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Abstract: We fabricated flexible transparent conductive films composed of silver nanowires (AgNWs) and reduced graphene 

oxide (rGO) as hybrid transparent electrode and mixed cellulose eater (MCE) as substrate by a vacuum-filtrating method. 

Effect of rGO on the electrical, optical and mechanical properties of the flexible transparent films were studied. The results 

show that with the increase of rGO deposition density, the optical transmission at 550 nm has a little decrease, while the sheet 

resistance (R

s

) gradually decreases. Tape tests up to 200 cycles and bending fatigue tests up to 200 cycles were performed by 

monitoring the in-situ resistance change. The film sustains excellent reliability of the AgNWs/rGO hybrid conductive networks, 

where the fractional resistance change is little overt increase after tape tests and less than 3% after bending test. The excellent 

mechanical properties of the AgNWs/rGO film can be attributed to the burying of the AgNWs and RGO film at the surface of  

mixed cellulose eaters(MCEs). 
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There is an increasing demand for suitable flexible trans-

parent electrodes due to the technological developments in 

flexible displays. Indium tin oxide (ITO) is the most widely 

used transparent conductive material because of its high 

transmittance (T>90%) and low sheet resistance. However, 

ITO cannot be used as transparent conductive materials on 

flexible substrates due to its brittleness. In the recent years, 

silver nanowires (AgNWs) used for fabricating flexible transpar-

ent conducting films (FTCFs) for flexible electronics and trans-

parent heater have attracted significant attention for their excellent 

mechanical, optical, thermal and electrical properties

[1-5]

. How-

ever, the AgNWs networks still suffer from a relatively higher 

resistance because of the weak bonding between AgNWs

 [6-12]

.   

As a new class of two-dimensional carbon nanostructure, 

graphene is considered as one of candidates in flexible elec-

tronics 

[6-15]

. It is cheaper than AgNWs and has an abundant 

material source, greatly improving its feasibility for practical 

applications. Unfortunately, the value of figure of merit of 

graphene is usually less than 10, even when synthesized by 

chemical vapor deposition. For low-cost production of gra-

phene films, reduced grapheme oxide (rGO) sheets are con-

sidered as a candidate, which are synthesized by reducing of 

grapheme oxide (GO) prepared from natural graphite sheet. 

Films produced with these rGO sheets are low cost but have 

poor uniformity and high resistances due to the presence of 

some the oxygen functional groups, which seriously impedes 

the industrialization of graphene transparent conductive film. 

Some attempts have been made to blend rGO with AgNWs to 

increase the number of electrically conductive tunnels or to 

lower the percolation limit by virtue of increasing the connec-

tivity between the rGO and wires

[16-23]

. Meenakshi et al

[18]

 fab-

ricated AgNW-rGO hybrid electrode by a dip-coating method. 

AgNW-rGO transparent conductive electrodes (TCEs) show 

excellent optoelectrical properties of 27 Ω/sq with T=72% (at 

550 nm). The silver nanowires modified by cysteamine were 

combined graphene nanosheets to form AgNW-graphene hy-
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brid nanomaterials

[19]

. AgNW-grap- hene hybrid nanomaterial 

films show a sheet resistance of 86 Ω/sq with 80% light 

transmittance. Lee et al

[21]

 fabricated a sandwich-structured 

graphene/AgNW/graphene transparent conductive film by 

embedding AgNW network with chemical vapor deposi-

tion-grown graphene layers. The graphene/AgNW/graphene 

TCF exhibits excellent optical and electrical properties (light 

transmittance is 88.6% at 550 nm and a sheet resistance is 

(19.9±1.2) Ω/sq.  

In previous work, we fabricated the flexible transparent film 

with AgNWs as conductive materials and mixed cellulose eat-

er (MCE) as matrix

[5]

. In this work, the flexible transparent 

AgNWs/rGO hybrid films with the mixed cellulose eater 

(MCE) as matrix were prepared by the vacuum filtration pro-

cess

[5]

, and the effect of rGO on electrical and optical and 

mechanical properties of the AgNWs/rGO films were investi-

gated. 

