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a b s t r a c t

We report that NaOH hydrothermal treatment and HF post-treatment of the titanium mesh for the
Pt/Ti counter electrode improved the efficiency of dye-sensitized solar cells. High performance platinum
nanoparticles have been sprayed onto Ti meshes to form counter electrodes for use in large-area flexible
DSSCs using a vacuum thermal decomposition method at low temperature (120 ◦C). The obtained Pt/Ti
counter electrode shows low charge-transfer resistance (57.52 � cm2 with active area of 80 cm2) and
high electrocatalytic activity for the I −/I− redox reaction. The photovoltaic properties and resistances
eywords:
latinum counter electrode
i mesh
aOH hydrothermal treatment
F post-treatment
arge area

3

of Pt/Ti counter electrodes with different HF post-treatment times of the NaOH treated Ti meshes have
been investigated. The efficiency of the large-area (80 cm2) flexible DSSC reaches 6.17% under irradiation
with a natural light intensity of 55 mW cm−2 measured outdoors.

© 2012 Elsevier B.V. All rights reserved.
lexible dye-sensitized solar cell

. Introduction

Since the original fabrication of a dye-sensitized solar cell
DSSC) in 1991 by O’Regan and Grätzel [1–4], the flexible DSSC has
ttracted wide researches due to its merits, such as light weight,
ood flexibility, impact-proof, lower cost [5–13], and the flexible
SSC has been seen as the 3rd generation photovoltaic cell using

oll-to-roll processing as well as the polymer solar cell [14,15],
hich could be a promising solution for many impending energy

nd environmental problems. A flexible DSSC with light-to-electric
nergy conversion efficiency of 7.2% has been achieved [6]. The fab-
ication of a flexible DSSC is possible using substrates such as metal
oils and polymers. On the one hand, the Pt counter electrode on
he flexible substrate is usually prepared by sputtering [7,8], elec-
rochemical deposition [6,10,11], chemical reduction [5,12], and
acuum thermal decomposition method [16]. A high electrocat-
lytic activity for the I3−/I− redox reaction and low series resistance
f the Pt counter electrode is very significant in improving the per-
ormance of the DSSC, especially from the perspectives of its large
cale production [17–19]. On the other hand, to enlarge cell sizes,

everal processes were attempted [17–21]. Commercial solar cells
ike poly-crystalline Si solar cells have a current-collecting grid that

as made by silver solder or conductive printing paste to reduce

∗ Corresponding author. Tel.: +86 595 22693899; fax: +86 595 22692229.
E-mail addresses: ymxiao2011@sohu.com (Y. Xiao), jhwu@hqu.edu.cn (J. Wu).

378-7753/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.02.019
their high surface resistance. In case of DSSC, unacceptable cor-
rosion (or dissolution) of these materials in the contacting I−/I3−

redox electrolyte and the charge recombination between metal
grids and redox electrolytes are the critical issues to be overcome
[18].

Ti foils and Ti meshes have superior corrosion resistance in the
contacting I−/I3− electrolyte, due to the passive oxide film of TiO2
on them. Therefore they have been utilized to manufacture flexible
DSSCs as anodes, due to their flexibility and relatively low sheet
resistance compared to that of conducting glass substrate [6,9,13].
Besides, the acid treatment of the Ti substrate for the photo-anode
could improve the efficiency of DSSCs [22]. However, relatively few
reports have focused on the surface treatment of Ti meshes for
the Pt counter electrode. In this paper, we report on the surface
treatment of Ti meshes using NaOH hydrothermal treatment and
HF post-treatment, and the fabrication of large-area flexible dye-
sensitized solar cells based on TiO2 anodes on Ti foils and Pt/Ti
counter electrodes on Ti meshes, shown in Fig. 1.

2. Experimental details

2.1. Materials
H2PtCl6·6H2O, ethanol, isopropanol, n-butanol iodine, lithium
iodide, tetrabutyl ammonium iodide, 4-tert-butyl-pyridine, ace-
tonitrile, titanium tetrachloride, sodium hydroxide, hydroflu-
oric acid, and hydrochloric acid were purchased from the

dx.doi.org/10.1016/j.jpowsour.2012.02.019
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ymxiao2011@sohu.com
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Fig. 1. Schematic diagram of large-area flexible dye-sensitized solar cells.

hanghai Chemical Agent Ltd., China (Analysis purity grade).
ensitized-dye N719 [cis-di(thiocyanato)-N,N′-bis (2,2′-bipyridyl-
-carboxylic acid-4-tetrabutylammonium carboxylate) ruthenium
II)] was from Solaronix SA, Switzerland. The above agents were
sed without further purification.

