after reduction to evaluate the removal of oxygen-

containing groups by HI acid. The C1s XPS spectrum of

the as-prepared GO sheets (Figure 2b) clearly shows

considerable oxygen content with two components

that correspond to carbon atoms in different functional

groups: the carbon in C�O bonds (hydroxyl and ep-

oxy, 286.4 eV), and the carbonyl carbon (CAO, 288.5

eV), in addition to the nonoxygenated ring carbon

(C�C, 284.6 eV). After reduction, the C 1s XPS spec-

trum becomes a single symmetrical peak at 284.4 eV

(Figure 2d), and the carbon to oxygen (C/O) ratio (�12)

is much higher than that reduced by many other meth-

ods, strongly suggesting that most oxygen-containing

groups are effectively removed during HI acid reduc-

tion. These results open up the possibility for synthesis

of large-area rGO sheets with good electrical conductiv-

ity, which paves the way for the electrical property-

related applications of large-area GO sheets.

Area-Controlled Preparation of GO Sheets and Its Mechanism.

To elucidate the formation of large-area GO sheets and

achieve area-controlled synthesis, we investigated the

effects of oxidation parameters on the area of GO

sheets obtained. Large-area GO sheets were prepared

using the procedure described in the Experimental Sec-

tion: Preparation of Large-Area GO Sheets, which is re-

ferred to as condition I. In condition II, a high tempera-

ture stirring at 90 °C for 2 h was used in addition to the

stirring at 0 and 35 °C during oxidation, and the other

parameters were kept the same as those of condition I.

For the third case (condition III), we doubled the KMnO4

amount for the oxidation of graphite while keeping

the other parameters the same as those of condition II.

For the following discussion, the GO sheets prepared

with conditions I, II, and III are defined as samples I, II,

and III, respectively.

Figure 3 panels a, b, and c show the typical SEM im-

ages of the GO sheets obtained from the three differ-

ent oxidation conditions. It is clearly seen that the area

of the GO sheets changes with changing oxidation pa-

rameters. On the basis of SEM measurements on 250

sheets for each sample, we obtained the respective area

distributions. In sample I, �56% of GO sheets are larger

than 7000 �m2 (Figure 3d). When an additional high-

temperature oxidation at 90 °C was used, the GO sheets

(sample II) become smaller, with �52% of them hav-

ing an area of ca. 1000�3000 �m2 (Figure 3e). Much

smaller GO sheets are obtained if we further increase

the oxidation by doubling the amount of KMnO4

(sample III), and �41% of GO sheets have an area of

ca. 100�300 �m2 (Figure 3f).

The C/O atomic ratio is an important parameter for

evaluating the oxidation degree of graphite oxide and

GO sheets. Considering the strong binding between

oxygen-containing groups and the graphene plane, we

believe that the oxygen content of all the GO sheets ob-

tained remains almost the same as that of the graphite

oxide used. To understand the effect of the oxidation

parameters on the area of the GO sheets, we analyzed

the C/O atomic ratio of the sheets in samples I, II, and III

from XPS spectra. It is found that the C/O atomic ratio

of the sheets decreases from 2.63 to 2.57 when an addi-

tional high temperature stirring at 90 °C was used, and

Figure 2. Typical optical images and C 1s XPS spectra of the
as-prepared GO (a,b) and rGO sheets reduced by HI acid
(c,d).

Figure 3. Typical SEM images and the corresponding area
distributions of samples I (a,d), II (b,e), and III (c,f).
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further decreases to 2.08 when the amount of KMnO4

was doubled. These results indicate that the oxidation
degree of both the GO sheets and the graphite oxide in-
crease with increasing oxidation temperature and con-
centration of oxidant.

To elucidate how the oxidation degree of graphite
oxide affects the size of the GO sheets, we analyzed
the C1s XPS spectra of GO sheets in samples I, II, and
III. Solid-state 13C NMR spectroscopy of graphite oxide
and recently 13C-labeled graphite oxide indicates that a
significant fraction of the sp2-bonded carbon network
in graphite oxide is bonded with hydroxyl groups or ep-
oxide groups, while minor components of carboxylic
or carbonyl groups are located on graphene
edges.19,21,43 This is the reason why a much stronger
C1s XPS peak is usually observed at 286.4 eV, corre-
sponding to hydroxyl and epoxide groups, than that at
288.5 eV (corresponding to carboxylic or carbonyl
groups), as shown in Figure 2c. Figure 4 shows the typi-
cal C1s XPS spectra of the GO sheets with different oxi-
dation conditions. It is interesting to find that the peak
area ratio of C�O to C�C dramatically increases from
54% for sample I to 94% for sample II and then to 110%
for sample III with an increase in the oxidation degree.
This indicates a great increase in the content of hy-
droxyl and epoxide groups grafted on the carbon net-
work of graphene layers with enhanced oxidation.

