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a  b  s  t  r  a  c  t

Au  nano  particles  (NPs)  were  deposited  on  vertically  grown  TiO2 nanorod  arrays  on  FTO  substrate  by
hydrothermal  process.  Metal  nanoparticles  were  loaded  onto  the  surface  of  TiO2 nanorods  via  photo-
chemical  reduction  process  under  ultraviolet  irradiation.  X-ray  diffraction  (XRD),  electron  microscopy
(FESEM),  transmission  electron  microscopy  (TEM)  and  X-ray  photoelectron  spectroscopy  (XPS)  analysis
vailable online 26 May 2012

eywords:
ye-sensitized solar cell
ydrothermal
iO2 nanorods

were  used  to characterize  the  as-prepared  Au/TiO2 nanorod  composites.  Current  density–voltage  (J–V)
measurements  were  obtained  from  a  two-electrode  sandwich  type  cell.  The  presence  of  Au nanoparticles
can help  the electron–hole  separation  by  attracting  photoelectrons.  Addition  of Au nanoparticles  to the
TiO2 nanorod  significantly  increased  the  fill  factor  and  JSC (short  circuit  current  density).  The application
of  Au  NPs  TiO2 nanorods  in  improving  the  performance  of DSSCs  is  promising.
hotoreduction

. Introduction

Since the first report by Gratzel et al. in 1991, dye sensitized
olar cells (DSSC) have attracted extraordinary attention. DSSCs
ould be viable low cost alternatives to silicon-based solar cells
1,2]. Initial demonstrations of DSSCs were based on dye sensitiza-
ion of porous nano crystalline semiconductors like TiO2. There are
umerous studies on the potentials of improving the efficiency of
SSCs by using other semiconducting metal oxides, such as Nb2O5

3],  CeO2 [4],  ZnO [5,6], and SnO2 [7] and composite oxide materials
8,9].

Synthesis of aligned single-crystalline TiO2 nanorods or
anowires has attracted extensive attention because of their
xcellent and unique potential applications in electronics, photo-
hemistry, biology and optics, as well as their applications in gas
ensors [10], dye-sensitized solar cells [11], lithium ion batteries
12], photovoltaic devices [2],  and as photocatalysts [13].

Recently, numerous methods for fabricating one-dimensional
anostructured TiO2 have been reported, such as template-assisted
ynthesis [14], sol–gel [15], chemical vapor deposition [16], elec-

rochemical etching [17], and hydrothermal [18–20].  Among these
echniques, the hydrothermal method of TiO2 nanorod arrays is a
romising technique owing to its scalability, simple process, and
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ology, Bilkent University, Ankara 06800, Turkey. Tel.: +90 544 3839 429.
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013-4686/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2012.05.058
© 2012 Elsevier Ltd. All rights reserved.

low cost. The potential advantages of the hydrothermal growth
method may  be partially hindered by the growth of rutile phase
TiO2 nanorods. In order to achieve high efficiency DSSCs, TiO2 in
anatese form is desirable, which may  be obtained by a post-growth-
coating method such as atomic layer deposition technique.

DSSC efficiencies could be improved significantly by using single
crystal nanorods of TiO2 instead of nanoparticles which could pro-
mote the efficient transport of photogenerated electrons [21–23].
The crystal structure of TiO2 also plays a factor in efficiency of
DSSCs [24–27].  The difference between the conduction band lev-
els of anatase and rutile forms, however due to the low difference
between the conduction band levels of anatase and rutile, the
higher diffusion coefficient of anatase play more important role for
the efficient electron transport in anatase [28] and therefore, favors
the use of pure anatase for DSSC applications [24]. There are reports,
however, that synergistic use of rutile and anatase polymorphs of
TiO2 nanoparticles could increase DSSC efficiency [24,25,27].  Such
an effect is also observed in photocatalytic activity of anatase TiO2
nano crystals, which significantly increases upon mixing with a por-
tion of lesser active rutile nano crystals [29,30].  On the contrary,
there are some reports claiming better efficiency DSSCs with pure
anatase form [31], however, a conclusive comparison cannot be
obtained because size and morphology of the particles were also
varied in those studies.