.2. Fabrication of flexible Pt/Ti counter electrodes

The Ti mesh (0.05 mm thickness, purchased from Anheng Wire
esh Co., Ltd., China) was cleaned with mild detergent and rinsed

n distilled water, then immersed in 0.20 mM HF solution for
min and rinsed in distilled water again. After cleaned, Ti meshes
ith rectangular dimension of 21 cm × 4.5 cm were placed into the

eflon-lined autoclave. The autoclaves were filled with 10 M NaOH
olution (packing volume < 80%) and sealed into a stainless tank,
ndividually. Then the systems were heated at 140 ◦C for 1 h. After
hat, the autoclaves were naturally cooled to room temperature,
he obtained samples were washed with distilled water, with HCl
queous solution (pH = 2) and then with distilled water for several
imes until the pH value of the samples equaled to 7. The products
ere sintered at 400 ◦C for 30 min in air to produce TiO2 nanowires,

hen immersed in 0.20 mM HF solution for a post-treatment with
ifferent times and rinsed in distilled water again, thus the NaOH
reatment Ti meshes were obtained. H2PtCl6·6H2O was dissolved
n isopropanol and n-butanol (volume ratio of 1:1) with concentra-
ion of 0.96% to prepare H2PtCl6·6H2O solution and then sprayed on
oth sides of the NaOH treatment Ti meshes. Ti meshes were heated
t 120 ◦C for 2 h in a vacuum drying oven (Suzhou Jiangdong Preci-
ion Instrument Co., Ltd., China) [16], the Pt thus was deposited on
i meshes to form Pt/Ti counter electrodes with NaOH treatment
nd HF post-treatment. For comparison, the Pt/Ti counter electrode
ithout NaOH treatment was also prepared, which was designated

s Sample A. The Pt/Ti counter electrode with NaOH treatment, and
hen with HF post-treatment for 5 min was designated as Sample
, 10 min as Sample C, and 15 min as Sample D.

.3. Preparation of flexible TiO2/Ti anodes

The TiO2 colloid (prepared according to our previous reports
16,23–25]) was coated on the Ti foil (0.03 mm thickness, purchased
rom Baoji Yunjie Metal Production Co., Ltd., China) using a doctor-
craping technique. Before the scraping, Ti foils with rectangular

imension of 21 cm × 4.5 cm were washed with mild detergent and
insed in distilled water, then immersed in 0.20 mM HF solution for
min and rinsed in distilled water again. The thickness of the TiO2
lm was controlled by the thickness of the adhesive tape around
urces 208 (2012) 197–202

the edge of the cleaned Ti foil [23–25]. After drying at room tem-
perature, the TiO2 thin films were sintered at 400 ◦C for 30 min in
air to produce nanocrystalline TiO2 films, the TiO2 electrodes were
immersed in a 0.05 M TiCl4 solution at 70 ◦C for 30 min, and then
washed three times with distilled water. The treated TiO2 films
were sintered at 400 ◦C for 20 min. When the TiO2 electrodes were
cooled to 80 ◦C, the obtained TiO2/Ti electrodes were treated by
ultraviolet–O2 at room temperature for 30 min. The TiO2 flexible
film was immersed in a 2.50 × 10−4 M solution of dye N719 in abso-
lute ethanol for 24 h. This allowed sufficient time for the TiO2 film
to absorb the dye adequately. Thus, a dye-sensitized TiO2 flexible
film electrode was obtained.

2.4. Assemblage of flexible DSSCs

The flexible DSSC with an active area of 20 cm × 4.0 cm was
assembled by injection of a redox-active electrolyte into the aper-
ture between the TiO2 film electrode (anode) and the Pt/Ti counter
electrode (as shown in Fig. 1). The two electrodes were clipped
together with two transparent flexible plastics and a cyanoacrylate
adhesive was used as a sealant to prevent the electrolyte solution
from leaking. Epoxy resin was used to further seal the cell in order to
measure the cell stability. The redox electrolyte consisted of 0.60 M
tetrabutyl ammonium iodide, 0.10 M lithium iodide, 0.10 M iodine,
and 0.50 M 4-tert-butyl-pyridine in acetonitrile.

