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Chemically reduced graphene oxide (rGO) is widely studied as transparent electrodes, as it can be 

cheaply prepared on a large scale, easily integrated into flexible devices, and contributes to excellent 

device performances. However, the commonly used reduction methods to converting graphene oxide 

(GO) films into rGO ones generally involve toxic reagents or complex transfer steps. In this report, we 10 

develop a simple short-term room-temperature strategy for the direct fabrication of rGO-based transparent 

conductive films on flexible substrates, where tin (Sn) is used to promote the conversion of pre-deposited 

GO films into rGO ones. The thus-prepared rGO films exhibit sheet resistances of 6.7~17.3kΩ sq-1 and 

transparencies of 75~81% at 550 nm, indicating great potential of the here-developed methodology for 

the fabrication of graphene-based transparent conductive films, at conditions without any heating and 15 

transferring processes, as well as toxic agents. 

Introduction 

Transparent conductive films (TCFs) are indispensable in a 

variety of optoelectronic devices, including solar cells, 1, 2 touch 

panels, 3 liquid-crystal displays (LCDs) and light emitting 20 

diodes(LEDs).4 Currently, indium tin oxide (ITO) is the most 

commonly used material commercially available in the market. 

Admitting that ITO shows excellent transparency and 

conductivity, there are still critical problems remain unsolved, 

such as the limited indium source on earth, the high cost, the 25 

fragility of the film that comes from the inorganic nature.5 

Therefore, to find out alternatives for ITO, especially materials 

for flexible devices, is urgently required.  

Since its discovery in 2004, graphene, with its unique two-

dimensional structure, has raised the attention of scientists from a 30 

lot of research fields,6 covering electronics and optoelectronics,7 

sensors,8 energy storage devices,9,10 and so on. Given its high 

room-temperature conductivity, excellent transmittance and 

outstanding flexibility, graphene is considered as an ideal 

material for TCFs as well.5, 11 A number of methods have been 35 

developed to fabricate graphene based TCFs, among which, 

chemical reduction of graphene oxide (GO) is known as a reliable 

route for mass production of graphene thin films,12 especially on 

flexible substrates.13-17 As the reduced graphene oxide (rGO) is 

difficult to be well dispersed, solution-based approaches for the 40 

scalable fabrication of thin films, like Mayer-rod coating, spray 

coating, dip coating, spin-coating, and Langmuir-Blodgett 

method are quite limited.18-20 Consequently, it is preferred that a 

GO thin film is firstly formed on the target substrate, and then 

followed by a reducing process. Accordingly, directly reducing 45 

GO in the film modality is significantly important. Some 

reducing agents, such as hydrazine21, 22 and hydriodic acid13, 14, 23 

have been successfully used to reduce GO film. However, the use 

of these toxic chemicals agents can result in serious 

environmental problems especially when used on a large scale. 50 

Some non-noble metals (e.g., Fe, Zn, Al, Sn) are well known 

to act as eco-friendly reducing agents in many reaction. Very 

recently these reducing metals have been successfully employed 

to reduce GO as well.24-29 In most cases, the involved reactions 

are conducted either in a hot solution, or upon heating, or for a 55 

long period of time, which are disadvantageous for further 

integration with other functional devices or device components, 

limiting the scalable implementation of the resulted rGO powders 

and/or films. In this context, it remains challenging to reduce GO 

films and fabricate graphene-based TCFs in a viable and scalable 60 

manner, especially at conditions without any heating and transfer 

processes, as well as toxic agents. 
In this paper, for the first time we use magnetron sputtered Sn 

metal layer to directly reduce pre-formed film state GO on 

transparent flexible substrate (PET) at room temperature. The as-65 

prepared rGO films reach a sheet resistance of 6.7 kΩ sq-1 and an 

optical transparency of 75 % (550 nm). The influencing factors 

on the reduction reaction have been systematically discussed, 

including the thickness of the Sn layer and the concentration of 

the supplementary hydrochloric acid. With further optimization, 70 

the methodology would allow for the fabrication of viable high-

performance graphene-based TCFs at any substrates without any 

heating and transferring processes, as well as toxic agents. 
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Experimental 

Preparation of GO 

GO was prepared through a modified Hummer’s method.30 

Typically, 10g natural flake graphite (32 mesh), 10 g sodium 

nitrate, and 40g potassium permanganate were mixed in 98% 5 

sulfuric acid (300 ml) for 24 hours in an ice bath. Then, the ice 

bath was heated at 35°C for 1 hour, after which 2L distilled water 

was slowly added into the suspension and stirred for 20 min 

before 100 ml hydrogen peroxide (3%) was added. The solution 

was then washed with hydrochloric acid and DI water by 10 

centrifugation for several times until the pH was about 7. The 

precipitates were finally redispersed in DI water to form a GO 

solution. 

