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This study demonstrates platinum (Pt) counter electrodes with low charge-transfer resistance (Rct), low Pt
loading and high active surface area can be obtained within 30 s by using the direct-current deposition in
the presence of 3-(2-aminoethylamino)propyl-methyldimethoxysilane (Me-EDA-Si) as an additive. The
addition of appropriate Me-EDA-Si can not only enhance the current efficiency but also inhibit the growth
ccepted 24 November 2010
vailable online 2 December 2010

eywords:
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of semicircle-like grains, thus resulting in Pt electrode with high active surface area. Consequently, the
dye-sensitized solar cells (DSSCs) fabricated with so-prepared Pt electrodes exhibited cell efficiency of
7.39% while 0.01 vol% Me-EDA-Si was added, which is much superior to that with sputtered-Pt electrodes
under the same assembly conditions.

© 2010 Elsevier Ltd. All rights reserved.
dditive

. Introduction

In recent years, dye-sensitized solar cells (DSSCs) developed
y Grätzel [1] have attracted much attention. One component of
SSCs, the counter electrode, plays an important role to acceler-
te the reaction, I3− + 2e− → I−, and reduce the voltage loss during
he catalytic reaction [2]. Platinum is the common catalyst mate-
ial because Pt is more stable when in contact with the iodine-based
lectrolyte than other catalytic materials such as graphite [3,4] and
onducting polymer [5,6]. In practice, sputtering is widely devel-
ped for depositing Pt film due to its stability and reproducibility.
owever, a large portion of the such deposited Pt is located inside

he film and did not fully exhibit its catalytic function, render-
ng a waste of material [7,8]. Thermal decomposition is another
lternative for fabricating the counter electrodes with low Pt load-
ng, showing good performance and mechanical stability [9]. Yet
he processing temperature needed is at least up to 450 ◦C, thus
esulting in high energy consumption especially for large-scale pro-

uction. Furthermore, the development of flexible DSSCs becomes
prominent issue and high-temperature process certainly is in

onflict with the application of flexible polymeric substrate [10].

∗ Corresponding author. Tel.: +886 2 25925252/2561 119; fax: +886 2 25861939.
E-mail address: jylin@ttu.edu.tw (J.-Y. Lin).

1 ISE member.

013-4686/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2010.11.084
So new low-temperature and cost-effective processes have been
explored. Polyvinylpyrrolidone (PVP)-capped Pt nano-clusters
developed in our laboratory were deposited via a dip-coating
method to fabricate counter electrode [7,11]. The cell efficiency
could reach 5.28% with a Pt loading of 4.65 �g cm−2. But it still
needs a post-treatment to minimize the shielding effect of PVP
which could deeply decrease the catalytic ability of Pt catalyst.

Another effective approach to fabricate the Pt electrode is by
electrochemical deposition. This approach can be further classified
into two methods: electroless deposition (ELD) and electrodeposi-
tion (ED). The ELD technique was employed to fabricate Pt electrode
with low charge-transfer resistance (Rct) by suitable surface mod-
ification [8]. However, it is still in the early development stage.
In addition, Chen et al. [12] used metallic substrates to fabricate
Pt electrode by the displacement reaction. The best cell efficiency
obtained was up to 7.29% with a Ni sheet as the substrate. Unfor-
tunately, the Pt loading was also as high as ∼487.5 �g cm−2. The
electrodeposition method is another simple and low cost process.
Kim et al. pointed out that insufficient metal content resulted
in a discontinuous film with inhomogeneous dendritic crystal by
direct-current deposition [13]. So, pulse deposition was used to
solve this problem. Because the metal ions can be supplied to

the surface of the substrate during the pulse deposition so that
the gradient of the metal ions can be eliminated, thus a uniform
and well-dispersion Pt films can be obtained. Since sufficient Pt
nuclei formed on the surface, the cell efficiency and the effective Pt
active area could consequently be significant improved, as shown in

