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Cyclic electro-deposition (CED) is a cost-effective tool to synthesize nanostructures with a solution

process, controllable morphology and high purity. Here we report novel platinum nanostructures

fabricated according to CED at room temperature in solution containing H2PtCl6 precursor and

NaNO3. Remarkable Pt nanostructures—from nanoclusters, nanosheets, nanograsses to

nanoflowers—were produced through morphological control via variation of either period of CED

scans or concentration of the precursor. Pt films with uniform nanograss structures have great electro-

catalytic performance (electron-transfer resistance ¼ 0.3 U) and intrinsic light-scattering (reflectivity

�50%), perfectly suitable for use as counter-electrodes for dye-sensitized solar cells (DSSCs). The

DSSC device made with the Pt-nanograss counter-electrode and N719 dye attained efficiency h ¼
9.61% of power conversion, which is 12% enhanced from that fabricated according to a conventional

thermal decomposition method (h ¼ 8.55%) under similar experimental conditions. When the devices

were further optimized with a thick TiO2 film (17 + 5 mm) sensitized by Z907 dye using the CED-Pt

counter-electrode, we obtained JSC (mA cm�2) ¼ 19.44, VOC (V) ¼ 0.742, and FF ¼ 0.736, giving an

exceptional power conversion efficiency of 10.62%.
1. Introduction

Regarded as a promising candidate for the next-generation

photovoltaic devices, the dye-sensitized solar cell (DSSC) has

attracted much attention in a search for cheap key materials to

promote its performance.1–4 In a DSSC, electrons radiatively

excited from a sensitizer are rapidly injected into the conduction

band of TiO2, and then transferred to catalytically activated

counter electrodes (CEs) through exterior electric circuits. Holes

are released from the dye cations to the I�/I3
� redox couple in the

electrolyte, and then transported to the CE. To improve the cell

performance, much effort has been focused on the design and

synthesis of novel sensitizers with large absorption coefficients5–7

and on photoanodematerials with large surface area and efficient

electron diffusion.8,9 The CE is an important component in

optimization of the cell performance, especially to sustain devices

with highly loaded sensitizers or limitation due to mass transfer

of the electrolyte.9,10 In general, the reduction, I3
� + 2e� / 3I�,

occurs at the CE/electrolyte interface to provide sufficient iodide
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anions for dye regeneration. To improve the catalytic activity at

the surface of the transparent conducting oxide (TCO) substrate

of the CE, the TCO surface is modified with a thin layer of

electro-catalyst to increase the rate of reduction.10–12

For this purpose, promising materials, such as platinum

(Pt),13,14 carbon nanostructures,15–18 conducting polymers,19

surface-nitrided nickel,20 and TiN,21,22 were fabricated on TCO

glass or metallic foil substrates because of their superior electro-

catalytic activity and satisfactory electrical conductivity. Effi-

cient CE materials NiS,23 molybdenum carbide and tungsten

carbide24 are reported; all materials exhibit catalytic activities

comparable with that of Pt. Among them platinum is the electro-

catalyst favoured for a counter electrode because of its excellent

catalytic performance and chemical and thermal stability. To

improve the cell performance, platinized counter electrodes have

been obtained by diverse synthetic approaches, including sput-

tering deposition (SD),13,25–27 thermal decomposition (TD) at

high temperature,10,11 electrochemical deposition,28–30 electrode-

less deposition31 and chemical reduction.32–34 For instance, using

a chemical-reduction method, Sun et al.32 prepared an efficient

DSSC device with a polyol reduced Pt CE (h ¼ 8.1%); Chen

et al.33 fabricated a Pt film reduced with NaBH4 under hydro-

thermal conditions at 100 �C as CE materials for flexible DSSC

applications (h ¼ 5.4%).

Great electro-catalytic activity and satisfactory conductivity

are two major characteristics to be considered for CE materials

to decrease efficiently the charge-transfer resistance (RCT) and

the overpotential at the interface of Pt and electrolyte.32 Another
J. Mater. Chem., 2012, 22, 6267–6273 | 6267
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promising approach is a rational design of the CE surface by

introducing a reflecting layer, such as a photonic crystal35 or a

metallic mirror,36,37 to reflect the unabsorbed photons back into

the photoanode to improve the light-harvesting efficiency of the

solar cells. With a sputtering technique, Gr€atzel and co-workers

employed a Pt mirror of thickness 2 mm as a light-reflecting

CE.36,37 Although the light-harvesting efficiency is improved on

reflecting light back from a Pt mirror, it is an expensive

approach because it requires much Pt-loading on the TCO

surface. Moreover, according to the work of Fang et al.,25 the

electro-catalytic performance of a sputtered Pt CE is not

improved with a Pt film of thickness greater than 10 nm. Similar

results have also been reported by Ho and co-workers.38

According to Ho’s results, the RCT decreases with increasing the

deposition time until 30 s; the RCT values and the catalytic

performance remain the same for further sputtering deposition,

showing an independent behavior of Pt-loading on device

performance.

