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Conductive meshes are used to replace transparent conducting oxides 共TCOs兲, which are commonly
used in electrodes of dye-sensitized solar cells 共DSSCs兲. The TCO-less flexible working electrode
could be sintered under 400– 500 ° C. A preliminary result that open-circuit voltage 共VOC兲
= 650 mV, short-circuit current density 共ISC兲 = 4.5 mA/ cm2, and efficiency 共AM1.5兲 = 1.49%
共100 mW/ cm2兲 is obtained from the liquid-type DSSC. The incident light could be dispersed
uniformly inside the electrode. Testing results of the double-counterelectrode cell indicate that the
transmission of electrolyte is not the rate-determining step. The dense TiO2 layer is critical in
improving the cell’s performances. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2475623兴
Dye-sensitized solar cells 共DSSCs兲 are being rapidly developed as the next generation of photovoltaic cells following Si-based solar cells.1–9 In view of DSSCs’ high efficiency, cheap price, environmental friendliness, low angle
dependency on incident light, and many other advantages,
they have gained more and more attentions from both the
academe and industry. At present, the AM1.5 of a transparent
conducting oxide 共TCO兲 glass-based liquid-type DSSC has
exceeded 11%,10,11 8.2%,12 and 6% 共Ref. 13兲 for a small-area
共⬃0.2 cm2兲 cell, large-area strip-shaped cell 共5 ⫻ 0.8 cm2兲,
and large-area module 共a single cell’s area is 18⫻ 0.8 cm2兲,
respectively. However, during the DSSC’s application process, flexibility has become a challenge. Flexible DSSCs are
not only convenient for transportation but also more beneficial when used in more complex environments. The key to a
flexible DSSC is to produce a flexible working electrode,
which requires that the substrate should own high conductivity, transparency, and high temperature sinterability besides
flexibility. However, not many flexible substrates are available for choices. At present, they mainly use poly共ethylene
terephthalate 共PET兲/indium tin oxide 共ITO兲 as the substrate.14–17 Miyasaka and Kijitori used PET/ ITO/ TiO2
as the working electrode and rigid platinized fluorine-doped
tin oxide glass as the counterelectrode, and the smallarea 共0.2 cm2兲 liquid-type DSSC’s AM1.5 reached 4.1%
共100 mW/ cm2兲.18 Meanwhile, Lindstrom et al. used PET/
ITO as the substrate of the working electrode, and the allplastic DSSC’s AM1.5 was still lower than 2.3%
共100 mW/ cm2兲.19,20 One difficulty in using a PET/ITO substrate is the heat resistance limit, and this makes the TiO2
electrode generally sinterable only under 200 ° C, which is
not the optimum sintering temperature, i.e., 400– 500 ° C.
Moreover, it is very difficult to produce the PET/ITO substrate with high transparency and good conductivity. Hence,
conductivity is the only important factor that constrains the
improvement of flexible DSSC performance, especially with
an increase in cell area. In relation to this, Kang et al.21
reported a flexible DSSC 共effective area is 0.2 cm2兲 assembled with flexible stainless steel sheet as the substrate
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and its AM1.5 reached 4.2% 共100 mW/ cm2兲. However, they
had to use Pt-coated PET/ITO as the counterelectrode due to
the opacity of the working electrodes.
In short, DSSCs at present have still not rid of their
dependence on TCOs. TCOs’ resistance factor is higher than
that of metallic materials by two to three orders of magnitude, and its production cost is quite high. For a polymer/
TCO substrate, it is prone to stripping and damaged electrode surfaces due to stress fatigue. In order to address these
problems, especially flexible DSSCs’ heat resistance, conductivity, long-term light/heat stability, mechanical strength,
bending endurance, and cost, further experiments need to be
carried out on DSSCs’ electrode structure.
This letter reports a type of DSSC working electrode
structure. A TCO-less conductive and flexible mesh is introduced into DSSC’s working electrode, which makes it possible for the working electrode to be sintered under high
temperature.
Working electrodes were fabricated according to the
patent,22 and the TiO2 colloid was produced according to the
second method in the literature.2 The dense TiO2 layer
共DTL兲 solution used was the ethanol solution of titanium
isopropoxide 共ACORS兲 共0.01M兲 / acetyl acetone 共0.02M兲.
The stainless steel mesh was cleaned and degreased in acetone and then was presintered at 500 ° C for 15 min. Then
the mesh was dipped in the DTL solution for 30 s, taken out,
and then sintered at 500 ° C for 15 min; this process was
repeated thrice. The diluted TiO2 colloid was homogeneously sprayed on both sides of the mesh while being baked
under the illumination of an infrared lamp, and then it was
sintered at 500 ° C for 30 min. The thickness of the porous
TiO2 layer 共PTL兲 was controlled by the TiO2 colloid’s concentration and spray time. Finally, the sintered TiO2 electrode was cooled to about 100 ° C, dipped into 3 ⫻ 10−4M N3
dye
关cis-bis共isothiocyanato兲
bis共2,2⬘-bipyridyl-4,4⬘-dicarboxylato兲 -ruthenium共II兲兴, and maintained for 12 h. The
electrode was treated with 4-tert-butylpyridine 共Aldrich兲 according to the method in the literature2 before testing.
The electrode’s morphology was observed via scanning
electron microscope 共SEM兲 共S570 Hitachi兲. The counterelectrode was a 0.05 mm thick Pt foil 共purity: 99.9%兲; the electrolyte was mixed with a solvent that contained 0.5M LiI
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FIG. 2. 共Color online兲 I-V performance of the electrode with 共䊐兲 or without
共䊐兲 DTL based on the 120 mesh net substrate and an 8 m thick PTL.AM1.5, 100 mW/ cm2.

