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Graphene oxide (GO) and reduced graphene oxide (RGO) have many outstanding physical and
mechanical properties. Uniform and thickness controllable RGO films with large area were
prepared by evaporation-induced self-assembly at a liquid/air interface on glass substrates in
combination with low temperature thermal reduction at 200  C. This process has the advantage of
good compatibility with flexible and non-flexible substrates. The films are of centimeter scale and
their thickness can be controlled. The structural evolution was characterized. The obtained thermal
RGO films exhibit excellent optical properties, a high elastic modulus of 76.18 GPa, and a hardness
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4764549]
of 6.89 GPa. V
Graphene-based materials including graphene oxide
(GO), reduced graphene oxide (RGO), and their derivatives
have attracted great interests because of their exceptional
physical and chemical properties,1,2 and potential applications on the fields of solar cells,3,4 high-performance lithium-ion batteries,5,6 thermal control films,7 field-effect
transistors,8 and functional coating.9 Recently, various techniques such as dip coating,10 spin coating,11 layer-by-layer
(LBL) assembling12–14 and chemical vapor deposition
(CVD)15 have been reported for the preparation of graphene
oxide thin films. However, it is difficult to control the thickness and uniformity of the films in the above methods. The
key challenge associated with the incorporation into practical
applications is to find effective preparation methods to control the uniformity and thickness of the films in large area.
Self-assembly is an important and effective method that
has been successfully applied to prepare GO thin films.16,17
Chen et al.18 have prepared un-supported GO films by
evaporation-induced self-assembly process at a liquid/air
interface. The driving forces for self-assembly are mainly
electrostatic interaction. In this paper, evaporation-induced
self-assembly has been extended to prepare GO films on
glass substrates. Uniform and thickness controllable thermal
reduced GO (t-RGO) films with large area are then successfully prepared by subsequent thermal reduction at a low temperature (200  C). The low-temperature reduction process is
compatible with flexible substrates as well. Moreover, to the
best of our knowledge, very few studies have been done to
explore the mechanical properties of t-RGO films. Herein,
we investigated the mechanical and optical properties of
t-RGO thin films prepared by low temperature thermal
reduction of GO.
The Hummers method is used to prepare GO from
natural graphite.19 GO is dispersed into the deionized water
by ultrasonic method. Solutions with various concentrations
of GO suspended in water at 0.25, 0.5, and 1.0 mg/ml,
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respectively, were prepared. Polyvinylpyrrolidone (PVP,
Mw ¼ 30 000) was added into the suspensions at a concentration of 2 wt. % to stabilize the aqueous suspension of GO.
The GO suspension was first put into a flat-bottomed beaker
and then a clean glass substrate was inserted into the suspension. Uniform GO film was deposited on the glass substrate
after keeping the suspension at 70  C for 14 h. After this
step, the GO film on the glass substrate was taken out from
the suspension and was treated in a furnace following a
temperature sequence of 80  C for 1 h, 120  C for 1 h, 160  C
for 1 h, and 200  C for 1 h continuously. After the thermal
treatment, t-RGO on the glass substrate was obtained.
For comparison, some GO films, named as D-GOs, were
prepared using a dip-coating method.10 After the low temperature thermal reduction of the D-GOs, reduced dipcoating GO films (D-RGOs) were prepared.
Thermal stability and thermal effect of the GOs were
characterized using thermogravimetric and differential thermal analysis (TG/DTA, TA-7, Perkin Elmer, America) from
25  C to 800  C with a heating rate of 10  Cmin1. The
chemical bonding and elemental compositions of the films
were analyzed by Fourier transform infrared spectroscopy
(FT-IR, Avatar-360, Nicolet, America) and x-ray photoelectron spectroscopy (XPS, AXIOS-PW4400, Netherlands).
Raman spectra (HR-800, Olympus, America) and x-ray diffraction (XRD, Dmax-rB 12 kW, Rigaku, Co., Ltd., Japan)
were used to research the different structural and bonding
characteristics of the GO films and t-RGO films. The optical
properties of the GO films and t-RGO films were characterized by a transmittance spectrophotometer. Mechanical
strength and elastic modulus of the films were measured by
nano-indentation technique (TriboIndenter, Hysitron, Inc.,
America).
Figure 1(a) shows the schematic diagram of the air-liquid-solid interface assembly method. In the process of the
GO film growth, the resultant force between the capillary
force and the gravity play a critical role in assembly process.20 The driving force from evaporation of water makes
the GO assembly in the interface of the water and air phase.
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FIG. 1. (a) Schematic diagram of the GO film selfassembly in air-liquid-solid phases interface. (b) TGDTA curves of GO film in air condition.