In DSSCs, at the semiconductor/electrolyte interface, the recom-

bination of a portion of the electrons is still inevitable. There are
several studies to decrease this undesired reaction at the interface
of semiconductor/electrolyte by using core-shell structure of var-
ious metal oxides [6,32,33] or by using different additives in the

dx.doi.org/10.1016/j.electacta.2012.05.058
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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lectrolyte to passive the electrolyte-exposed [34–37].  Moreover
here are a number of earlier reports showing that addition of metal
anoparticles improves DSSC energy conversion efficiency [38–41].

In this study, Au NPs act to prevent charge carrier recombination
y forming a Schottky energy barrier that promotes the photo-

njected electrons into the nanorod, away from the surface which
mproves the overall conversion efficiency of the DSSCs with Au
Ps/TiO2 nanorod structure. Shii Chou et al. [41] have reported dye

ensitized solar cell based on the TiO2/nano-metal composite parti-
les using the dry coating process in a mechano-fusion system, and
tudied the effect of nano-metallic particles on the performance of
he cell and obtained a lower efficiency of 0.29%. In our research,
u NPs were deposited on TiO2 nanorod arrays by photoreduction
efore dye absorption, and an overall conversion efficiency of 0.93%
as obtained for Au NPs/TiO2 structure which is a threefold higher

elative to devices without Au NPs.
There are several parameters that can affect the efficiency of

SSCs based on hydrothermal-grown TiO2 nanorod arrays such
s growth time, growth temperature, substrates, initial reactant
oncentration, acidity, titanium precursors and TiCl4 treatment. By
ptimizing these parameters, it is possible to obtain high efficiency
SSCs [22,42]. In this study, we comparatively study the effect of
u NPs on DSSC efficiency by defining a baseline (with no Au NPs)
evice as reference.

. Experimental procedure

.1. Chemical

FTO glass substrate (F: SnO2, Tec 15 �/sq.) with a thickness
f 4 mm was purchased from Pilkington, England. Ethanol, ace-
one, titanium butoxide (Ti(OCH2CH2CH2CH3)4) (97%), HAuCl4
Mw = 339.79), and HCl (36%) were from Sigma–Aldrich Co. All
hemicals were of analytical grade and were used as received.
ydrothermal growth was carried out in a 45 ml  teflon-lined auto-
lave. Deionized water was used to prepare all the solutions.

.2. Growth of TiO2 nanorod array

The dimension of FTO glass substrate was 10 mm × 50 mm  and
as cleaned and degreased prior to use, first by washing with deter-

ent and distilled water, then were ultrasonically cleaned with
thanol and then by sonicating in ethanol, acetone and deionized
ater in sequence for about 30 min, and finally dried under nitro-

en flow. 20 mL  concentrated hydrochloric acid (36% by weight)
as mixed with 20 mL  deionized water in a teflon-lined stainless

teel autoclave (45 mL  vol.). The mixture was stirred at ambi-
nt conditions for 10 min, and then 0.8 mL  titanium butoxide was
dded into the above mentioned solution and stirred for 30 min.
onducting side of FTO substrate was faced down with an angle
gainst the wall of the teflon vessel. Sample was  kept at 140 ◦C for

 h in an electrical oven. The sample and teflon vessel was unloaded
nd let to cool to room temperature. The FTO substrate rinsed with
eionized water and ethanol, and then dried in air.

.3. Deposition of Au nanoparticles on TiO2 nanorods by
hotoreduction

20 �L (2.5 mmol/L) HAuCl4 of aqueous Au salt solution were dis-
ersed with 15 mL  of deionized water in a pyrex petri dish with

apacity of about 20 mL.  Then the TiO2 nanorods grown on FTO
ubstrate were floated in the petri dish and exposed under UV
ight (254 nm)  from a UVP company, EL series (8 W,  UVLMS-38 EL,
76 mm × 96 mm × 64 mm).  The reactions were carried for 3 and
Fig. 1. Schematic sketch of assembled dye sensitized solar cell.

