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Abstract In this study, Ag nanoparticles were introduced
into the titanium oxide (TiO,) photoelectrode to fabricate
dye-sensitized solar cells (DSSCs). The Ag nanoparticles
were synthesized using a chemical reduction method. By
varying the concentration of the reducing agent (NaBH,),
Ag nanoparticles with different sizes were obtained and
discussed. The Ag-TiO, composite photoelectrode was
fabricated using a simple approach by immersing sintered
P-25 photoelectrode into the solution containing Ag
nanoparticles. The DSSC using Ag-TiO, composite pho-
toelectrode exhibits better solar conversion efficiency than
that using simply TiO, photoelectrode (P-25). The DSSC
efficiency enhances from 2.75 to 5.66% using larger Ag
nanoparticle size of 82.7 nm.

1 Introduction

Dye-sensitized solar cell (DSSC), one of the third genera-
tion solar cells, has attracted great attention and has been
extensively studied due to their relatively high efficiency
(~13%), low-cost process, and high potential for roll-to-
roll manufacture [1-4]. Therefore, DSSCs have emerged to
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be one of the most promising alternatives to conventional
silicon-based solar cells [5—8]. Although DSSCs have been
industrially fabricated with cell efficiency around 8%,
researches for further improving the efficiency are still on
demand [9]. Therefore, investigations on photoelectrodes
[10, 11], electrolyte [2, 12], and counter electrode [5-8, 13]
have been performed to improve electron transport, reduce
electron—hole recombination, and increase light harvesting
efficiency of the DSSCs. Approaches such as increasing the
optical absorption by introducing metallic nanoparticles
into TiO, electrode [14-16], using an oxide barrier layer
(ZnO, Ti0O,, etc.) to reduce the recombination of electron
in the dye or electrolyte [17, 18], and lengthening the
optical path within TiO, electrode by introducing a scat-
tering layer [19, 20] have been taken. Among these
approaches, adding metallic nanoparticles into TiO, pho-
toelectrode can enhance the optical absorption by inducing
localized surface plasmas [21]. Furthermore, metallic
nanoparticles lead to the formation of Schottky barriers at
metal-TiO, interfaces for reducing the electron recombi-
nation [22], reflect and scatter incident light for lengthen-
ing the optical path in electrodes [23], and forms an
electron transfer network [24]. Ag and Au nanoparticles
with sizes from 10 to 100 nm are the most studied in for
such purposes [21, 25-27]. The techniques for preparing
Au- or Ag-TiO, photoelectrode include physically mixing
metal and TiO, [15, 16, 22, 26, 27] and immersing TiO,
electrode into a dispersion solution containing Au
nanoparticles [21] or into AgNOj solution then reduce the
Ag ions by traditional method (UV light), such as thermal
evaporation and atomic laser deposition have also been
used to deposited Ag islands or layers [25]. Traditional
method techniques are inexpensive and simple. However,
the reaction process need to spend long time and it will be
easier for the aggregation of nanoparticle. Chemical
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reduction methods have been extensively used in the
preparation of nanoparticles that has advantages such as
carried out at room temperature, simplicity, low-coat pro-
cess and suitability for mass production [28].

Although the multiple advantages including plasmon-
enhanced optical absorption, enhanced light diffuse
reflection, and reduced recombination rate have been
reported for adding Ag nanoparticles into TiO, photo-
electrode, the characteristics of Ag nanoparticles in TiO,
photoelectrode remain required. In this study, the Ag
nanoparticles were synthesized using a chemical reduction
method in which the concentration of the reducing agent
(NaBH,) was varied. Ag nanoparticles synthesized using
different reducing agent ranging from 1 x 107* to
5 x 107> M leads to different nanoparticles sizes and
distribution. The Ag-TiO, composite photoelectrode was
fabricated using a simple approach by immersing sintered
P-25 photoelectrode into the Ag nanoparticle dispersion
solution. The porous TiO, photoelectrode allows Ag
nanoparticles to penetrate into and distribute randomly
within the photoelectrode. The characteristics of Ag-TiO,
composite photoelectrode and the depth-profiled concen-
tration of Ag and the TiO, surface bonding were reported
in this paper.