To attain both sufficient electro-catalytic and light-

reflective features in one material with a small Pt-loading,

we propose a design for the fabrication of a high-performance

Pt CE with shape controlled with various nanostructural

morphologies based on cyclic electro-deposition (CED) in an

electrolyte solution containing precursor H2PtCl6 and NaNO3.

The morphologies of the Pt layers are controllable to show

nanocluster, nanosheet, nanograss and nanoflower features in a

systematic way, depending on the periods of the CED scans or

the concentrations of the precursor H2PtCl6 in the presence

of NaNO3. A DSSC device prepared according to this

CED approach for a CE made of uniform nanograss structure

(Pt-nanograss) exhibits notable photovoltaic performance (h ¼
9.61%) superior to the devices for those CEs prepared

with an expensive SD method (h ¼ 8.77%) or with a conven-

tional TD method (h ¼ 8.55%) under similar fabrication

conditions.
2. Experimental

2.1 Fabrication of Pt counter electrodes

(1) CED method. Electro-deposition was performed with an

electrochemical system (IM 6, Zahner) and three electrodes near

295 K, a Pt coil as the counter electrode, Ag/AgCl as the refer-

ence electrode and an indium-doped tin-oxide (ITO, 2.8 U ,�1)

glass substrate as the working electrode (total area 1 � 2 cm2,

active area 1� 1 cm2). For synthesis of Pt counter electrodes with

nanocluster, nanograss and nanoflower structures, the ITO

substrates were immersed into a stock solution (NaNO3 5 mM,

H2PtCl6 1.0, 1.5, 2.5, 5.0, 7.5, 12.5 mM) in ultrapure water (18

MU) using cyclic electro-deposition with potential controlled in

a range �1.0 to 0.2 V at scan rate 0.05 V s�1 for 2–15 cycles. The

films as prepared were rinsed with ethanol to remove all residue

and dried with gaseous N2.

(2) SD method. The sputtering-deposited platinized counter

electrode was fabricated on depositing platinum onto ITO glass

substrates with a d.c. magnetron sputtering instrument. Upon

optimizing the sputtering condition, we employed an input

power density of 2 W cm�2 in gaseous Ar at 0.5 Pa for 5.5 min.
6268 | J. Mater. Chem., 2012, 22, 6267–6273
(3) TD method. Thermally decomposed platinized counter

electrode was prepared with a conventional thermal reduc-

tion.10,11 A platinum-containing solution (H2PtCl6 in iso-

propanol) was spin-coated onto ITO glass at 2000 rpm for 10 s.

The film as deposited was heated at 380 �C for 30 min. By

repeating the thermal decomposition process for 2 times to reach

the optimal condition (Fig. S1, ESI†), the Pt-CEs were fabricated

for comparison. The surface morphologies of these Pt films were

observed with a field-emission scanning electron microscope

(SEM, JEOL JSM-6390LV). Reflection spectra of the CE were

recorded on a UV/vis/NIR spectrometer (V-570, Jasco).

2.2 Electrochemical measurements

Electrocatalytic measurements of the tri-iodide reduction were

performed in CH3CN solution (LiI 0.01 M, I2 0.001 M, LiClO4

0.1 M) at scan rate 100 mV s�1 using cyclic voltammetric (CV)

analysis. Electrochemical impedance spectra (EIS) were

measured with an electrochemical system (IM 6, Zahner) in

a symmetrical cell design. Two identical platinized electrodes

were assembled and sealed with a hot-melt film (SX1170,

Solaronix, thickness 25 mm, active area 0.45 � 0.45 cm2). The

measured frequency range was 10 mHz to 0.2 MHz; the magni-

tude of alternating potential was 10 mV. The EIS data were

analyzed with an appropriate equivalent circuit using Z-view

simulation software.