FIG. 1. 共Color online兲 共a兲 Optical photo of the as-prepared electrode 共upper,
4.5⫻ 7 cm2兲 and the net substrate 共lower, 4 ⫻ 5.5 cm2兲; 共b兲 SEM photos of
the mesh substrate; 关共c兲 and 共d兲兴 top and sectional views of the as-prepared
electrode.

共Aldrich兲 and 0.05M I2 共AR兲 3-methyl-2-oxazolidinone
共Aldrich兲 / CH3CN 共1:9兲. The working electrode, electrolyte,
and counterelectrode were assembled into a sandwich structure. The cell’s active area was 0.33 cm2, the simulated solar
light source was YSS-50A 共Yamashita DESO兲, and the light
intensity was 100 mW/ cm2.
Figure 1共a兲 shows a large-area 共45⫻ 70 mm2兲 flexible
working electrode, from which it can be seen that this kind
of electrode has relatively good flexibility since the interlaced metal wires could have slight relative displacement between them when the mesh is subjected to external force.
The mesh substrate has less strain and stress concentration at
the substrate/ TiO2 interface than PET/ITO or a stainless
steel sheet substrate, thus enhancing the bending fatigue resistance of the electrode. Figure 1共b兲 is a SEM photo of the
metallic mesh before coating. It has 120 meshes and the
diameter of the metal wire is about 0.067 mm; the mesh
thickness is about 0.150 mm, and the square mesh’s width is
also about twice the wire’s diameter. Figures 1共c兲 and 1共d兲
are the SEM photos of the sectional view and the top view of
the sensitized working electrodes, from which it could be
seen that the PTL wraps closely at the surface of the interlaced metal wires. The experimental results indicate that the
conductivity and mechanical strength of the mesh were not
influenced much even when sintered at 500 ° C. A flexible
TiO2 electrode could be produced with fewer restrictions.
This brings much convenience to large-area and large-scale
production. Figures 1共c兲 and 1共d兲 also show that the meshes
were not totally closed after coating the PTL; the size of the
remaining meshes was decided by both the number of
meshes and the thickness of the PTL. Preliminary experimental results indicate that the existence of meshes is quite
important. These meshes provided sufficient passage for both
light and electrolyte. Moreover, the mesh electrode’s nonflat
structure and the PTL could jointly provide enough reflection