2.5. Characterization

The surface features of flexible Pt/Ti counter electrodes were
observed using a scanning electron microscope (SEM, Hitachi
S-4800, Japan), an energy-dispersive X-ray spectrometer (EDX)
attached to the SEM. The cyclic voltammetry (CV) profiles of the
Pt/Ti counter electrode was measured in a three-electrode electro-
chemical cell with an Electrochemical Workstation (CHI660D,
Shanghai Chenhua Device Company, China) using the Pt/Ti as
the working electrode, a Pt-foil as counter electrode, and an
Ag/AgCl as reference electrode dipped in an acetonitrile solution of
10 mM LiI, 1 mM I2, and 0.1 M LiClO4. The CV measurements were
performed using CHI660D electrochemical measurement system
(scan condition: 25 mV s−1, 50 mV s−1, 100 mV s−1, 250 mV s−1, and
500 mV s−1). Electrochemical impedance spectroscopy (EIS) mea-
surements of the large-area flexible DSSCs were carried out using a
CHI660D electrochemical measurement system at a constant tem-
perature of 20 ◦C, with an AC signal amplitude of 20 mV in the
frequency range from 0.1 to 105 Hz at zero V DC bias, in the dark.
The IPCE (incident monochromatic photon-to-current conversion
efficiency) curves were measured with a Newport Monochromator
(Power Meter Model 2936-C, Newport Corporation, USA).

2.6. Photoelectrochemical measurements

The photovoltaic performance test of the flexible DSSC was con-
ducted by measuring the I–V character curves using a CHI660D
electrochemical measurement system under irradiation with nat-
ural light intensity (measured by Radiometer FZ-A, Photoelectric
Inst. of Beijing Normal Univ., China) of 55 mW cm−2 out of doors.
The photovoltaic performance [i.e. fill factor (FF) and overall energy
conversion efficiency (�)] of the DSSC was calculated using the
following equations [26]:

Vmax × Imax
Voc × Isc

� (%) = Vmax × Imax × 100
Pin

= Voc × Isc × FF × 100
Pin

(2)
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larger oxidation and reduction current density than the Pt/Ti elec-
trode without NaOH treatment, suggesting a fast rate of triiodide
reduction, which is consistent with the Fig. 2(c) and (d).
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Fig. 2. SEM images of the cleaned Ti mesh (a), the NaOH treatment Ti mes

where Isc is the short-circuit current (A), Voc is the open-circuit
oltage (V), Pin is the incident light power (W), and Imax (A) and
max (V) are the current and voltage in the I–V curves, respectively,
t the point of maximum power output.

. Results and discussion

.1. Morphology and compositions of Pt/Ti counter electrodes

Fig. 2(a) shows the SEM image of the Ti mesh cleaned in the
.20 mM HF solution. It is obvious that the surface of the cleaned Ti
esh is roughened after immersed in the HF solution. As shown

n the Fig. 2(b), TiO2 nanowires were produced on the cleaned
i mesh after a NaOH hydrothermal treatment, and this Ti mesh
as a higher void space than the Ti mesh only cleaned in the HF
olution. Fig. 2(c) and (d) shows the SEM images of Pt/Ti counter
lectrodes based on the Sample A and Sample B. It is obvious that
t particles have been dispersed on the Ti mesh with a size diam-
ter of about 200–400 nm. When H2PtCl6 was heated at 120 ◦C for
h in a vacuum environment, the reaction equations are listed as

ollows: H2PtCl6·6H2O ↔ PtCl4 + 2HCl + 6H2O; PtCl4 ↔ PtCl2 + Cl2;
tCl2 ↔ Pt + Cl2. As we know, the three reversible reactions pro-
uce gaseous products, and the vacuum condition promotes the
ositive direction reaction, which results in complete decomposi-
ion of H2PtCl6 at low temperature in a vacuum drying oven [16].
s shown, the Pt/Ti counter electrode prepared with NaOH treat-
ent and 10 min HF post-treatment has three-dimensional space

o hold more Pt particles than the Pt/Ti counter electrode without
aOH treatment, leading to the former has higher electrocatalytic
ctivity for the I3−/I− redox reaction than the latter.
.2. Electrochemical properties of Pt/Ti counter electrodes

Fig. 3 shows cyclic voltammograms for Pt/Ti counter electrodes
ased on the Sample A and Sample B. The two kinds of counter
and Pt/Ti counter electrodes based on the Sample A (c) and Sample B (d).

electrodes show two pairs of oxidation and reduction peaks, which
suggests the obtained Pt/Ti counter electrodes have comparatively
similar electrocatalytic activity for the I3−/I− redox process. The
oxidation and reduction pair (peaks Box and Bred) on the right is
attributed to the redox reaction of I3− + 2e− → 3I−, which directly
affects the DSSC performance; the redox pair (peaks Aox and Ared)
on the left results from the reaction of 3I2 + 2e− → 2I3−, which has
little effect on the DSSC performance [27,28]. The Pt/Ti counter elec-
trode with NaOH treatment and 10 min HF post-treatment shows
1.00.80.60.40.20.0-0.2

Potential/V

Fig. 3. Cyclic voltammograms for Pt/Ti electrodes based on the Sample A and Sample
B at the scan rate of 100 mV s−1.