2.3 Device fabrication

TiO2 nanoparticles were prepared with a sol–gel method repor-

ted elsewhere.39 A paste composed of TiO2 NP (particle size

�20 nm) was coated with screen printing on a TiCl4-pretreated

FTO glass (TEC7, Hartford, USA). A scattering layer (particle

size 200–600 nm) was screen-printed additionally on the active

layer to improve the performance of the solar cell. The TiO2 films

as prepared were annealed according to a programmed proce-

dure: heating at 80 �C for 15 min; heating at 135 �C for 10 min;

heating at 325 �C for 30 min; heating at 375 �C for 5 min; heating

at 450 �C for 15 min; and heating at 500 �C for 15 min. The

thickness of the transparent active layer was �14 mm and that of

the scattering layer �5 mm. The TiO2 films (active size 0.4 � 0.4

cm2) as prepared were sensitized in a solution (N719 dye,

Solaronix, 3 � 10�4 M) containing chenodeoxycholic acid

(CDCA, 3 � 10�4 M) in acetonitrile/tert-butanol (v/v ¼ 1 : 1)

binary solvent for 8 h. After being washed with ethanol, the

sensitized working electrode was assembled with a Pt counter

electrode—CED-Pt or SD-Pt or TD-Pt—and sealed with a hot-

melt film. An electrolyte solution (I2 0.03 M; 4-tert-butylpyridine

TBP, 0.5 M; 1,2-dimethyl-3-propylimidazolium iodide DMPII,

1.2 M; and guanidinium thiocyanate GuNCS, 0.1 M) in

a mixture (v/v ¼ 85/15) of acetonitrile (CH3CN, 99.9%) and

valeronitrile (n-C4H9CN, 99.9%) was used for all devices.

2.4 Device characterization

The current–voltage characteristics of the devices were measured

with a digital source meter (Keithley 2400, computer-controlled)

under one sun AM-1.5G irradiation from a solar simulator

(SAN-EI, XES-502S) calibrated with a silicon-based reference

cell (S1133, Hamamatsu). The spectra of the efficiency of
This journal is ª The Royal Society of Chemistry 2012
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conversion of incident photons to current (IPCE) of the corre-

sponding devices were recorded with a system comprising a Xe

lamp (PTi A-1010, 150 W), a monochromator (PTi, 1200 g mm�1

blazed at 500 nm), and a source meter.
3. Results and discussion

3.1 Fabrications of Pt nanostructures

A CED technique is particularly useful to fabricate inorganic

semiconductor nanostructures with crystalline and highly

uniform size and shape.40,41 According to a similar approach, the

electro-deposition of Pt onto ITO glass via cyclic voltammetry

(CV) scans was carried out on reducing H2PtCl6 in a solution

containing NaNO3, with the potential swept between �1.0 and

0.2 V (Fig. S2, ESI†). During the potential scan in the cathodic

direction to �1.0 V, Pt(IV) ions from the precursor become

reduced to Pt(II), followed by further reduction to form elemental

Pt deposited on the ITO substrate with a cathodic maximum

potential near �0.6 V. During the anodic scan in the other

direction to +0.2 V, Pt becomes oxidized to Pt(II) with a small

oxidation current to cause a slight dissolution of Pt that strips

part of the Pt off the electrode. The CED process is highly irre-

versible because the rate of reduction is greater than the rate of

oxidation through the CV scans. As a result, the formation of Pt

nanostructures on the electrode becomes controlled through

a subtle balance between deposition and dissolution.

Fig. 1 shows surface morphologies of the Pt nanostructures

obtained with CED at [H2PtCl6] ¼ 5.0 mM with varied deposi-

tion cycles: an apparent shape change is observed in these SEM

images as the period of deposition gradually increases. At small
Fig. 1 FESEM top-view images of deposited Pt films obtained on cyclic

electro-deposition (CED) with scan cycles (a) 2, (b) 4, (c) 6, (d) 8, (e) 10

and (f) 15. The inset in (f) shows a corresponding magnification of

nanosheet aggregates with a nanoflower appearance.