and diffusion centers. The incident light will not leave the
electrode simply through specular reflection or direct penetration. It can be dispersed through the entire working electrode in a zigzag or more complex manner. The photon capture rate of the working electrode will then be improved, and
the light angle dependency can be further reduced. This is an
active factor in improving the average light-electricity conversion efficiency during a day.
Figure 2 shows the working curves of a DSSC based on
this kind of flexible working electrode, where ⽧ represents
the case without a DTL and 䊐 represents the case with a
DTL. Figure 2 shows that, after inserting the DTL, both ISC
and VOC apparently increased. VOC especially reached about
650 or even 700 mV at the highest. The experimental results
also indicate that cell stability after the insertion of DTL
apparently improved, which proves that DTL could effectively inhibit the back transfer of electrons and also protect
the metal substrate from the corrosion of the electrolyte. The
optimization of the DTL and the reduction of leak points in
electrodes are important in further studies on improving a
DSSC’s overall conversion efficiency due to the specialty of
this kind of mesh structure.
Figure 3 represents the PTL thickness dependence of
the cell performance 共all 120 meshes兲. It could be observed
that both VOC and ISC show an increasing pattern followed
by a decreasing one when PTL becomes thicker. When PTL
is 10 m thick, the cell’s ISC , VOC, and AM1.5 reach
4.5 mA/ cm2, 650 mV, and 1.49%, respectively. This trend
can be explained as follows. When PTL is too thin, light
scattering due to the PTL is too weak, the electrode’s shadow
side is in a poor working state, and the overall working voltage is low. Moreover, the insufficient absorbance of dye will
also cause low current. When PTL is too thick, the transmission process of the electrolyte inside the TiO2 layer’s micro-

FIG. 3. 共Color online兲 I-V performance of the electrode with different thicknesses of TiO2. AM1.5, 100 mW/ cm2.
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electrode. The experiments prove that the DTL is critical in
improving this flexible DSSC’s performance. Moreover, the
DCEC experiments indicate that the entire cell’s ratedetermining step is not the transmission process of oxide
species in electrolyte. Thanks to the strong light scattering
capability of the mesh and the PTL, the light inside the electrode could be distributed homogeneously at both sides. Finally, we think that the optimization of the DTL will be
important on further improvement of this kind of flexible
DSSC in the future.

FIG. 4. 共Color online兲 共a兲 Structure of DCEC; 共b兲 I-V performance of
DCEC with only CE1 共쎲兲; only CE2 共䊐兲; both CEs 共䊐兲.
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hole is restricted, which causes the serious interface polarization of electrodes and reduces cell performance.
To study the illumination site and transmission of carriers at each side of the mesh electrode, we designed a doublecounter electrode cell 共DCEC兲 device in which two counterelectrodes share one working electrode, as shown in Fig.
4共a兲. Evidently, this cell structure could not be realized by a
traditional DSSC working electrode. Both counterelectrodes
共CE1 and CE2兲 were ITO glass sputtered with 4 nm Pt. We
compared the cell’s I-V characteristics when only CE1 or
CE2 was connected and both CE1 and CE2 were connected
into the working circuit. The experimental results are shown
in Fig. 4共b兲. Although the cell is only illuminated at one side,
three curves almost have the same shape. This result explains
two important issues. First, as discussions for Fig. 1 stated,
thanks to the PTL and mesh structures, the light inside the
electrode was well dispersed, and the total illumination conditions at each side are basically the same. Second, although
the electrode’s apparent thickness increased, the entire cell’s
rate-determining step is not the transmission process of the
oxide species in the electrolyte. The electrode at the shadow
side can effectively reduce oxide species produced at both
sides. The results above also indicate that the entire PTL
coated around the metal wire could be regarded as active
area; the area loss due to the opaque mesh part can almost be
compensated. Since the working electrode itself is transparent, the electrode’s substrate material would not have to be
transparent, which means that this type of DSSC could completely get rid of its dependency on TCOs.
We came up with a type of meshlike DSSC flexible
working electrode and produced DSSCs without any TCO.
As compared to polymer/ITO or the stainless steel sheet substrate, this working electrode has good conductivity, high
heat resistance, and better long-term heat stability besides its
good transparency, which brings greater freedom for the fabrication of a working electrode and the choice of counter-
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