9 h. Then the sample was  washed by deionized water and ethanol.
Finally, the samples were dried at room temperature.

2.4. Materials characterization

The phase structures of the obtained samples were identified
using a Pananalytical (X’pert Pro MPD) instrument. XRD pat-
terns were collected over the 2� angular range of 10–80◦ using
Bragg–Brentano geometry (Cu K� source, primary and secondary
Soller slits, 0.1 mm divergence slits, 0.3 mm receiving slit, and sec-
ondary graphite monochromator). The morphology and structural
characteristics of the obtained samples were studied by scanning
electron microscopy (FESEM, FEI–Nova Nanosem 430), and trans-
mission electron microscopy (TEM, FEI–Tecnai G2F30). The surface
chemical composition of the Au/TiO2 nanorods was monitored by
X-ray photoelectron spectroscopy (XPS) measurements, performed
with a Thermo (K-Alpha – Monochromated High-performance XPS
Spectrometer) instrument.

2.5. Electrode fabrication and characterization techniques

A schematic diagram of assembled dye sensitized solar cell
is presented in Fig. 1. The active area of electrode was  0.25 cm2

(i.e. 5 mm × 5 mm).  Synthesized TiO2 electrodes were soaked
in 0.5 mmol/l ruthenium sensitizer dye [cis-di(thiocyanato)-
N-N′-bis(2,2′-bipyridyl-4-carboxylic acid-4′-tetrabutylammonium
carboxylate) ruthenium (II)] dye (known as N719, Solaronix) in
a t-butanol/acetonitrile (1:1, in volume ratio) solution, for 24 h.
The sensitized electrodes were rinsed with acetonitrile, dried in
room temperature, and immediately used for measuring photo-
voltaic properties. The platinum coated FTO glass was used as
counter electrodes bonded to TiO2 nanorods as working electrode
by 25-�m-thick hot-melt spacers made of the ionomer Surlyn
1702 (Dupont). The internal space of each cell was filled with a
liquid electrolyte. The electrolyte was  composed of 0.1 M guani-
dinium thiocyanate (GuSCN), 0.03 M I2, 0.5 M 4-tert-butylpyridine
(TBP) and 0.6 M butylmethylimidazolium iodide (BMII) in the mix-
ture of acetonitrile and valeronitrile (85:15, in vol.%). The devices
were characterized by a Keithley 2440 source meter under stan-
dard AM1.5 G-filtered irradiation (100 mW/cm2) from a Newport
91192 solar simulator equipped with 300 W xenon arc. The spectral
measurements are obtained by a mechanically chopped monochro-
mated (Newport Cornerstone 130 1/8 m, 1200 L/mm) white-light

source and a lock-in amplifier (SRS 830). The spectral intensity
of the light source is also separately characterized and is used to
normalize the measured current.
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. Results and discussion

To identify the crystalline structure and orientation of the
anorods grown, XRD analysis was performed on the obtained sam-
les. The XRD pattern of the as-prepared TiO2 nanorod array and
he standard diffraction pattern of rutile structure of TiO2 (JCPDS,
2-0514) is presented in Fig. 2. All diffraction peaks can be

ndexed to the FTO substrate and rutile phase of TiO2 (tetragonal,
42/MNM). In comparison with the ICSD standard XRD pattern,
RD pattern of the aligned rutile TiO2 grown on FTO shows the
referable orientation of the nanostructures along TiO2 [1 0 1]
2� ∼ 26.4◦).