This journal is ª The Royal Society of Chemistry 2012
periods of deposition (2 and 4 CV scans), the elemental Pt begins

to form nanoclusters with irregular shape and a close-packed

geometry (Fig. 1a and b). As the deposition periods increase (6

and 8 CV scans), the irregular nanoclusters aggregate to form

a sheet-like nanostructure (Fig. 1c and d). A uniform

morphology of the nanosheet structures—Pt-nanograss—

standing vertically on the substrate was obtained at 10 CV scans

(Fig. 1e). Afterwards, the uniform nanograsses begin to aggre-

gate to form nanoflower-like structures when deposition cycles

attain 15 scans. The inset of Fig. 1f displays a magnified image of

a typical nanoflower fortuitously produced under these condi-

tions with features mimicking a ‘snow lotus flower’.

Because a uniform Pt-nanograss structure was obtained at 10

CV scans, we performed further control experiments to examine

the effect of the concentration of the Pt precursor (H2PtCl6) in

synthetic solutions with deposition cycles fixed at 10 scans. Fig. 2

shows SEM images of Pt nanostructures with systematic

morphological variation as the concentration of [H2PtCl6] was

varied in the range 1.0–12.5 mM. Similar to the variation of

surface morphology shown in Fig. 1, Pt atoms aggregate to form

nanoclusters (Fig. 2a and b) as the size of the nanoparticles

increases with increasing concentration of the precursor in the

range 1.0–1.5 mM. Nanosheet-like structures begin to appear at

2.5 mM (Fig. 2c); uniform nanograsses were obtained at 5 mM

(Fig. 2d). Beautiful nanoflowers were produced at concentration

7.5 mM (Fig. 2e); they eventually formed a marvelous ‘nano-

flower sea’ at concentration 12.5 mM (Fig. 2f). Fig. 2g–i show

side views of the SEM images for a Pt layer produced at 1.0

(Fig. 2a), 5.0 (Fig. 2d) and 12.5 mM (Fig. 2f), respectively, for

which the thickness of the Pt layer was systematically varied from

30 and 80 to 280 nm as the morphology of the nanostructures

altered from nanocluster and nanograss to nanoflower. The side

view of the nanoflower shown in Fig. 2i displays a morphology

that mimics a real blooming rose.

We have demonstrated that a morphological control of the

platinum nanostructure is achievable on varying either the period

of electro-deposition or the concentrations of the precursor in the

presence of NaNO3. The role of the NaNO3 salt in the shape

control of Pt nanostructures must be justified. For this purpose,

we performed a control experiment with an electrolyte solution

containing H2PtCl6 (5 mM) and KCl (5 mM) in the absence of

NaNO3 at 10 CV scans. In the absence of NaNO3, even though

the same amount of the KCl salt was added, we observed no

formation of Pt nanosheet/nanograss structures using the same

CED procedure; only irregular Pt nanoparticles and nano-

clusters were formed instead under these conditions (Fig. S3,

ESI†), indicating that the NaNO3 is involved in the construction

of the sheet-like morphology and the formation of fascinating

nanograss and nanoflower structures reported herein. The

reasons for the observed NaNO3 effect on the shape control of

the Pt nanostructures are the following. Pileni pointed out that

nanocrystal morphology is controllable in the presence of

various anions selectively adsorbed on facets during crystal

growth.42 Xia and co-workers reported that the shape and size of

Pt nanoparticles are controllable through the reduction kinetics

with varied amounts of NaNO3 in a polyol process;43 they

proposed that the formation of stable complexes between the Pt

(II)/Pt(IV) species and nitrite anions in solution might cause

a decreased rate of reduction of the Pt(IV) precursor for
J. Mater. Chem., 2012, 22, 6267–6273 | 6269
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Fig. 2 FESEM top-view images of deposited Pt films obtained on cyclic electro-deposition (CED) with [H2PtCl6] at concentrations per mM¼ (a) 1, (b)

1.5, (c) 2.5, (d) 5, (e) 7.5 and (f) 12.5; the cross-section images of Pt electrodes corresponding to the films (a), (d) and (f) show thickness L (nm) ¼ (g) 30,

(h) 80, and (i) 280, respectively, of the Pt layer.
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anisotropic growth of the nanostructures to occur on certain

facets. Lei and co-workers fabricated Pt-nanoflowers on

a SWCNTmembrane using CED in solution containing H2PtCl6
(1 mM) and H2SO4 (0.1 M);44 they found that each Pt-nano-

flower comprises many nanosheets growing anisotropically along

the {111} direction. The suppression of the precursor reduction

in a CED process is thus expected to be in the facet perpendicular

to the {111} plane so that one observes the formation of two-

dimensional nanosheet-like structures in the presence of NaNO3.
Fig. 3 (a) Cyclic voltammograms of platinized electrodes prepared with