1 Experiment 

Silver nitrate (�99.8%) was purchased from Guangdong 

Guanghua Chemical Reagent Co., Ltd, poly(vinylpyrrolidone) 

(PVP, K30, Mw≈10 000) was purchased from Guoyao Group 

Chemical Reagent Co., Ltd, and ferric chloride (�99.5%) and 

sodium nitrate (99.5%) were purchased from Chengdu Kelong 

chemical Co., Ltd. Ethylene glycol (EG, �99.7%), ethanol 

absolute (�99.7%), sulfuric acid (98%), hydrazine hydrate 

(98%) and hydrogen peroxide (30%), potassium permanganate 

(99.3%), and  hydrochloric acid (85%) were purchased from 

Tianjin Yongda chemical Co., Ltd. Natural graphite flakes 

were purchased from Nanjing Xianfeng Nanomaterials Co., 

Ltd. 125 µm-thick polyethylene terephthalate (PET) film were 

purchased from Shanghai Fei Xia Plastic Hardware Co., Ltd. 

Water mixed cellulose esters membrane (MCE, Ф50, 0.4 µm) 

were purchased from Tianjin Jin Teng experimental equipment 

Co., Ltd. Silver nanowires and reduced grapheme oxide were 

synthesized in our laboratory. All the chemicals were used as 

received. 

Silver nanowires with 90~150 nm in diameter and 20~50 µm 

in length were synthesized by our reported polyol process 

[6]

. 

GO was prepared from natural graphite flakes by a modified 

Hummers method

 [17]

. The rGO was prepared by chemical re-

duction of graphene oxide with the hydrazine hydrate as the 

reducing agent. Graphene oxide was dispersed to deionized 

water by ultrasonic treatment for 2 h. Then the dispersed gra-

phene oxide solution was added into the flask, and hydrazine 

hydrate was added into the above solution with an electric 

mixer. The rGO solution was obtained after the reaction solu-

tion was kept for 3 d at room temperature. The reaction solu-

tion was vacuum filtered with organic cellulose filter. Then the 

solution was washed with deionized water by vacuum filter 

until the pH=7.0 of the filtrated solution and then washed 3 

times with ethanol absolute. The purified rGO was dispersed 

into ethanol absolute to ultrasonic treatment for 2 h. 

The flexible transparent AgNWs/rGO films with using the 

mixed cellulose eater (MCE) as matrix were prepared by the 

improved vacuum filtration process

 [5]

. The fabrication process 

of AgNWs-MCE film is schematically illustrated in Fig.1. 

All scanning electron microscopy (SEM) images were taken 

on a FE-SEM�Field emission scanning electron microscopy, 

Hitachi, S3400 N). The sheet resistance of the FTCFs was 

measured using a ST2263 four-point probe instrument 

(Suzhou Jingge Co., LTD). Optical transmittance (T

s

) spec-

trum was measured using ultraviolet-visible light detector 

(UV-1800 SHIMADZU). 3 M tape with finger pressure as a 

method of mechanical tape test was adopted to evaluate 

AgNWs/rGO adhesion property to the substrate. The bending 

test was carried out with lab-made apparatus with software 

recording film resistance and cycle number. 

2  Results and Discussion 

SEM images of AgNWs (Fig.2a) and rGO (Fig.2b) are 

shown in Fig.2. The inserted are the photos of AgNWs and 

rGO synthesized. Seen from Fig.2a, the diameter of 

AgNWs is about 90~150 nm and the range of the length is 

20~50 µm. rGO sheets with folding structure are observed 

in Fig.2b. The colors of AgNWs and rGO solution are gray 

and black, respectively, due to the effect of nano-materials 

on the light. 

Fig.3 shows photos of AgNWs/rGO films with 220 mg·m

-2

 

AgNWs and 88, 77, 66 , 55, 38, and 22 mg·m

-2 

rGO. Seen 

from Fig.3, there is not obvious difference in the transmittance 

of samples, indicating that rGO sheets have little effect on the 

transmittance of AgNWs/rGO film under the experimental 

conditions. 

Fig.4 shows T

s

 spectra of the AgNWs/rGO films with 220 

mg·m

-2

 AgNWs and 88, 77, 66, 55, 38, and 22 mg·m

-2 

rGO. 

The T

s

 was measured with a transparent MCE film as the ref-

erence. The T

s

 of AgNWs/rGO films at 550 nm is slightly re-

duced with the increase of rGO deposition density. When the 

deposition density of rGO is 22, 66, and 88 mg.m

-2

, the T

s

 of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic of fabrication process of AgNWs/rGO-MCE film 
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Fig.2  SEM images of AgNWs (a) and rGO (b); inserts are photos of  

AgNWs and rGO synthesized 

 

film at 550 nm is 82%%, 80%, and 79%, respectively. The re-

sult is consistent with Fig.3, indicating that rGO has little ef-

fect on the T

s

 of film. However, when the deposition density 

of rGO is 77 and 88 mg·m

-2

, the T

s

 increases at over 650 nm. 