The capillary force takes the GO layer following in the glass
surface. The gravity enables the adhesion of the GOs onto
the substrate. Therefore, uniform and smooth GO films on
glass substrate were obtained due to the above mentioned
driving forces.
TG/DTA analysis curves were demonstrated in Fig.
1(b). It showed two steps of decomposition of the GO films.
First, a violent weightless reaction occurred at lowtemperature below 220  C. The exothermic peak of the reaction is at 200  C, and 30% mass loss was observed at this
step. The reaction in the process happened in the branched
chains, which contained most oxygen functional groups,
such as -C¼O and -COOH. There was no significant weight
loss and no new reaction until 450  C. When the second step
occurred, it could be seen that degradation process of main
chain structure caused nearly 50% of mass loss and heat
release. According to the DTA curve, the exothermic peak is
very board and flat in 547  C. This process happened in the
framework of GO molecular, which was decomposed and
recombined to different structures. Because the softening
point temperature of glass substrate is usually below 500  C,
we must use the temperature reduction method at 200  C to
prevent the deformation of the substrate and the interface
crack between the GO film and the substrate. The choice of
the low temperature reduction method is also suitable for
other substrates, such as polyimide film and other organic
materials-based substrates.
FT-IR spectra of D-RGO, t-RGO, and GO films were
shown in Fig. 2(a) to analyze molecular bonding and chemical structures. For the films of t-RGO and D-RGO, the peaks
intensities of the C¼O (1724 cm1) and C-O (1230 cm1)
groups decreased, compared to the pristine GO film. It is
caused by the low temperature decomposition reaction of the
oxygen functional groups. We may continue treating them
for a long time until the reaction fully occurs if complete removal of oxygen functional groups is needed. Raman spectra21 of the different films were shown in Fig. 2(b). All

spectra have the feature peaks: D band (which is a defect
peak due to intervalley scattering) and G band (which is
referred to graphene G peak). The Raman D band/G band intensity ratio (ID/IG) of t-RGO film is lower than that of GO
film before thermal reduction. Also, the ID/IG of D-RGO film
is higher than that of the self-assembly GO film because the
ID/IG indicated the average sizes of the crystalline graphene
films in plane direction.22 Raman spectra confirmed that the
crystalline degree of t-RGO film is higher than that of before
thermal reduction and the crystalline degree of the assembly
GO film is also better than that of dip coating GO film.
The transmittance graph in visible and near infrared
regions was measured from 400 nm to 2000 nm. Fig. 3(a)
shows the transmittance of the films from 0.5 mg/ml GO suspension as a function of wavelength. It demonstrates that the
GO film has a low transmittance and strong absorption in
visible region, due to the presence of large numbers of oxygen functional groups, which produced a very strong molecular interaction. During the thermal reduction process at the
low temperature, the large number of oxygen-containing
functional groups decomposed. Thus, the appropriate absorption in t-RGO film is weakened in the near infrared due to
the change in structure. But it has good transmittance properties that are near 50% (of about 50%) in visible regions with
the functional groups decreasing (showed in Fig. 2(a)). The
t-RGO film could be used in solar cells and thermal control
films instead of ITO,16 because ITO has a strong absorption
in the infrared region, which takes advantage of the full utilization of light energy, heat retention, and release.
Figure 3(b) showed XRD patterns of the GO film and
t-RGO film. Diffraction peak at 2h of 11.9 was observed,
revealing the characteristic peak of graphene oxide. XRD
patterns of the t-RGO film showed a more prominent (002)
diffraction peak than the GO film, which is the peak of the
turbostratic graphite.23 The other shape diffraction peak at
2h of 17.6 is the characteristic peak of GO by thermal
reduction. Therefore, the results indicated that the regularity

FIG. 2. (a) FT-IR spectra and (b) Raman spectra of GO
film, t-RGO film, and D-GO film.
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FIG. 3. (a) Transmittance spectra of the GO film and
t-RGO film (0.5 mg/ml suspension). (b) XRD patterns
of GO film and t-RGO film. (c) XPS analyzed result of
C1s peak of GO film. (d) XPS analyzed result of C1s
peak of t-RGO film.