dx.doi.org/10.1016/j.electacta.2010.11.084
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:jylin@ttu.edu.tw
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Table 1. Tsekouras et al. [14] demonstrated the cell efficiency can
reach ∼6.5% with a combination of pulse and constant potential
deposition. Yoon et al. [2] employed octaethylene glycol monohex-
adecyl ether (C16EO8) as a deposition additive to prepare the Pt
counter electrodes and achieved a higher efficiency of 7.6%. How-
ever, the procedure needs further annealing (450 ◦C) to remove the
C16EO8 and the total procedure takes more than 2 h. Song et al. [15]
further modified the pulse deposition process by using PVP as addi-
tive. Nevertheless, the cell efficiency of the DSSC was just 4.28%. The
major reason might be due to the shielding effect of the long-chain
PVP molecules.

In this article, we proposed a simple, fast (within 30 s) and
room-temperature process by means of direct-current deposi-
tion in the presence of an additive, Me-EDA-Si generally used
as a self-assembly monolayer (SAM) to modify the surface for
wide applications, especially in the electronics industry [8,16,17].
The morphology and deposition rate of the Pt counter electrodes
were examined by a field-emission scanning electronic microscopy
(FESEM). The other characterizations for serving as a counter elec-
trode, such as Pt loading, Rct and the cell efficiency were also carried
out.

2. Experimental

2.1. Preparation of Pt counter electrodes

First, the fluorine-doped tin oxide transparent glasses (FTO
13 �/�, NSG) were ultrasonically cleaned sequentially in detergent,
acetone (Mallinckrodt Chemicals) and distilled water (DI water) for
10 min, and then stored in isopropyl alcohol (IPA, ECHO Chemicals).
The electrodeposition was carried out with an electrochemical ana-
lyzer system, CHI 627C (CH Instruments, USA). All experiments
were done in a three-electrode cell, including a Pt plate as counter
electrode and an Ag/AgCl electrode as reference electrode (Bioan-
alytic System, 3 M KCl) and FTO glasses with an exposed area of
0.64 cm2 as the working electrode. The base solution consisted of
10 mM of PtCl4 (Merck) and 0.05 M of HCl (ECHO Chemicals). 3-
(2-Aminoethylamino)propyl-methyldimethoxysilane (Me-EDA-Si,
Fluka) was served as additive and added to the base solution in con-
centrations ranging from 0% to 0.5%. A constant current density of
10 mA cm−2 was employed for electrodeposition.

2.2. Characterization of electrodeposited-Pt counter electrodes

High-resolution filed emission scanning electron microscopy
(FE-SEM, Hitachi S4700I) was used to study the morphology of the
various Pt electrodes. The Pt loading of the as-prepared electrode
was examined by an inductively couple plasma-optical emission
spectrometer (ICP-OES, Perkin Elmer Optima-2000DV). Prior to the
ICP measurement, the Pt electrodes were placed in aqua regia with
agitation for 24 h to dissolve the Pt. The contact angle tests were
conducted using a digital microscope (AM211, Dinolite Pro.) to
investigate FTO surface modification. To further investigate the
catalytic activity of the Pt electrodes for tri-iodine reaction, its
charge-transfer resistance (Rct) was measured by means of an
electrochemical impedance spectroscopy (EIS) with a symmetric
test cell with two identical electrodes. These two electrodes were
wrapped with thermoplastic hot-melt Surlyn leaving an exposed
area of 0.64 cm2. The electrolyte for EIS tests contained 0.5 M 4-
tertpbutylpyridine (Aldrich), 1 M 1,3-dimethylimidazoliumiodine

(Merck), 0.15 M iodine (J.T. Baker), and 0.1 M guanidine thio-
cyanate (Aldrich) in 3-methoxypropionitrile (Acros) solution. The
EIS tests were carried out using a computer-controlled electro-
chemical interface system (Solartron Analytical, SI 1286) and HF
frequency response analyzer (Solartron Analytical, SI 1255), and the
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ig. 1. Top-view FESEM images of (a) pure FTO; (b) sputtered-Pt counter electro
.001 vol%; (e) 0.01 vol%; (f) 0.05 vol% and (g) 0.5 vol% Me-EDA-Si, respectively.

mpedance data covered frequency range from 0.1 Hz to 100 kHz. In
ddition, cyclic voltammetric (CV) tests were employed to compare
he relative active surface area.