CED (red curves), SD (blue curves), and TD (black curves) in CH3CN

solution (LiI 0.01 M, I2 0.001 M, and LiClO4 0.1 M) at scan rate 100 mV

s�1. (b) Nyquist plots obtained from electrochemical impedance spec-

troscopy (EIS) for symmetric cells composed of TD-TD (A), SD-SD (:)

and CED-CED (C) Pt electrodes in the frequency range 10 mHz to

0.2 MHz. The inset shows the equivalent circuit scheme used in analysis

of EIS results with impedance simulations at the electrode/electrolyte

interface represented with series resistance RS, charge-transfer resistance

RCT and chemical capacitance CPE.
3.2 Electro-catalytic activity of Pt electrodes

The catalytic function of Pt is strongly affected by the

morphology of nanostructures; the Pt nanoparticles with 2D

shapes gave the best catalytic performance.45 Although beautiful

Pt-nanoflowers were readily produced with the precursor at large

concentrations, they were too fragile, and adhered poorly to the

ITO substrate, for use as a high-performance CE for DSSC

applications. Moreover, the Pt-nanoclusters prepared with small

number of cycles show poorer catalytic activity and device

performance than those obtained by thermal decomposition

(Fig. S4, ESI†). For these reasons, we applied platinized elec-

trodes with a uniform nanograss structure (CED-Pt) to examine

the photovoltaic and electrochemical properties of the devices.

For comparison with conventional platinized counter electrodes,

we fabricated SD-Pt and TD-Pt electrodes by sputtering depo-

sition and thermal decomposition, respectively, under corre-

sponding optimized conditions described in the Experimental

section and ESI†. The electro-catalytic activities of these Pt

electrodes with respect to the tri-iodide reduction were investi-

gated with CV and electrochemical impedance spectroscopy

(EIS).46 Fig. 3a shows cyclic voltammograms of various Pt films

as working electrodes in acetonitrile solution. All cyclic vol-

tammograms feature two anodic peak currents (Ipa1 and Ipa2)

and two cathodic peak currents (Ipc1 and Ipc2). For the I3
�

reduction occurring on the CE surface, the larger cathodic peak

current of CED-Pt (Ipc2 ¼ 1.43 mA cm�2) reveals enhanced

electro-catalytic activity of the electrode compared to SD-Pt,
6270 | J. Mater. Chem., 2012, 22, 6267–6273
Ipc2 ¼ 1.14 mA cm�2, and TD-Pt, Ipc2 ¼ 1.16 mA cm�2. The small

potential difference, |DE| ¼ 0.31 V, between Epc2 and Epa1 of the

CED-Pt electrode indicates a small polarization overpotential at

the surface of the electrode, relative to the other two electrodes.

The superior electro-catalytic performance of the CED-Pt elec-

trode results from its small charge-transfer overpotential11

reflecting the activation barrier of the interfacial charge transfer

between the surface electrons in the electrode and I3
� anions in

the electrolyte, explained below.

The large electro-catalytic activity of the CED-Pt electrode

was confirmed by the EIS10,11,15 results shown in Fig. 3b. The

impedance data were fitted according to an equivalent circuit

shown in the inset of Fig. 3b with the key parameters summarized

in Table 1. The first semicircle in the high-frequency domain

represents the impedance of charge transfer at the electrode/

electrolyte interface; the second semicircle in the low-frequency

domain (not shown for SD-Pt and TD-Pt) reflects the
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Photovoltaic parameters of DSSC devices under AM 1.5G one
sun irradiation with active area 0.16 cm2 and key EIS resistances of the
corresponding platinized counter electrodes for devices constructed with
a symmetric structure and active area 0.2 cm2

Counter electrodes
JSC/mA
cm�2 VOC/V FF h (%) RS/U RCT/U

CED-Pt 15.10 0.818 0.778 9.61 4.3 0.3
SD-Pt 14.51 0.810 0.746 8.77 7.3 4.3
TD-Pt 13.71 0.822 0.759 8.55 9.3 3.8

Fig. 4 Left panel: reflection spectra of Pt films fabricated with CED (red

curve), SD (blue curve), and TD (black curve); the inset shows a mirror-

image photograph of the CED-Pt electrode with nanograss structure.

Right panel: schematic representation of DSSC structures showing the

scattering of incident light with reflective (top) and transparent (bottom)

counter electrodes.