 

Scheme 1. Procedure of the preparation of Sn-reduced graphene film: 1) 15 

The GO film formed on PET by rod coating was covered with Sn 

nanoparticles via magnetron sputtering; 2) HCl solution (4M) was 

dropped onto the film for the reduction process; 3) Ten minutes later, the 

reduced film was washed by HCl solution and DI water for at least 3 

times followed by a drying treatment to finally get the rGO film. 20 

Reduction of GO film 

The reduction process is shown in Scheme 1. First of all, GO 

solution was diluted to 1 mg/ml and then coated on PET substrate 

through a rod coating method.18 Then Sn layers of different 

thickness was magnetron sputtered onto the GO film (Other 25 

method like thermal evaporation may also be used here to 

uniformly cover the film with Sn metal). The film was then 

exposed to dilute hydrochloric acid solution (4M) for about 10 

minutes to reduce the GO film. After that, the film was washed 

by dilute hydrochloric acid solution and DI water for several 30 

times. Finally, the rGO film was dried to remove the extra water. 

Reduction of GO in solution 

5ml GO solution (2 mg/ml) was added to 5ml hydrochloric acid 

solution (8M), and then 0.1g Sn powder was added into the 

solution and kept for 10min for reduction. 35 

Characterizations 

The transparency and conductivity of the rGO film were 

characterized by UV-vis spectrophotometer (Lambda 950) and 

four-point probe measurement (RTS-9) respectively. The detailed 

functional groups information was obtained on an X-ray 40 

Photoelectron Spectroscopy (XPS, ESCALAB250Xi). The X-ray 

diffraction (XRD) measurements were executed on Rigaku 

D/max-2500B2 + /PCX system with Cu K α radiation. Raman 

spectra were collected using a Renishaw inVia Raman 

microscope with a laser wavelength of 514.5 nm. High resolution 45 

transmission electron microscope (HR-TEM), and selected-area 

electron diffraction (SAED) pattern were got from a Tecnai G2 

F20 U-TWIN microscope. The morphologies of the synthesized 

samples were observed by a field-emission scanning electron 

microscope (SEM, Hitachi S4800). Thermogravimetric Analysis 50 

(TGA) data were collected on a Diamond TG/DTA. Atomic force 

microscopy (AFM) characterization was conducted on Nanoman 

II dimension 3100 operated in tapping mode.  

 

Results and Discussion 55 

By adjusting the coating factors (like concentration of the GO 

solution and the wire diameter of the rods), GO films with 

different thicknesses could be coated on the target substrate. 

Taking the GO film of 6.3nm as an example (Figure S1, †ESI), 

influence of Sn layer thickness on the reducing effect was 60 

explored. Figure 1a shows the square resistance of the GO film 

changes with the thickness of the Sn layer (Figure S1, †ESI) 

where the increase of the Sn thickness benefits the conductivity 

of the film until 8.6nm (about 1.36 times the thickness of GO 

film). Therefore, by choosing proper magnetron sputter factors, 65 

the performances of the film could reach the best without wasting 

more Sn. And as the Sn nanoparticles gradually aggregate during 

the sputtering process (Figure S1 b-e, †ESI) while the reducing 

result remains almost the same after 8.6nm, it is believed that the 

morphology of the Sn particles barely influence the degree of 70 

reduction. The influence of the concentration of the hydrochloric 

acid was also investigated (Figure S2, †ESI). It turned out that the 

hydrochloric acid of 4M gave the best general performance, and 

the probable reason will be discussed later.  

Figure 1. (a) Influence of thickness of the sputtered Sn layer to the 75 

conductivity of the rGO films (The GO films used are 6.3nm thick); (b) 

The transmittance at 550 nm versus sheet resistance for rGO films of 

different thicknesses; (c) Optical transmittance of the rGO film with an 

average sheet resistance of 6.7kΩ sq-1 in the visible range (inset is the 

photo image of the flexible rGO film) and (d) photo image showing the 80 
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transparent conductive  rGO film can be used in a circuit to light a red 

LED. 