The grafting of oxygen-containing groups on the
surface of graphene layers increases the interlayer spac-
ing of graphite oxide, which consequently decreases
the van der Waals interlayer interactions and makes the
layered graphite oxide easier to cleave. At the same
time, the binding of oxygen-containing groups on car-
bon atoms changes the graphene layers from planar
sp2-hybridized to a distorted sp3-hybridized geometry.
It was reported that the oxygen atom in triangular ep-
oxy groups (C�O�C) acts as a minuscule wedge, push-
ing apart the bridge carbon atoms and stretching the
C�C bond.44,45 Therefore, the formation of oxygen-
containing groups severely decreases the bond energy
between carbon atoms within the carbon network. Re-

cently, Wu et al. found that chemically derived

graphene sheets can be sonochemically cut along par-

allel line faults on their surface to effectively fabricate

graphene nanoribbons,46 which provides supporting

evidence for the weaker interactions of stretched C�C

bonds or C�O�C bonds than the normal C�C bond.44

As a result, when ultrasonic treatment is used to sepa-

rate the decoupled graphene layers in graphite oxide to

form individual GO sheets, the sonochemical effects

and ultrahot gas bubbles simultaneously break the

stretched C�C bonds or C�O�C bonds, leading to

the cracking of graphene layers. Therefore, it is reason-

able to believe that the higher C�O content in graph-

ite oxide makes layer cracking much easier due to the

presence of more stretched C�C bonds or C�O�C

bonds. Figure 5 shows a typical image of a GO sheet in

sample III with high C�O content after mild sonica-

tion, which clearly shows the cracking of a whole GO

sheet. It is worth noting that this is rarely observed for

GO sheets in sample I with a low C�O content. On the

basis of the above observations and analyses, we sug-

gest that the content of C�O groups in graphite oxide

plays a key role in controlling the area of the GO sheets

obtained, which provides useful information on the

area-controlled synthesis of GO sheets by chemical

exfoliation.

TCF Properties of GO Sheets with Different Areas. We com-

pared the properties of TCFs assembled from GO sheets

with different average areas. As described above, the

presence of oxygen-containing groups hinders charge

transport through the atomically thin plane because of

the absence of percolating pathways among sp2 carbon

clusters.20 Efficient reduction to restore the sp2-

conjugated graphene network is the prerequisite for

the use of GO as a TCF. Compared to the current low

temperature chemical reduction that can only yield

moderate optoelectronic properties, high temperature

annealing at 1100 °C yields the highest degree of reduc-

tion and the best properties of films, with a sheet resis-

tance of a few K�/sq at transmittance of 90%.20,25 How-

ever, high temperature reduction must be avoided for

GO films on low melting-point substrates, such as plas-

tic platforms and glass, in TCF applications. Recently, we

Figure 4. Typical C1s XPS spectra of GO sheets in sample I
(a), II (b), and III (c), and the corresponding peak area ratio
of C�O to C�C (d).

Figure 5. SEM image of several pieces of GO sheets with a
high C�O content, showing that the small sheets come from
the cracking of a big sheet.
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developed a rapid and nondestructive low tempera-
ture approach for the highly efficient reduction of GO
films by HI acid.38 This reduction is based on the haloge-
nation reaction of hydroxyl groups. GO films can be re-
duced at low temperature (�100 °C) within a few min-
utes or even less than one minute for thin films. More
importantly, the reduced GO films maintain the integ-
rity and flexibility of the original GO film. In contrast, the
widely used hydrazine and sodium borohydride reduc-
tions usually lead to severe expansion or break up of the
GO films, which is fatal for their application as a TCF.
Considering the compatibility requirement of GO
sheets with glass or plastic platforms in future applica-
tion as TCFs, we therefore used HI acid to reduce the as-
sembled GO films. Figure 6 panels a and b show the op-
tical images of GO films assembled on PET substrates
before and after HI acid reduction. As with the observa-
tions on individual GO sheets (Figure 2), the GO films
are almost transparent, while they change to light gray
after HI acid reduction, indicating an appreciable im-
provement of electrical conductivity. XPS confirms the
efficient removal of oxygen-containing groups, with a
C/O atomic ratio of �12 after reduction (Supporting In-
formation). Moreover, the rGO films are doped with a
low concentration of residual iodine (�0.3%), which is
thermally stable38 and favorable for the further im-
provement in the electrical conductivity of rGO
films.47,48