.3. Preparation of the TiO2 photoanode

To measure the cell efficiency of DSSC with as-prepared Pt
ounter electrode, the cell was assembled with TiO2 photoanode, as
reviously described [18]. The TiO2 photoanodes were prepared by
creen-printing double-layer TiO2 with a total thickness of ∼14 �m
n the FTO substrate, which were supplied by Tripod Technology
nd the effective area was 0.283 cm2. The first layer as the inter-
ayer was ∼12 �m thick and the second layer with light-scattering

natase TiO2 particles was ∼2 �m thick. Before the assembly, the
iO2 photoanodes were immersed into the organic sensitizer N719
0.3 mM N719 dye in an ethanol solution, Everlight Chemical Indus-
ry Co.) solution at 40 ◦C for 4 h to ensure the dye was adsorbed and
otally covered on the TiO2 photoanodes.
lectrodeposited-Pt counter electrodes prepared in the presence of (c) 0 vol%; (d)

2.4. DSSCs assembly and photovoltaic performance

After dye adsorption, the photoanode was assembled with
Pt counter electrode with a hot-pressing machine and thermo-
plastic Surlyn (30 �m thick, DuPont) at 120 ◦C and 3.5 kg cm−2

pressure. The DSSCs were then ready for cell efficiency tests
(photocurrent–voltage curve, I–V curve). The electrolyte also used
in the EIS test was injected into the cells. The I–V curves were
measured with a computer-controlled Keithely 2400 source meter
under illumination by a Yamashita Denso YSS-150A solar simulator
(AM 1.5, 100 mW cm−2).
3. Results and discussion

The top-view FE-SEM images of pure FTO glass, sputtered-Pt film
and electrodeposited-Pt films are shown in Fig. 1. From Fig. 1a and
b, it can be found that the sputtered-Pt deposit is highly bright with
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5 s of deposition. With further increasing Me-EDA-Si concentration
to 0.5 vol%, a very rapid drop in overpotential was found at the
interval. Generally, the decrease in the overpotential could facil-
itate electrodeposition, thus resulting in an enhanced deposition
rate [20]. This also indicates that an enhanced deposition rate can be
ig. 2. Top-view FESEM images of electrodeposited-Pt counter electrodes with vario

mirror-like surface and its surface morphology naturally resem-
les that of pure FTO substrate, which is consistent with previous
bservation [2]. Fig. 1c shows that the semicircle-like Pt particles
ere obtained from the base solution. However, the inhomoge-
eous distribution of Pt particles was observed on the FTO surface
ven after 30 s direct-current deposition. According to Kim et al.
13], the use of dc electrodeposition tended to form dendritic crystal
ecause the formation of nuclei inferior to the growth of exist-

ng crystals. Such effect decreased the surface area of Pt counter
lectrode, eventually resulting in the decay of catalytic activity
nd cell performance. In contrast, the electrodeposited-Pt elec-
rodes deposited at various concentrations of Me-EDA-Si (Fig. 1d–g)
ere significantly different from that without Me-EDA-Si. The Pt
eposits with highly coarse active surface area were observed from
ath with Me-EDA-Si, thus solving the inhomogeneous Pt particle
istribution and the dendritic crystal morphology while DC depo-
ition was employed. For the base solution containing 0.001 vol%
e-EDA-Si (Fig. 1d), the film was similar to that deposited in the