and the orientation of the t-RGO film were improved after
the thermal reduction. Meanwhile, the XRD patterns indicated that the films on the substrates were graphite-like carbon films.
The surface features and chemical states of the GO and
t-RGO films were investigated by XPS analysis. The C1s
spectra were successfully retrieved by assuming three components as illustrated in Figs. 3(c) and 3(d). Utilizing the
peak separation method, we calculated the fractions of the
chemical bonds (C¼C, C-O, and C¼O). The fractions of the
C¼C bond, C-O bond, and C¼O bond are 52%, 42%, and
6%, respectively, for the GO film. The GO film performs a
large number of polarity functional groups, which was highly
oxidized. Thus, it is suitable to self-assemble on the glass
substrate. After the thermal reduction, the fraction of C-O
dramatically decreased to 6%. Slight increase of the C¼O
bond fraction to 7% was probably due to the process of the
decomposition reaction.24 However, the fraction of C¼C
bonding increased to 87%, indicating that the t-RGO film is
a graphite-like structural film.
Normally, the films prepared by chemical assembly
methods have weak mechanical properties, such as Young’s
modulus and the hardness. The mechanical properties are
very important physical parameters for applications in solar
cells and touch screens.25 However, research in this field was
little, especially for the GO films. To measure the mechani-

cal properties, the GO films were prepared by self-assembly
and thermal reduction. From the SEM image in Fig. 4(a), the
thickness of t-RGO film could be observed, which is about
1 lm. Nano-indentation techniques are important for measuring the mechanical properties of small volumes of materials.26 In this letter, nano-indentation techniques were used
for examining the Young’s modulus and the hardness of GO
film and t-RGO film. The Berkvich indentor was chosen in
nano-indentation experiments.
Figure 4(b) showed the typical load-displacement
curves, which were used for comparing the mechanic properties of the GO film before and after low temperature thermal
reduction. The displacement to the film’s surface was
400 nm, which was far less than the thickness of the films.
Obviously, the broken load value of the t-RGO film is higher
than that of the GO film. According to the theory of Oliver
and Pharr’s method,27 the formulas used are as follows:
Pmax
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FIG. 4. (a) SEM image of the cross section of
GO film from GO suspension with concentration of 0.5 mg/ml (b) Nanoindentation loaddisplacement curves of GO films and t-RGO
film on glass substrate with thickness of 1 lm.
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where H is the hardness, Pmax is the maximum load, A is the
contact area, S is the elastic unloading stiffness, E is Young’s
modulus, and  is the Poisson’s ratio.
According to the above equations, the Young’s modulus
(Er) of GO film was calculated to be 70.05 GPa and the indentation hardness (H) was 4.11 GPa. For t-RGO film, the
Young’s modulus and indentation hardness increased to
Er ¼ 76.18 GPa and H ¼ 6.89 GPa, respectively. Pop-in transition was also observed in the load-displacement curve of
the GO film from Fig. 4(b). It indicated that the elastic to
plastic deformation took place in the GO film. The experimental results demonstrated that the t-RGO film had a higher
modulus and hardness than the GO film, suggesting that thermal reduction in low temperature is effective and practical to
improve the mechanical properties. Therefore, we believe
that the t-RGO film would satisfy the mechanical property
requirements for applications in solar cells, touch screens,
electrode materials, etc.
In summary, we initially developed an efficient and economic method, which combined the gas-liquid-solid interface assembly onto a glass substrate, with thermal reduction
at a low temperature following afterwards. The thickness of
the films obtained from these methods could be controlled
by the concentration of graphene oxide suspensions. XRD
patterns and Raman spectra demonstrated that the t-RGO
film had a larger crystalline degree than the other films.
Also, the transmittance of t-RGO film in visible region was
higher than that of GO film. According to nano-indentation
analysis, there was a great improvement of the mechanical
properties. The Young’s modulus and the hardness of the
t-RGO film were improved to be 76.18 GPa and 6.89 GPa.
While, for the pristine GO film, they were 70.05 GPa and
4.11 GPa, respectively. All these results demonstrated that
t-RGO has great potentials for the applications in membrane
electrodes, solar cells, touch screens, and light-emitting
diodes.
The authors thank the financial support from the International Joint Project (2010DFR50160), National Science and
Technology Ministry, People’s Republic of China, and the
National Natural Science Foundation of China (Nos. 51010005

Appl. Phys. Lett. 101, 181903 (2012)

and 90916020). We also thank the experts at Institute of Macromolecular Compound, Russia Academy of Science for their
helps.
1