200 Y. Xiao et al. / Journal of Power Sources 208 (2012) 197–202

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

-8

-6

-4

-2

0

2

4

6

8

10

12 (a)

Potential/V

Cu
rr

en
t D

en
sit

y/
 m

A
.c

m
-2

500

250

100

50

25

Bred

Box

Ared

Aox

864 10 12 14 16 18 20 22 24
-8

-6

-4

-2

0

2

4

6

8

10

12

(b)

(Scan rate)
1/2

/(mVs.
-1
)

1/2

Cu
rr

en
t D

en
sit

y/
 m

A
.c

m
-2

Aox

Box

Bred

Ared

F inne
b

e
t
p
p
i
i
c
a
l
t
f
s
e
I

t
p
t

3
t

p

F
a

ig. 4. (a) Cyclic voltammograms for Pt/Ti electrode with different scan rates (from
etween all the redox peak currents and scan rates.

Fig. 4a shows CVs of the I3−/I− system on the Pt/Ti counter
lectrode (prepared with NaOH treatment and 10 min HF post-
reatment) with different scan rates. This figure shows that the
eak current densities change with the scan rate. The cathodic
eaks gradually and regularly shift negatively, and the correspond-

ng anodic peaks shift positively with increasing scan rate. Fig. 4b
llustrates the relationship between the cathodic and anodic peak
urrents and the square root of the scan rate. The linear relationship
t various scan rates indicates that this redox reaction is diffusion
imited at the Pt/Ti counter electrode, which may be a result of
ransport of iodide species off of the Pt/Ti counter electrode sur-
ace [29,30]. This phenomenon shows that the adsorption of iodide
pecies is little affected by the redox reaction on the Pt/Ti counter
lectrode surface, suggesting no specific interaction between the

3
−/I− redox couple and the Pt/Ti counter electrode [29].

Fig. 5 shows 400 successive CV cycles of the Pt/Ti counter elec-
rode based on the Sample B. On consecutive scans, the peak
ositions and current densities hardly change. This indicates that
he Pt particles are tightly bound to the Ti mesh surface [31].

.3. Influence of the NaOH treatment and HF post-treatment on
he photovoltaic properties
Fig. 6 shows the structure diagram of the Ti mesh and the com-
utational formula of light transmittance of the Ti mesh. Where TB
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ig. 5. Consecutive 400 cyclic voltammograms of I2/I− system for the Pt/Ti electrode
t a scan rate of 100 m Vs−1.
r to outer: 25, 50, 100, 250 mV s−1, and 500 mV s−1, respectively), (b) relationship

is the diagonal line breadth, TL is the diagonal line length of the Ti
mesh and W is the width of the Ti mesh infarction. In this paper,
we choose the Ti mesh, whose TB is 1.5 mm, TL is 2.0 mm and W
is 0.05 mm, therefore the light transmittance is 92.31% calculated
using the computational formula.

Fig. 7 shows the I–V curves of flexible DSSCs (active area
of 80 cm2) based on the Sample A and Sample B under natu-
ral light intensity of 55 mW cm−2 and in the dark, respectively.
The Voc depends greatly on recombination behavior. I–V mea-
surements under dark condition show clearly that recombination
of the Sample B cell is smaller than that of the Sample A cell,
which indicates that the internal consumption of current is lower,
leading to the higher open-circuit voltage. Therefore, the Voc

of the DSSC based on the Sample B is higher than that of the
Sample A. The Isc values are comparatively low, due to the pas-
sive oxide film of TiO2 on Ti substrates, thereby, Ti foils and Ti
meshes have superior corrosion resistance in the contacting I−/I3−

electrolyte.
Fig. 8 shows the IPCE curves of the flexible DSSCs based on

the Sample A and Sample B. It is noticeable that the IPCE curve
for the flexible DSSC using the Pt/Ti counter electrode with NaOH
treatment and 10 min HF post-treatment from 400 nm to 680 nm is

higher than that for the Pt counter electrode without NaOH treat-
ment, resulting in a difference in Isc. The Isc value of the Pt/Ti counter
electrode based on the Sample B shows higher than that of the

Fig. 6. Structure diagram and the computational formula of light transmittance of
the Ti mesh.
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Table 1
The photovoltaic performance of DSSCs with different HF post-treatment times.

