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sandwiched between these two electrodes. The photoanode 
is usually a dye-molecule-coated nanocrystalline porous 
 TiO2 film deposited onto a transparent conductive glass 
substrate, and the most commonly used counter electrode 
is a platinum-coated conductive substrate [6–8]. Flex-
ible DSSCs (or DSSCs with one flexible electrode) based 
on polymer substrate are attracting considerable attention 
because of their unique characteristics, such as ease of fab-
rication and mass production, low cost, light weight, and 
flexible nature [4–6]. Replacing rigid glass conductive sub-
strates with flexible counterparts in DSSCs reduces weight 
and cost, as well as extends DSSC applications, such as in 
constructing different shapes of building surfaces and in 
mobile power sources for portable electronic devices [6, 9, 
10]. Conventional  TiO2 photoanodes are sintered at a high 
temperature (400–550 °C) to remove organic additives and 
to promote chemical bonding among particles to establish 
their electrical connection [1, 11]. However, high-temper-
ature treatment is not applicable to flexible plastic sub-
strates. To date, many efforts have been exerted toward the 
low-temperature preparation of  TiO2 films in DSSCs, such 
as mechanical compression [12, 13], chemical sintering of 
 TiO2 colloid solution [14, 15], and microwave irradiation 
of  TiO2 films [16]. Among these the compression method 
achieves the highest cell efficiency [13, 17].

The most commonly used conductive plastic substrates 
are polyethylene naphthalate (PEN) or polyethylene tere-
phthalate (PET) coated by transparent indium tin oxide 
(ITO). ITO/PET and ITO/PEN substrates are expensive to 
produce, and the element indium in these substrates harms 
solar cells and the environment.

In this paper, we propose the use of a novel AgNW/
polymer conducting substrate for the flexible photoanode 
of DSSCs. This AgNW/polymer composite substrate com-
prises a thin percolation network of silver nanowires inlaid 

Abstract A novel flexible photoanode based on a silver 
nanowire (AgNW)/polymer composite electrode was fabri-
cated and used for dye-sensitized solar cells. The AgNW/
polymer composite substrate comprised a thin percolation 
network of AgNWs embedded on the surface of polyacrylic 
ester. As titanium dioxide film formed on top of the com-
posite substrate, the effect of compression was investigated. 
Drop-cast sensitization was then used for both pressed and 
nonpressed photoanode, and the nonpressed one performed 
better. A cell efficiency of 0.91% was achieved under 
100  mW  cm−2 simulated solar irradiation. After a bend-
ing test on the flexible photoanode, the solar cell retained 
0.71% efficiency.

1 Introduction

In 1991, Michael Grätzel and coworkers first reported 
dye-sensitized solar cells (DSSCs) based on a thin layer 
of nanocrystalline  TiO2 coated with a monolayer of ruthe-
nium-based dye to sensitize the film for light harvesting 
[1]. Since then, DSSCs have been considered as third-gen-
eration solar cells and intensively studied over the past two 
decades [2–5]. A typical DSSC consists of three compo-
nents: a photoanode (i.e., a working electrode), a counter 
electrode, and an electrolyte (usually an  I−/I3

− redox couple) 
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in the surface of the polymer, such as polyacrylic ester. 
This substrate has been applied to polymer light-emitting 
devices and organic thin-film transistors [18, 19]. Besides 
the high transparency and light weight, the substrate holds 
other advantages over ITO/PET and ITO/PEN substrates. 
Such benefits include low cost, simple production, and 
environment friendliness. For example, the fabrication of 
ITO film needs valuable equipment, and the preparation 
process (typically sputtering) demands stringent speci-
fication and high energy consumption. For the composite 
substrate, AgNW film could be prepared by screen print-
ing or spraying in mass production to greatly reduce the 
cost. What’s more, the network of AgNWs is embedded 
on the surface of polyacrylic ester, so AgNW and polymer 
is tightly bonded. Accordingly, we further fabricated and 
characterized DSSCs based on this novel substrate and con-
ducted a bending test on the flexible photoanode.