Fig. 5 Current–voltage characteristics and the corresponding IPCE

action spectra (external quantum efficiencies in percentage vs.wavelength

in nm) of N719-based DSSC devices under simulated AM 1.5G solar

illumination at 100 mW cm�2 with active area 0.16 cm2. The devices were

fabricated according to the same materials and experimental procedures

except with Pt counter electrodes constructed with CED (red), SD (blue)

and TD (black).
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contribution of Nernst diffusion in the solution. We focus on an

analysis of the first semicircles of the EIS data, which show the

charge-transfer resistances RCT (U) ¼ 0.3, 4.3 and 3.8 for

symmetric cells based on CED-Pt, SD-Pt and TD-Pt, respec-

tively. As expected, the RCT of the TD-Pt film is slightly smaller

than that of the SD-Pt film, but the CED-Pt electrode shows

a much smaller RCT, indicating that the electro-catalytic ability

of CED-Pt is significantly greater than the others because of its

greater intrinsic catalytic activity and the highly active surface

area resulting from the unique platinum nanostructural

morphology. The series resistances, RS (U) ¼ 4.3, 7.3 and 9.3 for

CED-Pt, SD-Pt and TD-Pt, respectively, are related to the

conductivity of the electrodes. The TD-Pt film shows the largest

RS because poor thermal stability of the ITO film causes

increased resistance during reduction at 380 �C. The CED-Pt film

reveals the smallest RS because of the larger surface area and

strong adhesion to the ITO substrate to improve the conduc-

tivity.29 The observed small values of both RCT and RS for the

CED-Pt electrode imply that the fill factor of the device is

improved substantially when it is used as a CE for a DSSC.

3.3 Reflectivity of Pt electrodes

Upon photo-excitation, the dye molecules might not capture

incident photons completely; the residual light reflected by the

counter electrode might improve the efficiency of light harvest-

ing. Nanograss structures, such as those shown in Fig. 1 and 2,

have a sheet-like feature to scatter residual light effectively for

enhanced light harvesting. The light-reflecting properties of the

CE made of CED-Pt, SD-Pt and TD-Pt were evaluated from

reflection spectra. As shown in Fig. 4, the TD-Pt film without

a mirror-like surface has a reflectivity <20% because the particles

are small and the packing is sparse as indicated in the SEM

images (Fig. S5, ESI†). The CED-Pt film shows reflectivity of 40–

50% in the spectral range 400–800 nm that includes the absorp-

tion by most organic dyes. The inset of Fig. 4 shows a clear

mirror image reflected by the CED-Pt substrate, visualizing the

great reflectivity of the film. To prepare a SD-Pt film with

a reflectivity comparable to that of the CED-Pt film, we

employed a sputtering period of 5.5 min (Fig. S6, ESI†) to

produce a continuous and densely packed Pt film, but a sputter-

ing duration of only 15 s sufficed to produce a SD-Pt CE with

effective electro-catalytic activity, indicating that only platinum

deposited near the surface contributes effectively to the electro-

catalytic function. A mirror-like SD-Pt film with reflectivity

similar to that of the CED-Pt film is hence not beneficial to

improve the electro-catalytic performance; to the contrary, it

suffers from extra and expensive platinum sputtered to deposit
This journal is ª The Royal Society of Chemistry 2012
the film. Instead of a densely packed structure of the SD-Pt film,

the CED-Pt film features sheet-like nanostructures that provide

a large surface area to scatter effectively the incident light. The

right part of Fig. 4 shows schematically the scattering function of

a sheet-like nanograss film. The highly reflective CED-Pt film is

expected to enhance the light-harvesting efficiency of the device

to increase the photocurrent.

3.4 Photovoltaic performance of DSSC devices

The same platinum counter electrodes were integrated into

DSSC devices under the same experimental conditions. The

current–voltage characteristics and the corresponding IPCE

action spectra of these devices are shown in Fig. 5; the corre-

sponding photovoltaic parameters are summarized in Table 1.