HF post-treatment time (min) Sun (mW cm−2) Isc (A) Jsc (mA cm−2) Voc (V) FF � (%) Pmax
a (W)

5 55 0.508 6.35 0.711 0.698 5.73 0.252
6.5
6.3

S
a
a
t
P
H
p
i
e
o
P
t

F

10 55 0.527
15 55 0.511

a Pmax = Isc × Voc × FF.

ample A. This is due to the effect of scattering and electrocat-
lytic activity of the counter electrode. On the one hand, the proper
mount of Pt particles can enhance the scattering effect to increase
he absorption and utilization of light [32]. On the other hand, the
t/Ti counter electrode prepared with NaOH treatment and 10 min
F post-treatment has three-dimensional space to hold more Pt
articles than the Pt/Ti counter electrode without NaOH treatment,

ncreasing the rate of the I3−/I− redox reaction at the Pt counter
lectrode [29,33], thereby enhancing the electrocatalytic activity
f the counter electrode. Therefore, the � and Pmax values of the
t/Ti counter electrode based on the Sample B show higher than

hat of the Sample A.
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Fig. 7. I–V curves of flexible DSSCs based on the Sample A and Sample B.
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ig. 8. IPCE spectra of the flexible DSSCs based on the Sample A and Sample B.
9 0.718 0.717 6.17 0.271
9 0.714 0.719 5.96 0.262

3.4. Influence of the HF post- treatment time on the photovoltaic
properties

Electrochemical impedance spectroscopy (EIS) was measured
with large-area (active area of 80 cm2) flexible DSSCs based on Pt/Ti
counter electrodes with different HF post-treatment times (shown
in Fig. 9), where RS represents mainly the series resistance of the Ti
substrate, and RCT is the charge-transfer resistance at the interface
between electrolyte and the electrode for the I3−/I− redox reaction
[28,34–36], and the results of the RS and RCT are shown in the table
accompanying the Fig. 9. As shown in Fig. 9, the RCT reduces with
the increase of the HF post-treatment time, this is due to that the
thickness of TiO2 nanowires film on the Ti mesh was cut down by
the HF solution. Therefore, the Pt/Ti counter electrode based on the
less time has a lower electrical conductivity, this is disadvantageous
to electron transport [37–39].

The photovoltaic performances of DSSCs (active area of 80 cm2)
based on different HF post-treatment times are shown in the
Table 1. It can be found that the Isc value increases firstly and then
decreases with the increase of the HF post-treatment time, this
trend is due to the RCT and electrocatalytic activity of the counter
electrode. In other words, the RCT reduces with the increase of the
HF post-treatment time, which is advantageous to electron trans-

port [37–39], leading to higher Isc; however, the void space of the
Ti mesh reduces, which is disadvantageous to hold Pt particles,
resulting in lower electrocatalytic activity and Isc. The proper three-
dimensional space could hold a large amount of Pt particles, which

Fig. 9. EIS (measured in the dark) of flexible DSSCs with different HF post-treatment
times.
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. Conclusion

In summary, the titanium mesh was utilized to form the large-
rea flexible Pt/Ti counter electrode using the vacuum thermal
ecomposition method at low temperature (120 ◦C). Before the
acuum thermal decomposition, the Ti mesh was treated using
he NaOH hydrothermal treatment and HF post-treatment for the
t/Ti counter electrode improved the efficiency of DSSCs. Based
n the optimum HF post-treatment time of 10 min, the obtained
t/Ti counter electrode shows low charge-transfer resistance of
7.52 ± 0.03 � cm2 with area of 80 cm2, and has high electrocat-
lytic activity for the I3−/I− redox reaction. The light-to-electric
nergy conversion efficiency of the large-area (80 cm2) flexible
SSC reaches 6.17% under irradiation with a natural light inten-

ity of 55 mW cm−2 measured out of doors. Compared with other
ethods and materials to prepare Pt counter electrodes, the NaOH

ydrothermal treatment and the HF post-treatment on the Ti mesh
re suitable and low cost for the large scale preparation of Pt counter
lectrodes and flexible DSSCs.
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