2  Experimental

2.1  Materials

A series of acrylate monomer could be used for fabricat-
ing the composite [18, 19]. Here we choose ethoxylated (4) 
bisphenol a dimethacrylate (provided by Eternal Materi-
als Co., Ltd., Taiwan) since it has the virtue of colorless 
and transparent, and the corresponding polymer is flexible 
and adjustable. 2, 2-Dimethoxy-2-phenyl-acetophenone 
(DMPA) was purchased from Sigma–Aldrich. AgNWs 
were synthesized with an average diameter of 25–35  nm 
and average length of 10–20 μm [18, 20–22]. N719 ruthe-
nium dye, LiI,  I2, 1-propyl-3-methylimidazolium iodide, 
4-tert-butylpyridine,  TiO2 paste, and fluorine-doped tin 
oxide (FTO) conducting glass were purchased from Yinkou 
OPV Tech New Energy Co., Ltd. (Yinkou, China). Sodium 
citrate and silver nitrate were provided by Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China). All chemi-
cals were reagent grade and used as received without fur-
ther purification.

2.2  Preparation of silver composite substrate

The dispersion of AgNWs in isopropanol with a concen-
tration of 2  mg/ml was coated on precleaned glass sub-
strates using a Meyer rod (RD Specialist) [18, 20–22]. To 
enhance the contact of touching AgNWs, silver nanoparti-
cles (Ag NPs) were synthesized on top of the as-prepared 
AgNW film [20–22]. First, 1% aqueous solution of sodium 
citrate and silver nitrate solution of 0.1 M were prepared, 
and then an adequate amount of silver nitrate solution was 
heated to boiling. The glass substrates with AgNW film on 
top were immersed in the solution. Sodium citrate solution 

was added, and the mixture was allowed to boil for a time 
period under white light. Afterwards, acrylate monomer 
with 1 wt% DMPA as polymerization initiator was coated 
on the AgNW coating. The coatings were then cured under 
an ultraviolet curing conveyor for about 90 s and peeled off 
as a transparent flexible composite electrode.

2.3  Preparation of  TiO2 film

The commercial  TiO2 viscous paste used was composed of 
 TiO2 nanoparticles (Degussa P25), ethyl cellulose, terpi-
neol, and ethanol. The  TiO2 paste was deposited onto the 
composite conducting substrate by screen printing.

The as-prepared film was treated by two methods to 
form a dense oxide semiconductor layer.

2.3.1  Method 1

As reported by D. Zhang et al. and H. Lindström et al. [23, 
24], porous nanostructured  TiO2 film can be formed by 
compressing a  TiO2 particle layer on the conducting plastic 
substrate. The  TiO2 film on the composite conducting sub-
strate was dried at room temperature and placed between 
smooth steel sheets, and then about 35 MPa pressure was 
applied to the sheets by using a punching machine.

2.3.2  Method 2

No pressure was applied and the  TiO2 film was left to air 
dry. If the ambient temperature is lower than 20 °C, the 
film would be slightly heated at about 50 °C on a hot plate 
(Thermo Scientific Cimarec).

2.4  Sensitization of photoanode

A 0.5 mM ethanol solution of Ru complex dye N719 was 
utilized to sensitize the  TiO2 film at room temperature. 
Dipping  TiO2 film in the sensitizer solution is the most 
commonly used technique; however,  TiO2 films prepared 
without sintering treatment easily break off upon dipping 
or afterwards. To produce high-integrity sensitized  TiO2 
film, a drop-cast method was applied with a self-designed 
device. N719 solution was very slowly added dropwise 
onto  TiO2 film, with the sensitizing time usually proceed-
ing for about 2  days. The sensitized  TiO2 film then air 
dried.

2.5  Assembly of DSSCs

The sensitized  TiO2 films were used as working electrodes, 
i.e., photoanodes, with a 100  nm Pt-deposited FTO glass 
as counter electrode. The electrolyte, which consisted of 
0.3  M LiI, 0.6  M 1-propyl-3-methylimidazolium iodide, 
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0.05  M  I2, and 0.5  M 4-tert-butylpyridine in acetonitrile, 
was injected between the photoanode and counter electrode 
through a siphonic effect. The active area of the cells was 
0.16 cm2.