Figure 1b demonstrates the change of the transmittance along 

with the variation of the film resistance. The increase of the 

thickness of the GO film results in lower resistance and lower 5 

transmittance of the obtained rGO film at the same time. As 

shown in Figure 1c, the as-prepared rGO film exhibits a 

transmittance of 75% (550nm) and sheet resistance of 6.7 kΩ sq-1, 

and the film is rather flexible and robust. Applied in a circuit of a 

red LED, the transparent rGO film can work as a conductor and 10 

light the LED with a voltage of 3V applied (Figure 1d). A 

comparison of the conductivity and transparency between our Sn-

rGO and rGO films fabricated in other methods on flexible 

substrates is also made (Figure S5, †ESI). Our flexible rGO film 

shows a reasonable performance among these works, and those 15 

show better properties are mainly reduced by using toxic 

reducing agent like HI, therefore our method is rather 

comparative in practical applications. 

To further characterize the reducing extent of the rGO film, 

XPS measurement was conducted on both GO and rGO films. 20 

Figure 2a is the result of general spectra for GO and rGO film, 

respectively. After reduction, the O1s peak dropped significantly 

compared with the C1s peak, indicating that a number of oxygen-

containing functional groups in GO were removed. The C/O ratio 

Figure 2. XPS results of (a) general spectra and (b) curve fit of C1s 25 

spectra of GO and Sn reduced GO (Sn-RGO) film, respectively. 

 

 is increased from 3.1 to 17.2 as shown in Table1S (†ESI). There 

are two small peaks for Sn3d appeared in the spectrum, and the 

magnified figure in Figure S3 (†ESI) shows that they are centered 30 

at 487.3 eV (Sn 3d5/2) and 495.8 eV (Sn 3d3/2), and are assigned 

to a +4 formal oxidation state for the Sn element,31 which means 

Sn is oxidized to SnO2 in this work. And to rule out the possible 

influence of the remaining trace amount of SnO2 in the film to 

the total conductivity, the conductivity and transmittance of rGO 35 

films with different washing extent was compared (Figure S4, 

†ESI). After constantly washing, there were obviously less 

particles on the film, while the resistance of the film remained the 

same (19.6 KΩ/sq), and the transmittance only increased by 

0.2%, which suggested that little amount of SnO2 particles didn’t 40 

play much role in the performance of the film. The C1s spectra of 

GO and rGO in Figure 2b clearly show that peaks corresponding 

to oxygen-containing functional groups including the epoxy/ether 

group (286.7eV), –C=O (288.0eV) and –COO– (289.1eV) 

decreased sharply after reduction,32 supporting that the GO thin 45 

film was reduced by Sn metal layer by this method. 

In order to better illustrate this reducing method, further 

characterizations such as XRD, Raman spectra, TGA, and HR-

TEM were applied. As these characterizations are not available 

for the nano-scaled rGO film attached to substrate, rGO film was 50 

ultrasonic dispersed to prepare rGO sheet samples for these 

characterizations.  
XRD patterns of GO and Sn-rGO are shown in Figure 3a. 

Due to the oxidation of pristine graphite, the (002) reflection peak 

shifts to lower angle (2θ=11.437º, d spacing=0.773nm), 55 

compared with that at 26.6º of pristine graphite,33 as water 

molecules and oxygen-containing functional groups were 

intercalated into the layers of the graphite. After reduction, the 

peak moved backwards a lot to 2θ=23.858º, (d spacing=0.373nm) 

showing that most oxygen-containing functional groups inserted 60 

were removed during the reducing process. Figure 3b presents the 

Raman spectra of GO and Sn-RGO. The ID/IG ratio of Sn-RGO 

slightly increased from 0.9 to 1.14 after reduction. Similar results 

have also been reported by other works of metal reduction on 

GO,24, 29 and this may attributed to the process of the oxygen-65 

containing groups taking off between the GO sheets during the 

reduction which altered the structure, and in the mean time the 

random aggregation of recovered graphene structures.23, 34 

Figure 3. (a) XRD, (b) Raman, (c) TGA results of GO and Sn-RGO 

respectively, and (d) HR-TEM image of the Sn-RGO (inset, image of a 70 

SAED pattern). 

 

And the intensity of 2D band of the Sn-RGO at 2680cm-1 is 

higher than GO, showing that the reduced graphene is better 

graphitized. The TGA plots of GO and Sn-RGO are shown in 75 

Figure 3c. Along with the temperature increased from room 

temperature to 800ºC, the GO sample lost weight of about 60%, 

ascribing to the loss of water and remained oxygen-containing 
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groups, whereas the sample after reduction showed the loss of 

15%. The comparison of the property results of our RGO film 

and that from other different reducing methods (mainly metal 

reduction) are also summarized in Table S1 (†ESI), from which 

we can see that our method shows a comparable reducing effect 5 

with other metal reduction works and even better than the result 

reported in the HI reduction work.23. Figure 3d exhibits the HR-

TEM image of the Sn-RGO, which is obviously few-layer 

graphene sheet as shown at the edge of the sheet. The selected 

area electron diffraction (SAED) patterns consist of two rings of 10 

diffraction dots show the crystalline structure of the rGO. The 

inner ring is generated from (1100) plane with an interplanar 

spacing of 0.21nm, and the outer ring is for the (2110) plane.23, 34 

The pattern is slightly diffuse because of the previous oxidation. 