This may be associated with the agglomeration of graphene 

because the agglomeration occurs with the increase of particle 

content. 

Fig.5 shows SEM images of AgNWs/rGO films with 220 

mg·m

-2

 AgNWs and 77, 55, 38, and 22 mg·m

-2 

rGO. It is clear 

that AgNWs and rGO adhere to the MCE, and connect to form 

conductive network. The rGO sheet is two-dimensional layer 

nanostructure, so that rGO may cover and connect some dis-

crete AgNWs and prompt closer contact of overlapped 

AgNWs 

[15]

. However, the agglomeration of rGO sheets is ob-

served in Fig.5, which results in the non-uniform dispersion. 

We mixed the rGO which was not modified with the AgNWs 

in the aqueous solution. rGO sheets are difficult to disperse 

evenly into the water, because of the hydrophobicity of gra-

phene sheets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Photos of AgNWs/rGO films with 220 mg·m

-2

 AgNWs and 

different deposition densities of rGO 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Optical transmittance spectra of AgNWs-rGO films with dif-

ferent rGO deposition densities 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  SEM images of AgNWs/rGO films with different rGO deposition densities: (a) 22 mg·m

-2 

, (b) 38 mg·m

-2

, (c) 55 mg·m

-2

, and    

            (d) 77 mg·m

-2
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Fig.6 shows R

s

 versus rGO deposition density of 

AgNWs/RGO films with 220 mg·m

-2

 AgNWs and 88, 77, 66, 

55, 38, and 22 mg·m

-2

 rGO. With the increase of rGO deposi-

tion density, R

s 

of the film decreases. When the deposition 

density of rGO is 22, 38, and 88 mg·m

-2

, the R

s

 of the film is 

129, 83, and 55 Ω·sq

-1

. The results indicate that rGO may im-

prove the conductivity of AgNWs film

 [13, 14]

.

 With the mixed 

AgNWs and rGO as conductive materials, the conductive 

paths are formed mainly by AgNWs. The rGO is a connection 

linking discrete AgNWs and a clipper inducting closer contact 

of overlapped AgNWs so the rGO can improve the conductiv-

ity of the film and has litter effect on the transmittance of film. 

Three samples with 220 mg·m

-2

 AgNWs and 88, 55, and 22 

mg·m

-2

 rGO were used to perform taping test. Fig.7 shows the 

relationship of R

s

 of AgNWs/rGO film to test time. As shown 

in Fig.7, there are little change in R

s

 after tape tests for 200 

times. Fig.8 shows the relationship of R

s

 of AgNWs/rGO film 

to cycles of folding up. Seen from Fig.8, the bending test in-

dicates that the change in R

s 

of AgNWs/rGO film is about 3% 

even after 200 cycles of compressive or tensile bending when 

the deposition densities of rGO is 22 mg·m

-2

; while the change 

in R

s

 of AgNWs-rGO film is little even after 200 cycles of 

compressive or tensile bending when the deposition densities 

of rGO is 55 and 88 mg·m

-2

. The results indicate that rGO may 

improve the mechanical robustness of the film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  R

s

 versus rGO deposition density of AgNWs/rGO films  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7   R

s

 of AgNWs-rGO films after taping test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8   R

s 

of AgNWs-rGO films after cycles of folding up 

 

3 Conclusions 

1) With the increase of the rGO deposition density, the op-

tical transmission of the AgNWs at 550 nm has a little decrease, 

indicating that rGO has little effect on the transmittance of the 

film. However, R

s

 gradually decreases with rGO deposition 

density increase. The film produced with the deposition density 

of 22 mg�m

-2

 rGO shows the optical transmission at 550 nm 

82.0% and R

s

 around 129 Ω�sq

-1

, whereas at deposition density 

of 88 mg�m

-2

 rGO, the optical transmission is 79% at 550 nm 

and R

s

 around 55 Ω�sq

-1

.  

2) the change in R

s

 of AgNWs/rGO film is about 3% even 

after 200 cycles of compressive or tensile bending when the 

deposition densities of rGO is 22 mg·m

-2

; while the change in 

R

s

 of AgNWs-rGO film is little even after 200 cycles of com-

pressive or tensile bending when the deposition densities of 

rGO is 55 and 88 mg·m

-2

. The results indicate that rGO may 

improve the mechanical robustness of the film. 
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