The FESEM micrographs (Fig. 3(a) and (b)) presents highly
rdered TiO2 nanorods grown on the FTO substrates. These results
onfirm that well-aligned TiO2 nanorods uniformly grew in large
rea. Cross-sectional FESEM image of TiO2 nanorod array shown
n Fig. 3(b) indicates that length of nanorods are about 2.1 �m.
he nanorod diameter distribution was obtained from the FESEM
mages, which ranges from about 135 to 150 nm (Fig. 3(a)). Fig. 3(c)
nd (d) presents the TiO2 nanorod samples with different amount
f gold deposition that clearly shows the effect deposition time,

 h and 9 h, respectively. Inset Fig. 3(c) and (d) shows that the Au
Ps preferentially deposit on the tips of rods and top active part of
anorods are covered by Au NPs.

Fig. 4(a) shows the TEM image of a single TiO2 nanorod and

orresponding selected area electron diffraction pattern (SAED).
he TEM micrograph shows that the diameter of TiO2 nanorod
s 148 nm.  The SAED and HRTEM results further confirm that
ach individual TiO2 nanorod is single crystal. The lattice fringe

Fig. 3. SEM micrographs of well-aligned TiO2 nanorod arrays: (a) top v
Fig. 2. XRD pattern of TiO2 nanorod arrays on FTO substrate (*), and the standard
diffraction pattern of rutile structure of TiO2 (JCPDS-82-0514 standard card).

spacing in the HRTEM image is 0.32 nm which corresponds to
the interspacing of the (1 1 0) planes of tetragonal rutile structure

of TiO2 and indicates that the growth occurred along the [1 0 1]
direction.

TEM micrographs of the Au NPs deposited on TiO2 nanorods are
shown in Fig. 5(a) and (b) which confirm that Au NPs deposited

iew and (b) side view (c) with 1.54 at % Au (d) with 3.4 at % Au.
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ig. 4. TEM micrographs of rutile TiO2 (1 1 0) (a) low-magnification image, and corr
icrograph.

n the surface of TiO nanorods. This is attributed to a top illumi-
2
ation and low penetration of UV light into the rods along their
rowth axis hence most of the reduction reaction occurring on
he tip area of nanorods. Fig. 5(b) also shows that the size of Au

ig. 5. TEM micrographs of Au NPs deposited on TiO2 nanorods (a) low-magnification ima
c)  high-magnification image of 3.4 at.% Au deposition, and (d) corresponding selected are
ding selected area electron diffraction pattern (SAED) and (b) high-resolution TEM

NPs is about 8–12 nm.  Fig. 5(d) shows the corresponding SAED of

Au NPs deposited on TiO2 nanorods. The ring diffraction pattern
clearly confirmed that structure of deposited Au nano particles are
polycrystalline.

ge of 1.54 at.% Au deposition, (b) low-magnification image of 3.4 at.% Au deposition,
a electron diffraction pattern (SAED).
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ig. 6. Wide scan survey XPS spectrum of (a) TiO2 nanorod arrays, and (b) Au/TiO2

anorod arrays.

The surface composition of the obtained samples was charac-
erized by X-ray photoelectron spectroscopy (XPS) technique. XPS
urvey-scan spectrum of TiO2 nanorods and Au-NP decorated TiO2
anorods are shown in Fig. 5(a). All XPS spectral peaks were fitted
ith Thermo Scientific Avantage software. As required by theory,

he Ti 2p and Au 4f spectrum consist of two peaks, a spin–orbit dou-
let whereas O 1s and C 1s spectral lines consist of a single peak (a
inglet). The C 1s spectral line was standardized to 285.0 eV and
he O 1s, Ti 2p and Au 4f spectra were adjusted to this energy.
he data analysis involved curve-fitting Lorentzian–Gaussian (30%
orentzian) line shapes, spectra normalization, and Shirley back-
round subtraction [43]. In all fits to narrow scan spectra Shirley
ackgrounds were used [44,45].

Fig. 6 presents the survey scan of prepared samples. The XPS
eaks with binding energies of 84.03, 458.501 and 529.96 eV cor-

espond to Au 4f, Ti 2p3/2 and O 1s, respectively. The Au 4f spectra
erve as evidence for the formation of Au NPs on the TiO2 nanorods.