bsence of Me-EDA-Si, but rough surface with non-uniform dis-
ersion could be observed. With 0.01 vol% and 0.05 vol% Me-EDA-Si
dded, the films became much rougher, and nodular structure with
longated, rod-like grains was observed. The grain size was about
00 nm in length and 30 nm in width. Although these two images
eemed similar, there was still some difference between them. Par-
ial aggregation of the nodular structures leads to clustering in the
ase of 0.05 vol% Me-EDA-Si. With 0.01 vol% Me-EDA-Si in the base
olution, the nodular structure was well dispersed and less aggrega-
ion was observed on the FTO surface, thus resulting in much more
ctive surface area. When 0.5 vol% Me-EDA-Si was added in the base
olution (Fig. 1g), the deposit was charcoal gray with both plate-
ike grains and clusters. The above observation indicates that the
lectrodeposited-Pt film obtained from the base solution contain-
ng 0.01 vol% Me-EDA-Si in 30 s direct-current deposition seems

ore attractive than others because it shows the highest surface
rea. Moreover, the presence of Me-EDA-Si seems to inhibit the
emicircle growth of Pt particles.

The Pt loading was analyzed by an ICP-OES. Apparently, the
oading of Pt increased with the increase in the concentration of

e-EDA-Si, as shown in Table 1. The Pt loading in the absence of
e-EDA-Si was only about 1.06 �g cm−2. Nevertheless, the depo-

ition was found to speed up while adding Me-EDA-Si into the
eposition bath. The more Me-EDA-Si was added, the higher cur-

ent efficiency was obtained. Fig. 2 presents the FESEM images
f electrodeposited-Pt electrodes in the presence (0.01 vol%) and
bsence (0 vol%) of Me-EDA-Si. There is an apparent discrepancy
n the surface morphology for just 2 s deposition. The formation of
uclei with 0.01 vol% Me-EDA-Si was much more than that with-
position time in the base solution containing (a) 0 vol% and (b) 0.01 vol% Me-EDA-Si.

out Me-EDA-Si. Also we could hardly find any nucleus formation on
the FTO surface after 2 s or 5 s electrodeposition. These results imply
that Me-EDA-Si may act as an accelerator during Pt electrodeposi-
tion as further supported by the following quantitative study. As
the Me-EDA-Si concentration increased from 0.001 up to 0.5 vol%,
the Pt loading was 2.07 �g cm−2, 4.76 �g cm−2, 5.25 �g cm−2 and
9.66 �g cm−2, respectively. A comparison of Pt loading between
different coating methods are summarized in Table 1. The Pt load-
ing of the sputtered-Pt electrode was ∼100 �g cm−2 in this work,
certainly much higher than our product. Kim et al. [13] also used
direct-current deposition to prepare Pt counter electrode, but the
Pt loading was much higher than our sample as shown in Table 1.

Fig. 3 shows the chronopotentiometric studies to investigate
the function of Me-EDA-Si during Pt deposition. It can be observed
that the depolarization effect can be observed within the first 5 s
of electrodeposition while the deposition bath was in the presence
of Me-EDA-Si. The overpotential in the presence of 0.01 vol% Me-
EDA-Si was less than that obtained in the base solution with the first
Fig. 3. (a–c) Chronopotentiometric measurements were conducted on clean FTO
substrates in the base solution, base solution containing 0.01 vol% Me-EDA-Si, and
base solution containing 0.5% Me-EDA-Si, respectively. (d) Electrodeposition was
carried out on the Me-EDA-Si modified FTO in the base solution. The inset figure is
the results of contact angle test in the base solution containing 0.01 vol% Me-EDA-Si.
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As shown in Fig. 4, the oxidation and the reduction peak of
I−/I3− for the different electrodes were similar but increased cur-
rent density can be observed when the electrode was prepared
with 0.01 vol% Me-EDA-Si. Compared with these three counter elec-
trodes, the electrodeposited-Pt counter electrode obtained in the
Fig. 4. Schematic of the proposed mech

btained in the presence of ME-EDA-Si, which is in accordance with
he finding from ICP-OES results. Therefore, Me-EDA-Si is likely to
ct as an accelerator during the Pt electrodeposition. To further
ealize in more detail regarding the function of Me-EDA-Si dur-
ng electrodeposition, a FTO surface was modified with Me-EDA-Si
rior to electrodeposition by dipping it into the solution contain-