2 Experimental
2.1 Silver nanoparticles synthesis

For synthesizing silver nanoparticles, 30 ml of silver
nitrate solution with a concentration of 0.1 M was first
prepared by adding Silver nitrate (AgNO3, 99.8%, Showa)
into de-ionized (DI) water. Sodium salt of polynaphthalene
sulfonate formaldehyde condensate (Daxad19, 98%, Gel-
est) was used as a surfactant. Then, 10-ml solution of in DI
water with 107> M Daxad19 was added into the silver
nitrate solution. After 5 min of stirring, 5 ml of reducing
agent, sodium tetrahydridoborate (NaBH,, 98%, Aldrich)
was added with a fixed speed of 1 mL/min. The concen-
tration of NaBH, was varied from 1 x 107* to
5 x 107> M. After 30 min of stirring, the color of the
solution became yellow or black depending on the con-
centration of reducing agent which indicate that silver
nanoparticles were formed.

2.2 TiO, and Ag-TiO, photoelectrode fabrication

TiO, paste was prepared by adding 2 g of TiO, powder
(P25, 99.9%, Degussa) into 7 mL of ethanol (99.5%,
Aldrich). After 30 min of stirring, 0.7 mL of acetyl acetone
(99%, Aldrich) and 0.1 mL of triton X-100 (99%, Aldrich)
were sequentially poured into the TiO, solution and stirred
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for another 24 h for preparing the TiO, paste. A two-step
spin-coating process (700 rpm for 20 s and 1500 rpm for
20 s) was used to coat the TiO, paste on indium-tin-oxide
(ITO) conducting glass substrate (Rui Long Optical, Tai-
wan, 2.8 mm thickness, 8 Q/sq), and the defined active
area of the photoelectrode was 0.16 cm”. After drying at
60 °C for 10 min, the resulting coating was sintered at
450 °C for 1 h with a heating rate of 5 °C/min in an
ambient environment to obtain TiO, photoelectrode. The
Ag-TiO, composite photoelectrode was prepared by
immersing the sintered-TiO, photoelectrode into the 5-mL
Ag dispersion solution for 10 min. Then the Ag-TiO,
composite photoelectrode was sintered at 250 °C for
30 min in an ambient environment.

2.3 DSSCs assembly

The resulting TiO, and Ag-TiO, photoelectrodes with a
thickness of approximately 7 pm were immersed in a
0.5 mM of N719 dye (Solaronix SA) for 18 h. After the
dye adsorption, the TiO, and Ag-TiO, photoelectrodes
were rinsed with ethanol to remove the excess dye and
dried with a nitrogen stream. The electrolyte was acetoni-
trile consisting of 0.1 M Lil (99%, Aldrich), 0.6 M 1,
2-dimethyl-3-propylimidazolium iodide, 0.05 M I, (99.8%,
Aldrich) and 1.0 M 4-tert-butylpyridine (96%, Aldrich).
The Pt counter electrode was prepared by sputtering a Pt
layer with a thickness around 60 nm on the ITO glass.

2.4 Characterization and measurements

The absorption spectra of the Ag dispersion solution were
measured using an ultraviolet/visible/near infrared (UV-
Vis-NIR) spectrophotometer (JASCO, V570). The particle
size and their distribution was analyzed using particle size
analyzer (SHIMADAZU IG-1000 plus). After the coating
and sinter process, the crystalline phases of TiO, and Ag—
TiO, photoelectrodes were characterized using grazing
incident X-ray diffractometer (GIXRD; PANalytical,
X’Pert Pro MRD) with an incident angle of 1° and a
scanning speed of 1.2°/min. The TiO, and Ag-TiO, pho-
toelectrodes surface morphology were examined using field
emission scanning electron microscopy (FE-SEM; JEOL,
JSM-7000F). Auger electron spectroscopy (JEOL-JAMP-
9500F) was used to examine the depth-profiled concen-
tration of Ag. Additionally, the depth profile and the
chemical bonding state of the TiO, and Ag-TiO, photo-
electrodes were analyzed using X-ray photoelectron spec-
troscopy (XPS; ULVAC, PHI 5000). The current—voltage
(J-V) curves of the DSSCs were measured by a Keithley
digital source meter (Model 2400) under an AAA solar
simulator with AM 1.5 sunlight at 100 mW/cm? [10].
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3 Results and discussion

Figure 1 shows the UV-V absorption spectra of Ag dis-
persion solution is synthesized using various reducing
agent concentrations. The absorption band around
410-430 nm is seen [29]. It was also observed that the
intensity of the absorption peak increases with the reducing
agent concentration. The insert photo in Fig. 1 shows the
color of the Ag nanoparticle dispersion solution changing
from light yellow to dark brown with increasing reducing
agent concentration.