Fig. 7 shows O 1s XPS spectra for the Au/TiO2 nanorods (Fig. 7(a))
nd TiO2 nanorods (Fig. 7(b)) samples. Deconvolution of the O 1s

Fig. 8. Schematic diagram of the principle of (a) the conventional DSSC, and (b)
the DSSC with Au NPs deposited on TiO2 nanorods DSSC. (For interpretation of the
references to color in the text, the reader is referred to the web version of this article.)

Fig. 7. XPS spectrum in the O 1s region for (a) TiO2 nanorod and (b) Au/TiO2 nanorod, and (c) narow scan of Au 4f.
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change significantly, which confirms that prepared cells are quite
stable and no corrosive reaction occurs between Au NPs and the
electrolyte [41]. On the contrary, short-circuit current JSC of the Au
NPs TiO2 nanorods exceeds that of DSSC with no Au NPs (Fig. 9(c)).

Table 1
Efficiency (�), fill factor (FF), open circuit voltage (VOC) and short circuit current
density (JSC) of dye-sensitized solar cells based on Au NPs deposited TiO2 structure,
and  bare TiO2 nanorod arrays.

Sample Au NPs content
(atomic
percentage)

JSC (mA/cm2) VOC (V) FF � (%)
ig. 9. (a) Current–voltage characteristics of the DSSCs assembled using the TiO2 na
actor  and VOC on the amount of Au NPs content deposition; (c) dependence of cell 

nd  (d) short circuit current measurement vs. wavelength.

pectra yields three individual peaks at 529.7, 531.58 and 532.64 eV.
egarding the literature the oxygen peak located at 529.7 eV is
elated to the O 1s band position of TiO2 [46,47]. Fig. 7(c) shows
he detailed peak scan of Au 4f which confirms the presence of
eaks with a binding energy of 83.35 eV and 87.14 eV correspond-

ng to Au 4f 5/2 and Au 4f 3/2, respectively [9,45].  Sham and Lazarus
xplained that ambient TiO2 samples are always covered with
hysisorbed moisture and chemisorbed and the O 1s binding ener-
ies for this surface shifts to higher binding energy. Thus O 1s peak
t 531.5 eV can be assigned to oxygen species in H2O molecules
nd Ti OH while the peak at 533.7 eV is attributed to the water,
ydroxide absorbed on the surface and (C O C or C OH groups)

rom the oxidized carbon species of adventitious carbon [9,45].
he XPS results reveal that with deposition of Au NPs the amount
f moisture and carbon species on surface of samples decreased
ramatically.

In the Au/TiO2 nanorod system, due to the larger work function
f Au (5.1 eV) compared to the electron affinity of TiO2 (3.2 eV), a
chottky barrier exists at their interface. Fig. 8 shows the schematic
iagram of the possible electron-transfer path in the Au NPs TiO2
anorods DSSC and formation of the Schottky barrier between
he Au NPs and TiO2 nanorods. By (after) growing the Au NPs on
he surface of TiO2 nanorods, Fermi-level of the Au/TiO2 nanorods
ttains a stable balance in equilibrium condition (orange dashed
ine in Fig. 8(b). Generated electron and hole pairs as a result of

hoto excitation process, create electric current which bend down
he conduction and valence bands of Au/TiO2 nanorods (the green
urve in Fig. 8(b). Consequently the Au/TiO2 nanorods Fermi level
s pushed downward (the blue dashed line in Fig. 8(b). Moreover
 arrays, and the Au/TiO2 nanorod with different gold content; (b) dependence of fill
ncy and JSC on the amount of Au NPs content deposition of the TiO2 nanorod cells;

some of excited electrons can also be directly injected from the dye
into the CB of the TiO2 nanorods. Therefore, due to the existence
of the Schottky barrier at the Au NPs and TiO2 nanorods interface,
electrons at the CB of TiO2 nanorods cannot reverse their path, and
flow towards the oxidized dye molecules or the redox electrolyte,
thus leading to an improvement in the photocurrent [36,41].