All these data manifest that metallic Sn can be used as a reducing 15 

agent to reduce GO film to a great extent.  

Compared with GO reduced in solution, GO film directly 

reduced in film state was more inclined to maintain the sheet 

morphology. As exhibited in Figure 4a, the GO sheet reduced in 

solution turned out to aggregate together, while the GO thin film 20 

reduced on the target substrate in Figure 4b and c appeared to be 

flat with only few wrinkles. It can be inferred that direct 

reduction of GO films, especially thin films used in our method, 

could be more sufficient, uniform and efficient than reduction in 

solution first and then fabricating films. Therefore, sputtering 25 

metal on to GO films on the target transparent substrate directly 

to produce rGO films combines the advantages of mild non-toxic 

reducing process and one-pot high-quality film fabrication on a 

large scale without post-transfer.  

Probable mechanism of this reduction method was shown in 30 

Scheme 2. On one hand, Sn is known as an active metal with 

great reducing ability, just like Zn, Fe and other active metals that 

have been reported to reduce GO through the electron transfer 

from metal to the GO sheets.24-26 The reactions could be  

Figure 4. (a) Digital images showing the reduction process in solution, 35 

and the SEM image of the as-prepared rGO powder, (b) SEM, and (c) 

AFM  results of Sn-RGO thin film on PET substrate. 

 

concluded in the following equations: M→ Mn+ + n e-, n H++ 

GO+ n e-→ m H2O + rGO. Thus the high concentration of H+ in 40 

this system would benefit the reducing reaction. On the other 

hand, when exposed to H+, Sn can easily be oxidized to Sn2+, 

which is also a well-known reducing agent for GO.35 In acidic 

environment, Sn2+ was inhibited to hydrolyze to sedimentation 

like Sn(OH)2, thus showed better reducing activity. This can also 45 

partially explain that with increasing of the hydrochloric acid 

concentration, the conductivity of the rGO film increased within a 

certain range (Figure S2, †ESI). As the reduction of GO by Sn2+ 

is quite slow at room temperature, it is reasonable to speculate 

that the Sn→Sn2+ stage plays a more important role among the 50 

two reducing stages (Sn→Sn2+ and Sn2+→Sn4+). It is possible that 

the heat released in reaction Sn→Sn2+ may accelerate the process 

Sn2+→Sn4+ to realize the total room temperature reduction 

process. Although Sn reducing GO without hydrochloric acid has 

also been reported recently,36 it requires a necessary heating 55 

process at 85°C for 4 hours, which means the addition of 

hydrochloric acid can significantly enhance the efficiency of the 

GO reduction.Therefore, two reducing process with different 

electron transfer reactions may be included in the whole reaction 

during the same time.  60 

 

Scheme 2. Probable mechanism of the reduction process. 

 

Furthermore, this is a universal method which can be applied 

in other metal systems like Zn, Fe, Al, etc., yet in our experiment 65 

condition, Sn reduced GO films show better performances and 

higher efficiency, which may come from the two probable 

reducing mechanisms during the process of valence state 

transformation of metal Sn. This as-developed technique can also 

be easily employed into roll-to-roll fabrication process by 70 

modifying the metal deposition method. For instance, the Sn 

source could be simply deposited onto GO film by uniformly 

scattering Sn powder instead of magnetron sputtering onto the 

film. 

Conclusions 75 

In summary, a simple fast room-temperature reduction strategy 

for the conversion of GO films into transparent and conductive 

rGO films has been developed successfully by simply using 

metallic Sn as the reducing agent in an acid media. After a short 

reduction period (10 min), the prepared rGO films show a typical 80 

sheet resistance of 6.7 kΩ sq-1 at a transparency of 75 %, 

comparable to those reduced by other toxic reducing agents. 

Further characterizations with TEM, XPS, XRD, Raman, and 

TGA indicate the high reduction efficiency of such reduction 

methodology. Although the electrical and optical performances of 85 

the rGO films prepared still need further improvement, this work 

opens a simple, economic, and environmentally friendly avenue 

for the scalable fabrication of graphene-based transparent 

conductive films because of the absence of any heating and/or 

transferring processes, as well as toxic agents. 90 
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