2.6  DSSC characterization

The photovoltaic performances (short circuit current, open 
circuit voltage, fill factor, and power conversion efficiency) 
of the cell were examined by measuring the current–volt-
age (I–V) characteristics of the cells using a Keithley 2450 
source meter under a light intensity of 100  m  Wcm−2 
offered by a xenon lamp (300  W; Nbet, HSX-F300). The 
microstructure of AgNW films was analyzed with a field-
emission scanning electronic microscope (JEOL and 
JSM7100F).

3  Results and discussion

Figure  1a, b show the scanning electronic microscopy 
(SEM) images of the surfaces of the flexible AgNW/poly-
mer composite electrode without or with Ag NPs on top, 
respectively. The AgNWs on the flexible substrate were 
disorderly arranged. With the addition of Ag NPs, the 
nodes where the two silver nanowires joined became tight-
ened joints. This development benefitted the electrocon-
ductivity of AgNWs. The link among AgNWs was further 
stabilized by these enhanced joints. Furthermore, the elec-
trical conductivity of AgNW/polymer composite substrate 
was measured by a four probe meter (RTS-9, 4Probes Tech, 
China). The sheet resistance of the composite substrate 
containing only AgNWs is 15 Ωsq−1, while the sheet resist-
ance of the substrate containing both AgNWs and Ag NPs 
is 11 Ωsq−1. The introduction of Ag NPs into AgNW/poly-
mer composite improves the conductivity.

The transmittance of the flexible AgNW/polymer com-
posite electrode is shown in Fig.  2, and the transmission 
of FTO conducting glass and the commonly used flexible 
substrate PEN/ITO is displayed. The novel AgNW/polymer 
composite electrode had better transparency than electrodes 
with FTO glass and PEN/ITO substrate.

The plot of photocurrent density (J) versus photovoltage 
(V) of flexible DSSCs based on AgNW/polymer compos-
ite electrode is presented in Fig.  3, and the detailed pho-
tovoltaic properties, i.e. short-circuit current density (JSC), 
open circuit voltage (VOC), fill factor (FF), and efficiency 
(η) are also described in Table  1. Under illumination of 
one sun (100 mW/cm2), Jsc of 1.71 mA/cm2 was obtained 
by novel flexible DSSC with  TiO2 film prepared by com-
pression (method 1). And the energy conversion efficiency 
was 0.78%. The nonpressed device exhibits higher Jsc of 
5.58  mA/cm2 which leads to a higher energy conversion 

efficiency of 0.91%. The open circuit voltages of DSSCs 
prepared with two methods are very close (0.55  V and 
0.54 V, respectively). The overall series resistance, which 
can be approximated as the slope of the J–V curves at far 
forward bias, is nominally the same for both devices [25]. 
However, it should be noted that, for solar cells with  TiO2 
film prepared by compression (method 1), there is a “peak” 
in the J–V curve around bias of 0.3 ~ 0.4 V. What’s more, 
the FF of these devices is high (0.826). A low Jsc value 
leads to a high FF unrealistically, since FF is obtained by a 
division of the maximum output electric power Pmax by the 
production of Voc and photocurrent (Isc) [7, 8]. The reason 
might be unsuccessful assembling of the solar cells or inef-
ficient device structure. Since the “peak” in the J–V curve 
occurs for devices prepared with method 1 in all batches, it 
is probably that the compression has adverse effect on the 
composite substrate based photoanode, and the press tech-
nique might be unsuited to flexible DSSCs based on novel 

Fig. 1  SEM images of the surface of flexible AgNW/polymer com-
posite electrode without (a) and with (b) silver nanoparticles
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AgNW/polymer composite. This situation does not occur 
for the solar cell with  TiO2 film prepared without compres-
sion (method 2) and the devices have modest FF of 0.301.

SEM images of pressed and nonpressed  TiO2 film 
upon the composite conducting substrate were obtained 
to further explore the effect of compression on the 

Fig. 2  Transmittances of FTO glass, flexible PEN/ITO substrate, and 
flexible AgNW/polymer composite substrate

Fig. 3  J–V characteristics of flexible DSSC measured under the illu-
mination of one sun (100 mW/cm2). Inset: J–V curve of DSSC based 
on nonpressed photoanode through bending test

Table 1  Photovoltaic parameters of flexible DSSCs based on 
AgNW/polymer composite electrode

Voc (V) Jsc (mA/cm2) FF η(%)