Figures 6c�e and 7 show SEM images of rGO film-
based TCFs made from GO sheets with different areas,
and the corresponding sheet resistance and transmit-
tance. It can be seen that the sheet resistance of TCFs
greatly decreases with increasing GO sheet area at the
same transmittance. Approximately, a one order-of-
magnitude decrease in sheet resistance is achieved
when the area of GO sheets increases from ca. 100�300

to 7000 �m2. For example, at a trans-
mittance of 78%, the TCF made from
sample I (�7000 �m2 in area) has a
sheet resistance of �840 �/sq, which
is much lower than those of TCFs made
from sample II (ca. 1000�3000 �m2 in
area, �5.6 k�/sq with a transparency
of 77%) and from sample III (ca.
100�300 �m2 in area, �19.1 k�/sq
with a transparency of 79%). Consider-
ing the same reduction conditions, we
believe that the higher electrical con-
ductivity of TCFs made from sample I
than those made from samples II and III
is mainly due to the increase in aver-
age sheet area and consequent de-
crease in the number of intersheet tun-
neling barriers in a continuous rGO
film.

Recently, De et al., proposed a fig-
ure of merit, the direct current to opti-

cal conductivity ratio (�DC/�OP), to evaluate the opto-
electrical properties of graphene-based films, which
allows comparison with different materials including
commercial indium tin oxide.49 A high value of �DC/�OP

represents the desired opto-electrical property for TCFs
(high transmittance and low sheet resistance). To evalu-
ate the properties of TCF made from large-area GO
sheets, we adopted �DC/�OP as a criterion. The calcu-
lated �DC/�OP value for TCFs made from large-area GO
sheets is 2.0. Table 1 in Supporting Information (Table
S1) lists the calculated �DC/�OP values for TCFs made
from different kinds of graphene, including rGO pro-
duced by various chemical reduction techniques, high
temperature annealing, and a combination of these two
methods, solution-exfoliated graphene sheets by soni-
cation of graphite, and CVD-grown graphene. It is worth
noting that the �DC/�OP of TCF made from large-area
rGO sheets is much higher than those of TCFs made
from other chemically reduced GO, even high tempera-
ture rGO, and solution-exfoliated graphene sheets by
sonication of graphite. Considering the high quality and

Figure 6. Optical images of GO films (a) before and (b) after HI acid reduction.
Typical SEM images of the GO films after reduction assembled with (c) sample
I, (d) sample II, and (e) sample III GO sheets.

Figure 7. Sheet resistance and transmittance at 550 nm of
TCFs assembled with sample I, sample II, and sample III GO
sheets.
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small size of liquid-exfoliated graphene, the much bet-
ter performance of TCFs made from large-area GO
sheets further confirms that the electrical conductivity
of graphene films is mainly limited by intersheet junc-
tions.49 More surprisingly, this value is comparable to
that of graphene films prepared by CVD on Ni (�DC/�OP

of ca. 4�5, see Supporting Information), showing great
potential for fabricating high-performance TCFs at a
low cost by using large-area GO sheets and highly effi-
cient HI acid reduction. We believe that the properties
of TCFs made from GO sheets can be further improved
by using larger GO sheets, improving the intersheet
contact, proper doping, and developing more efficient
reduction and assembly methods.

CONCLUSION
We developed a modified chemical exfoliation

method to produce large-area GO sheets. By using
mild oxidation, sonication, and two-step centrifuga-
tion, GO sheets with an area up to �40000 �m2 were
obtained. Moreover, we found that the area of GO

sheets obtained is strongly correlated to the C�O con-

tent in the graphite oxide, which enables the area-

controlled synthesis of GO sheets. By simply changing

the oxidation conditions, GO sheets with average areas

of ca. 100�300, ca. 1000�3000, and �7000 �m2 were

selectively obtained. The sheet resistance of rGO-based

TCFs decreases with increasing GO sheet area with the

same transmittance because of the decrease in the

number of intersheet tunneling barriers. A TCF made

from large-area rGO sheets by HI acid reduction shows

a sheet resistance of �840 �/sq at a transmittance of

78%, which is much lower than the values reported for

TCFs made from chemically reduced, high temperature

annealing-reduced GO sheets, and solution-exfoliated

graphene sheets, and comparable to that of graphene

films prepared by CVD on Ni. These findings open up

the possibility for the area-controlled preparation of GO

sheets, and highlight the importance of large-area GO

sheets in improving the performance of rGO-based

TCFs.