D. A. Dikin, S. Stankovich, E. J. Zimney, R. D. Piner, G. H. B. Dommett,
G. Evmenenko, S. T. Nguyen, and R. S. Ruoff, Nature 448, 457 (2007).
2
Y. Xu and G. Shi, J. Mater. Chem. 21, 3311 (2011).
3
A. K. Geim, Science 324, 1530 (2009).
4
Z. Li, J. Wang, X. Liu, S. Liu, J. Ou, and S. Yang, J. Mater. Chem. 21,
3397 (2011).
5
G. Eda, Y.-Y. Lin, S. Miller, C.-W. Chen, W. Su, and M. Chhowalla,
Appl. Phys. Lett. 92, 233305 (2008).
6
L. Wang, D. Wang, X. Y. Dong, Z. J. Zhang, X. F. Pei, X. J. Chen, B.
Chen, and J. Jin, Chem. Commun. 47, 3556 (2011).
7
W. Lv, Z. Xia, S. Wu, Y. Tao, F.-M. Jin, B. Li, H. Du, Z.-P. Zhu, Q.-H.
Yang, and F. Kang, J. Mater. Chem. 21, 3359 (2011).
8
D. J. Baek, M.-L. Seol, S.-J. Choi, D.-I. Moon, and Y.-K. Choi, Appl.
Phys. Lett. 100, 093106 (2012).
9
Z. Wei, D. E. Barlow, and P. E. Sheehan, Nano Lett. 8, 3141 (2008).
10
V. P. Verma, S. Das, I. Lahiri, and W. Choi, Appl. Phys. Lett. 96, 203108
(2010).
11
J. Zhu, X. Zhu, R. Hoekstra, L. Li, F. Xiu, M. Xue, B. Zeng, and K. L.
Wang, Appl. Phys. Lett. 100, 143109 (2012).
12
H. Li, S. Pang, S. Wu, X. Feng, K. Mullen, and C. Bubeck, J. Am. Chem.
Soc. 133, 9423 (2011).
13
D. W. Lee, T.-K. Hong, D. Kang, J. Lee, M. Heo, J. Y. Kim, B.-S. Kim,
and H. S. Shin, J. Mater. Chem. 21, 3438 (2011).
14
€
Y. Wang, S. W. Tong, X. F. Xu, B. Ozyilmaz,
and K. P. Loh, Adv. Mater.
23, 1514 (2011).
15
P. H. W€
obkenberg, G. Eda, D.-S. Leem, J. C. de Mello, D. D. C. Bradley,
M. Chhowalla, and T. D. Anthopoulos, Adv. Mater. 23, 1558 (2011).
16
X. Wang, L. Zhi, and K. Mullen, Nano Lett. 8, 323 (2008).
17
Y. Zhu, W. Cai, R. D. Piner, A. Velamakanni, and R. S. Ruoff, Appl.
Phys. Lett. 95, 103104 (2009).
18
C. Chen, Q.-H. Yang, Y. Yang, W. Lv, Y. Wen, P.-X. Hou, M. Wang, and
H.-M. Cheng, Adv. Mater. 21, 3007 (2009).
19
S. H. Lee, H. W. Kim, J. O. Hwang, W. J. Lee, J. Kwon, C. W. Bielawski,
R. S. Ruoff, and S. O. Kim, Angew. Chem., Int. Ed. 49, 10084 (2010).
20
G. M. Whitesides and B. Grzybowski, Science 295, 2418 (2002).
21
A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri,
S. Piscanec, D. Jiang, K. S. Novoselov, S. Roth, and A. K. Geim, Phys.
Rev. Lett. 97, 187401 (2006).
22
A. C. Ferrari, Solid State Commun. 143, 47–57 (2007).
23
Y. Zhang. L. Guo, S. Wei, Y. He, H. Xia, Q. Chen, H. Sun, and F. Xiao,
Nano today 5, 15 (2010).
24
G. Eda, G. Fanchini, and M. Chhowalla, Nat. Nanotechnol. 3, 270 (2008).
25
D. Y. Lee, S. G. Jia, S. Banerjee, J. Bevk, I. P. Herman, and J. W. Kysar,
Phys. Rev. Lett. 98, 026103 (2007).
26
H. Bei, Z. P. Lu, and E. P. George, Phys. Rev. Lett. 93, 125504 (2004).
27
W. C. Oliver and G. M. Pharr, J. Mater. Res. 7, 1564 (1992).

Downloaded 11 Mar 2013 to 61.167.60.247. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