ng 1 vol% Me-EDA-Si for 10 min and then the electrodeposition in
he base solution was carried out. The change in overpotential of
he pre-modified FTO substrate similar to that obtained in the base
olution containing 0.5 vol% Me-EDA-Si can be observed, as shown
n Fig. 3. Based on this result, we proposed that Me-EDA-Si was
rstly anchored with the OH− functional group on the FTO surface
t the start of the electrodeposition. Moreover, we found that Me-
DA-Si can anchor with the FTO surface in a very short time by
eans of the contact angle measurement, as shown in the inset of

ig. 3. An obvious increase in the contact angle on the FTO surface
as observed no more than 2 s due to the attached Me-EDA-Si, indi-

ating that the interaction between FTO and Me-EDA-Si was very
apid. Consequently, a mechanism of Me-EDA-Si on Pt electrode-
osition can be proposed, as schematically shown in Fig. 4. Firstly,
e-EDA-Si compounds diffuse faster than [PtCl6]2− ions from bulk

olution into the diffusion layer in the base solution containing Me-
DA-Si due to the attraction of OH− functional group on the FTO
urface. Then Me-EDA-Si compounds can anchor with OH− func-
ional group on the FTO surface [8,16,17] and their amino group can
rovide the binding sites for the [PtCl6]2− ions, resulting in attract-

ng more [PtCl6]2− ions. Thus the deposition rate can be enhanced.
To evaluate the catalytic activity of the Pt electrode toward

ri-iodine reaction, EIS analysis was conducted with a symmetric
est cell. Based on the theory of EIS, series resistance (Rs), charge-
ransfer resistance (Rct) and Nernst diffusion impedance (RD) could
e determined by this method from high-frequency region to low-
requency region. However, Rct is the most important among these
hree types to measure the catalytic activity in the early stage. It
epresents the electron-transfer resistance between the electrolyte
nd the Pt counter electrode. In general, a smaller Rct indicates a
igh activity and consequently high cell conversion efficiency. Fig. 5

llustrates the Nyquist plots of the various Pt electrodes. The Rct val-
es of around 5.83, 4.91, 1.39, 2.14 and 2.24 � cm2 can be obtained
hile the base solution containing 0 vol%, 0.001 vol%, 0.01 vol%,

.05 vol% and 0.5 vol% Me-EDA-Si, respectively. The smallest Rct

alue was observed for the electrode deposited with 0.01 vol% Me-
DA-Si, implying that the electron transferability was more facile
rom the counter electrode to I3− ion. This also indicates that its cat-
lytic activity is superior to others due to its well-dispersive nodular
tructure. Furthermore, the Rct of the electrodeposited-Pt electrode

ith 0.01 vol% Me-EDA-Si was smaller than that of the sputtered-

t electrode (2.03 � cm2), even with a much lower Pt loading in
he former case, implying the catalytic activity of electrodeposited
t electrode was higher than sputtered Pt electrode because of the
ormer has a relative high surface area.
of Me-EDA-Si on Pt electrodeposition.

The Rct values for various Pt counter electrode are also summa-
rized in Table 1. Although the Pt loading increased with increasing
concentration of Me-EDA-Si, the Rct did not follow the same ten-
dency. On the contrary, a minimum Rct of 1.39 � cm2 was found as
0.01 vol% Me-EDA-Si was added in the base solution. Besides, large
Rct might be attributed to insufficient Pt or the relative sparse active
surface areas on the counter electrode.

To further confirm the results from SEM and EIS analysis that
the counter electrode made by dc deposition in the presence of
0.01 vol% Me-EDA-Si possesses high active surface area, CV anal-
ysis was done to characterize the relative active surface areas
of the Pt electrodes. Fig. 6 shows the CVs of sputtered-Pt and
electrodeposited-Pt electrodes measured in iodine electrolyte at
50 mV s−1 scan rate. It is well-known that the reaction occurs on the
counter electrode of DSSCs is I3− + 2e− → 3I−. Consequently, only
the cathodic reaction is considered in the CV test. According to pre-
vious report [7,11], the reaction of I−/I3− redox mediator occurred
between −0.4 V and 0.4 V, and thus this interval was chosen as the
scan range. In this interval, the anodic peak is contributed by the
reaction (1) in an anodic sweep and the cathodic peak is contributed
by the reaction (2) in a cathodic sweep, respectively.