VOC values of the three devices are similar, but JSC (CED-Pt >

SD-Pt > TD-Pt) and FF (CED-Pt > TD-Pt > SD-Pt) exhibit
J. Mater. Chem., 2012, 22, 6267–6273 | 6271
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systematic trends. Because the magnitude of the FF depends

strongly on the electro-catalytic activity reflected by the value of

RCT, the order of the FF is consistent with the variation of RCT

showing the opposite trend. The FF, 0.746, of the SD-Pt device is

smaller than that, 0.759, of the TD-Pt device because the former

exhibits a poorer electro-catalytic activity than the latter due to

the densely packed structure of the former, but the excellent

scattering effect of the SD-Pt device of which the greater reflec-

tivity enhances its light-harvesting efficiency yields JSC ¼ 14.51

mA cm�2 whereas for the TD-Pt device, it is 13.71 mA cm�2. With

balanced performances of FF and JSC for both SD-Pt and TD-Pt

devices, similar efficiencies, 8.77 and 8.55%, of power conversion

were attained. For the CED-Pt device with a nanograss structure,

the excellent electro-catalytic activity reflects its charge-transfer

resistance RCT ¼ 0.3 U, increasing its FF value to 0.778. Such an

excellent electro-catalytic effect is considered to release I� species

rapidly from the electrolytic reduction at the electrode/electrolyte

interface, so as to enhance the dye regeneration and to improve

the efficiency of charge collection to increase its JSC. With

consideration of the excellent light-scattering effect to improve

the light-harvesting efficiency, the DSSC device made of CED-Pt

CE exhibits JSC ¼ 15.10 mA cm�2, superior to other devices. The

overall power conversion efficiency of the CED-Pt device attains

9.61%, a performance enhanced 12% relative to that of

a conventional TD-Pt device under the same fabrication

conditions.

Although impressive photovoltaic performance has been

reported with novel sensitizers and electrode materials, it is

essential to develop devices with superior long-term stability and

outstanding performance. We therefore made an attempt to

optimize the cell performance for the DSSC devices with thicker

nanocrystalline TiO2 films (17 + 5 mm) sensitized with thermally

stable amphiphilic ruthenium dye [RuLL’(NCS)2] (L ¼H2dcbpy

¼ 2,20-bipyridine-4,40-dicarboxylic acid, L0 ¼ dnbpy ¼ 4,40-
dinoyl-2,20-bipyridine) known as Z907.47 Fig. 6 shows the opti-

mized current–voltage characteristics of the DSSC devices

fabricated using the CED-Pt and TD-Pt films as counter elec-

trodes. The results display a consistent trend for both JSC and

FF, in which the current densities and the fill factors significantly

increase from JSC ¼ 18.51 mA cm�2 and FF ¼ 0.719 (the TD-Pt
Fig. 6 The current–voltage characteristics of the DSSC devices fabri-

cated with CED-Pt (red) and TD-Pt (black) counter electrodes. The

device performances were optimized with thicker TiO2 films (17 + 5 mm)

sensitized with dye Z907.
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device) to JSC ¼ 19.44 mA cm�2 and FF ¼ 0.736 (the CED-Pt

device); the corresponding power conversion efficiencies increase

from 9.77% to 10.62%, which is unprecedented for the Z907-

sensitized solar cell with great long-term stability.47,48

4. Conclusions

In conclusion, we report a novel solution-phase technique to

fabricate nanostructured Pt electrodes according to a cyclic

electro-deposition approach in the presence of NaNO3. The

platinum layer on the ITO surface is controllable to show varied

nanocluster, nanosheet, nanograss, and nanoflower morphol-

ogies on adjusting the cycles of CED scans or the initial

concentration of the H2PtCl6 precursor. We applied CV and EIS

techniques to study the electro-catalytic activity of the electrodes;

the electro-catalytic performance of the Pt electrode with nano-

grass feature is superior to those made of sputtering deposition

and conventional thermal decomposition. When these Pt elec-

trodes were fabricated into DSSC devices under the same

experimental conditions, the CED-Pt device exhibited the best

cell performance. The excellent performance—FF ¼ 0.778 and

JSC ¼ 15.10 mA cm�2—of the CED-Pt device is due to the

improved electro-catalytic activity with charge-transfer resis-

tance of only 0.3 U and the intrinsic light-scattering effect with

a large surface area for reflectivity of �50%. The CED technique

thus provides a promising approach to fabricate a cost-effective

counter electrode with brief deposition for highly efficient

applications in solar cells. The presented CED-Pt electrode has

the advantages of processing at low temperature with a small

Pt-loading and an effective catalytic performance, giving it the

potential for application in plastic electrodes for flexible photo-

voltaic applications. Other potential applications of these

Pt-nanomaterials include heterogeneous catalysis, control of

vehicle emission, production of hydrogen, sensors and fuel cells.
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