Pressed 0.55 1.71 0.826 0.78
Nonpressed 0.54 5.58 0.301 0.91

Fig. 4  SEM images of pressed (a) and nonpressed  TiO2 film (b) 
upon the composite conducting substrate; c cross-section image of the 
nonpressed polymer/AgNW/TiO2 electrode
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photoelectrode. As shown in Fig.  4a, the surface of 
pressed  TiO2 film was flattened, and the film was com-
pact and homogeneous. However, for nonpressed  TiO2 
film (Fig.  4b), the surface was fluctuant and rough, and 
the film is relatively loose and porous. A dense and 
tightly connected  TiO2 structure is necessary to operate 
traditional DSSC; however, the situation here differed 
for  TiO2 not subjected to high-temperature sintering. 

For  TiO2 deposited onto the composite substrate, the 
nonpressed sample better absorbed the electrolyte. We 
observed that the electrolyte took more time to permeate 
through the pressed sample than through the nonpressed 
one. Figure  4c shows the cross-section SEM image of 
the nonpressed polymer/AgNW/TiO2 electrode. As seen, 
AgNW is well embedded on the surface of polymer and 
in good contact with  TiO2 film.

Fig. 5  Images of nonpressed 
photoanode after dye sensitiza-
tion (a), electrolyte permeation 
(b), and photovoltaic testing (c), 
as well as those of pressed pho-
toanode after dye sensitization 
(d), electrolyte permeation (e), 
and photovoltaic testing (f)
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Furthermore, DSSCs based on nonpressed  TiO2 film 
easily maintains their integrity during fabrication and test-
ing. Figure 5 shows the pictures of the photoanodes. Fig-
ure 5a–c show the photos of nonpressed photoanode after 
dye sensitization, electrolyte permeation, and photovoltaic 
testing, respectively. Figure  5d–f show those of pressed 
photoanode after dye sensitization, electrolyte permeation, 
and photovoltaic testing, respectively. The nonpressed pho-
toanode had slight damage even after photovoltaic charac-
terization. However, the breakage on the pressed photoan-
ode was serious and blocks of  TiO2 fell of the substrate. 
This breakage increased in severity as fabrication pro-
ceeded, especially after photovoltaic testing. The contact 
with liquid easily resulted in damage on the pressed  TiO2 
film. However, the as-prepared nonpressed photoanode 
held together during fabrication and characterization even 
when in contact with liquid.

The novel flexible photoanode (prepared without 
mechanical compression) was subjected to a bending test to 
evaluate its flexibility. After sensitization, the flexible pho-
toanode was bended along a 27 mm-diameter cylinder, and 
the bending angle of the photoanode was calculated to be 
17°. After 500 times of repeated bending, some decrease 
in cell performance was observed. Photovoltaic parameters 
also slightly decreased, although cell efficiency was accept-
able at 0.71%. The open-circuit voltage, short-circuit pho-
tocurrent density, and FF were 0.58  V, 2.91  mA/cm2 and 
0.417, respectively. And its J–V curve is shown as the inset 
of Fig. 3. This result may be due to the fact that the test led 
to battery loss, or that the linkage among  TiO2 nanoparti-
cles did not appear fairly close after bending.

As H. Lindström, et al. and T. Yamaguchi, et al. reported, 
flexible DSSCs based on ITO/PET and ITO/PEN systems 
achieve cell efficiency as high as nearly 8% by press tech-
nique [12, 13]. Herein, the effect of compression was inves-
tigated and the sample prepared without pressing exhibits 
better performance, and a drop-cast sensitization was used 
instead of traditional dipping sensitization. Further perfor-
mance optimization of these flexible DSSCs based on novel 
conducting composite substrate is under study in our group, 
as well as comparative study of different flexible substrates.

4  Conclusions

We fabricated and investigated a novel flexible photoanode 
based on AgNW/polymer composite and the corresponding 
DSSCs. The effect of compression on the photoelectrode 
was studied, and a slow drop-cast sensitization was carried 
out. The solar energy conversion efficiency of DSSCs not 

subjected to compression was 0.91% under 100 mW cm−2, 
and the counterpart device subjected to compression had a 
lower efficiency of 0.78%. The flexibility of the novel pho-
toanode was further investigated through a bending test.
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