EXPERIMENTAL SECTION
Preparation of Large-Area GO Sheets. The detailed experimental

procedure for the preparation of large-area GO sheets is de-
scribed as follows. A 2 g portion of natural flake graphite with
an average size of 500�600 �m, 2 g of NaNO3, and 96 mL of con-
centrated H2SO4 were mixed at 0 °C. During the following stages
the mixture was continuously stirred using a magnet stirrer.
12 g of KMnO4 was gradually added to the above mixture while
keeping the temperature at 0 °C. The mixture obtained was first
stirred at 0 °C for 90 min and then at 35 °C for 2 h. Distilled wa-
ter (80 mL) was slowly dropped into the resulting solution, over a
period of around 30 min, to dilute the mixture. Then 200 mL of
distilled water was added followed by 10 mL of H2O2 (30%), and
the stirring continued for 10 min to obtain a graphite oxide sus-
pension. During this final step, H2O2 (30%) reduced the residual
permanganate and manganese dioxide to colorless soluble man-
ganese sulfate. The graphite oxide deposit was collected from
the graphite oxide suspension by high-speed centrifugation at
16000 rpm for 10 min, and repeatedly washed with distilled wa-
ter until the pH � 7. Then a mild sonication (80 W, 5 min) was
used to exfoliate the graphite oxide to obtain a GO suspension.
To obtain uniform large-area GOs, a low-speed centrifugation at
3000 rpm was first used to remove thick multilayer flakes until
all the visible particles were removed (3�5 min). Then the super-
natant was further centrifuged at 5000 rpm for 5 min to sepa-
rate large flakes (precipitate) and small flakes (supernatant).
Finally, the obtained precipitates containing large flakes were re-
dispersed in water to get a large-area GO sheet suspension. To
determine the yield of this process, we measured the weight of
the above precipitate containing large flakes after drying in a
vacuum oven at 90 °C for 24 h to completely remove the water.
The weight of large flakes obtained from the original 2 g of
sample was about 0.25 g.

Fabrication and Reduction of GO Films for TCFs. The GO films were
fabricated by a self-assembly method on a liquid/air interface
as reported by Chen et al.37,50 and Zhu et al.33 The GO hydrosol
was heated at 60 °C for a short period (from 5 to 15 min to tune
the thickness of the film) in a water bath to obtain GO films on
the surface of the aqueous dispersion (i.e., at the air�water inter-
face). The GO film was then collected on a PET substrate by dip
coating, followed by drying at 80 °C for 3 h. To improve the elec-
trical conductivity of the GO films for use as TCFs, they were
dipped in a HI aqueous solution (55%) at 100 °C for 30 s, and
then washed repeatedly with ethanol to remove the residual HI.

Details about the reduction of GO films by HI acid have been re-
ported elsewhere.38

Characterization of GO, rGO, and rGO Film-Based TCFs. The structure
of the GO sheets was characterized by optical microscopy
(Olympus Metallurgical Microscopes BX2M/MX51 with MPLFLN
objective lens), SEM (FEI Nova NanoSEM 430, 15 kV), and AFM
(Veeco MultiMode/NanoScope IIIa, operating in the tapping
mode), and their composition was evaluated by XPS (ESCALAB
250 using focused monochromatized Al K� radiation (1486.6
eV)). For the structural characterization, we used a dip coating
method to prepare the specimen. Typically, a Si wafer capped
with a 280 nm thick SiO2 substrate was dipped into a diluted GO
suspension and then slowly withdrawn from the solution at a
constant speed of 0.1 mm/min, allowing for the deposition of a
large amount of GO sheets on the substrate surface. GO powders
were used for XPS characterization.

The structure of rGO film-based TCFs was characterized by
SEM. The sheet resistance was measured by a four-probe config-
uration with an electrochemical workstation (Solartron1260/
1287), and transmittance at a 550 nm wavelength was evalu-
ated with a UV�vis spectrometer (Varian Cary 5000).
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