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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

of 6.89 GPa. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4764549]

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 applica-

tions on the fields of solar cells,3,4 high-performance lith-

ium-ion batteries,5,6 thermal control films,7 field-effect

transistors,8 and functional coating.9 Recently, various tech-

niques 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 thick-

ness 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 con-

trol 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 success-

fully prepared by subsequent thermal reduction at a low tem-

perature (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,

respectively, were prepared. Polyvinylpyrrolidone (PVP,

Mw¼ 30 000) was added into the suspensions at a concentra-

tion 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 suspen-

sion. 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 tem-

perature thermal reduction of the D-GOs, reduced dip-

coating GO films (D-RGOs) were prepared.

Thermal stability and thermal effect of the GOs were

characterized using thermogravimetric and differential ther-

mal analysis (TG/DTA, TA-7, Perkin Elmer, America) from

25 �C to 800 �C with a heating rate of 10 �C�min�1. 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 photoelec-

tron spectroscopy (XPS, AXIOS-PW4400, Netherlands).

Raman spectra (HR-800, Olympus, America) and x-ray dif-

fraction (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 character-

ized 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-liq-

uid-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 pro-

cess.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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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 low-

temperature below 220 �C. The exothermic peak of the reac-

tion 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 chemi-

cal structures. For the films of t-RGO and D-RGO, the peaks

intensities of the C¼O (1724 cm�1) and C-O (1230 cm�1)

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 re-

moval of oxygen functional groups is needed. Raman spec-

tra21 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 in-

tensity 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 sus-

pension 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 oxy-

gen functional groups, which produced a very strong molec-

ular interaction. During the thermal reduction process at the

low temperature, the large number of oxygen-containing

functional groups decomposed. Thus, the appropriate absorp-

tion in t-RGO film is weakened in the near infrared due to

the change in structure. But it has good transmittance proper-

ties 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 utili-

zation 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.

FIG. 1. (a) Schematic diagram of the GO film self-

assembly in air-liquid-solid phases interface. (b) TG-

DTA curves of GO film in air condition.
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and the orientation of the t-RGO film were improved after

the thermal reduction. Meanwhile, the XRD patterns indi-

cated that the films on the substrates were graphite-like car-

bon 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 com-

ponents 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 meas-

uring the mechanical properties of small volumes of materi-

als.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 proper-

ties 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:

H ¼ Pmax

A
; (1)

Er ¼
ffiffiffi

p
p

S

2b
ffiffiffi

A
p ; (2)

1

Er
¼ 1� �2

E
þ 1� �i

2

Ei
; (3)

FIG. 4. (a) SEM image of the cross section of

GO film from GO suspension with concentra-

tion of 0.5 mg/ml (b) Nanoindentation load-

displacement curves of GO films and t-RGO

film on glass substrate with thickness of 1 lm.

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.
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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 in-

dentation hardness (H) was 4.11 GPa. For t-RGO film, the

Young’s modulus and indentation hardness increased to

Er¼ 76.18 GPa and H¼ 6.89 GPa, respectively. Pop-in tran-

sition 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 experi-

mental results demonstrated that the t-RGO film had a higher

modulus and hardness than the GO film, suggesting that ther-

mal 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 eco-

nomic method, which combined the gas-liquid-solid inter-

face 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.
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