3I− → I3− + 2e−(Anodicpeak) (1)

I3− + 2e− → 3I−(Cathodicpeak) (2)
Fig. 5. EIS results for different Pt counter electrodes.
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lectrodeposited-Pt counter electrodes prepared in the presence of 0 vol% and
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resence of 0.01 vol% Me-EDA-Si as a working electrode indeed
emonstrated the largest current density for the reaction of I−/I3−.
he superior performance is related to high active surface area as
tudied by other workers [7,13,19].

The I–V curves of the as-prepared DSSCs are shown in Fig. 7, and
he corresponding photovoltaic parameters are listed in Table 1.
he performance of the DSSC with Pt counter electrode electrode-
osited with 0.01% Me-EDA-Si additive (Pt loading ∼4.76 �g cm−2)
hows a short circuit current (Jsc) of 17.45 mA cm−2, open circuit
oltage (Voc) 0.68 V, fill factor (FF) 0.62, thus yielding a 7.39% cell
fficiency (�). As for the DSSC with a sputtered-Pt counter electrode
Pt loading ∼100 �g cm−2), the Jsc, Voc and FF were 14.9 mA cm−2,
.66 V, and 0.61 and a resultant � of 6.01% Moreover, we noticed
hat the Jsc and the � values of the DSSCs with electrodeposited-Pt
ounter electrodes increased gradually with the Me-EDA-Si con-
entration up to 0.01 vol% and then decreased with further addition
f Me-EDA-Si. This observation is indeed in consistency with the

IS results. In addition, although the loading of Pt increased with
ncreasing Me-EDA-Si concentration, the cell efficiency reached a

aximum when 0.01 vol% Me-EDA-Si was added in the base solu-
ion. This might be attributed to the relative highest active surface
rea in this particular case, as observed from the EIS and CV data,

Fig. 7. I–V curves of the DSSCs assembled with various Pt counter electrodes.
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the � value of the DSSC with electrodeposited-Pt counter electrode
in the presence of 0.5 vol% Me-EDA-Si in the base solution was only
5.86%. The � value decreased dramatically with higher Pt loading
on the FTO surface, indicating that most of the Pt became useless
due to Pt aggregation.

Comparison of data as shown in Table 1 further indicates the suc-
cessful decrease of Pt loading with the use of Me-EDA-Si without
loss of high cell efficiency under the similar preparation method.
Although there were efficiencies reported higher than 6–7% in the
literature, they usually involve optimal combination of all the com-
ponents in DSSC or usually on a very small substrate. In any case, a
higher � (7.39%) for our low Pt-loading counter electrode than the
corresponding sputtered-Pt counter electrode (6.01%) means we
should be able to further improve our cell efficiency with existing
technology.

4. Conclusions

We have developed a process whereby low Pt-loading counter
electrode can be prepared in very short period by dc electrode-
position with appropriate addition of Me-EDA-Si. The Me-EDA-Si
additive serves as an accelerator so that the counter electrode can
be electrodeposited within only 30 s. Moreover, the addition of
Me-EDA-Si can inhibit the growth of semicircle-like Pt grains, thus
resulting in the formation of high active surface area. The DSSC with
the electrodeposited-Pt counter electrode prepared in the presence
of 0.01 vol% Me-EDA-Si already demonstrated a fairly high cell effi-
ciency of 7.39% with very low Pt loading (∼4.76 �g cm−2) in our
preliminary experiment without optimization. The improved per-
formance of the DSSC was attributed to the increased relative active
surface areas and the small charge-transfer resistance (1.39 � cm2).
The whole process took only 30 s and was under ambient atmo-
sphere, and no high temperature post-annealing was required.
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