Fig. 9(a) compares the TiO2 nanorod solar cell and Au/TiO2
nanorod solar cells. It compares J–V data from samples of Au NPs
deposited with different gold concentration. In the plots a TiO2
nanorod cell is included as reference. Deposition of Au NPs to TiO2
nanorod cells caused significant improvement in efficiency, fill fac-
tor, and JSC (Table 1). Fig. 9(b) presents that with increasing the Au
NPs, the open-circuit voltage, VOC, of obtained samples does not
(A) 1.54 2.75 0.63 0.56 0.94
(B) 3.4 1.97 0.61 0.48 0.56
(C)  0.81 1.50 0.62 0.57 0.46
(D) 0 1.07 0.67 0.43 0.31



4 himica

T
t
F
f
n
a
t
d
N

c
w
m
a
t
h
s
r
o
p

m
o
V
s
j
a

4

s
d
d
r
A
c
s
r
N
r
s
o
0
o
o
m
p
p

A

2
1

R

[
[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[
[

52 M. Ghaffari et al. / Electroc

hese differences are attributed to the fact that the VOC is related
o the difference between the Nernst potential of the redox and the
emi-level [41,48].  Since the TEM and SEM images confirmed, with
urther Au NPs deposition, a higher portion of the tip surface of TiO2
anorods is covered by Au NPs and the active part of DSSC samples
nd consequently overall efficiency of cells decreased. Though, due
o the fact that the rate of increase in JSC is greater than that of
ecreasing VOC in the Au NPs TiO2 nanorods DSSC, efficiency of Au
Ps TiO2 nanorods DSSC and the fill factor improved.

Fig. 9(d) shows the effect of Au NPs deposition on short circuit
urrent at different wavelengths of light. This figure illustrates that
ith increasing the Au NPs the short circuit current increased and
ost of the current in the obtained cell is generated between 325

nd 425 nm.  The photocurrent increase could be partially attributed
o resonant absorption due to localized plasmon modes of Au NPs,
owever, no distinct resonant absorption peak is observed in the
pectral response. In addition, a slight reduction in the photocur-
ent, hence absorption, in the 500–550 nm band could be related to
hmic losses associated with resonant Au NP absorption (8–12 nm
article size) [49,50].

Table 1 indicates that the cell with 1.54 at.% Au NPs has the
aximum efficiency, but with further Au NPs deposition because

f a decreasing fill factor and JSC overall efficiency reduced and
OC shows only slight improvement. Moreover the obtained results
how that overall cell efficiency for the cell with 1.54 at.% Au NPs,
umped from 0.31 to 0.94% which increased by more than twice,
nd the fill factor increased from 0.43 to 0.56.

. Conclusions

Vertically aligned TiO2 nanorod arrays were grown on FTO sub-
trates by hydrothermal method. Different amounts of Au NPs were
eposited on the TiO2 nanorods by photoreduction method. Au NPs
eposited TiO2 nanorod dye sensitized solar cells have been fab-
icated and compared to cells built from TiO2 nanorods without
u NPs. The effects of Au NPs were investigated on solar cell effi-
iency. Results showed that Au NPs deposited TiO2 have presented
ignificant improvements in fill factor and short circuit current,
esulting in as much as doubled overall conversion efficiencies. Au
Ps help prevent recombination by forming a Schottky energy bar-

ier that prevents photoinjected electrons from approaching the
urface of nanorod and improve the overall conversion efficiency
f the DSSCs. The overall conversion efficiency was  increased from
.31% for bare TiO2 nanorod array to 0.94% for an Au NPs deposited
n TiO2 nanorod. Moreover, measured VOC results confirmed that
btained samples are quite stable and no corrosion occurs between
etal NPs and the electrolyte. Most importantly, this study sup-

orts the application of Au NPs TiO2 nanorods in improving the
erformance of a DSSC.
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