Absorbance (a.u.)

300 350 400 450 500 550 600
Wavelenght(nm)

Fig. 1 UV-V is absorption spectra of Ag nanoparticles synthesized
using various reducing agent concentrations

Figure 2 shows the size distribution profile of the Ag in
the dispersive solution measured by particle size analyzer.
Data analysis using the cumulant method was achieved and
the results were listed in the individual figures. It was found
that the diameter of the Ag nanoparticle in Fig. 2 is con-
sistent with that measured by the SEM. An increased Ag
size and a higher polydispersity index (PI) were observed
as increasing the concentration of reducing agent. A small
value of PI gives uniform (monodisperse) dispersion. A
high concentration of the reducing agent leads to a fast
reduction rate of Ag ions. The nucleation and also the
growth of Ag nanoparticles were, therefore, enhanced. As a
result, the dispersive solution reduced using 5 x 107> M
reducing agent that has large Ag nanoparticles and a non-
uniform dispersity. The color of the Ag dispersion solution,
therefore, becomes darker. In addition, the divided peaks
indicated that the aggregation phenomenon occurred as the
reducing agent concentration at 5 x 107> M. In addition,
the pH value of the Ag dispersion solution varied from 5.3
to 3.7 as increasing the reducing agent concentration.
Except the fast nucleation and growth of Ag, the acid
environment also plays the aggregation
phenomenon.

After the photoelectrode fabrication and the DSSCs
assembly process, the performance of DSSCs was ana-
lyzed. Figure 3a shows the J-V curves of DSSCs using
TiO, and Ag-TiO, as the photoelectrode. The insert
table indicates the short current density (Jy.), open circuit
voltage (V,.), fill factor (FF), and solar conversion
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efficiency (1) of the DSSCs. It shows that the efficiency is
enhanced using the Ag-TiO, composite photoelectrode.
Moreover, a large size and a high PI value of Ag
nanoparticles give a higher efficiency. The enhanced J.
from 7.21 to 12.29 mA/cm? and solar conversion efficiency
from 3.40 to 5.66% is apparent. Compared to the cell
efficiency of TiO, photoelectrode without adding Ag
nanoparticles, the highest enhancement of 106% was
achieved using the Ag-TiO, photoelectrode having Ag
nanoparticle size of 82.7 nm. The explanation of the
enhanced cell efficiency will be addressed later. The Ag
nanoparticles in Fig. 3b were synthesized using different
reducing agent concentrations, as mentioned above, to have
various Ag nanoparticle size. In the wavelengths from 400
to 800 nm, the absorbance is apparently enhanced with the
reducing agent concentration, as shown in Fig. 3b. It is
known that metal particles absorb light more efficiently
than most of the dyes. As the Ag nanoparticle size
increases, the surface plasmon of the Ag nanoparticles
leads to an enhanced light absorption of the dye. Therefore,
a light scattering leading to prolonged length of light-path
also contributes to the enhanced light absorption and
reduced transmittance.

To understand the effect of using Ag-TiO, composite
photoelectrode in DSSC, the characteristic of the Ag-TiO,
photoelectrode having the highest efficiency was also made
in this study. Figure 4 shows the XRD patterns of pure
TiO, and Ag-TiO, photoelectrodes. Diffraction peaks
located at 20 = 25.28°, 37.8°, 48.05°, 53.89°, 62.96° and
75.03° are assigned to the (101), (004), (200), (105), (204)
and (215) lattice planes of TiO,, which are the anatase
phase. Minor rutile phase was obtained. Both anatase and
rutile phase are from the P-25 commercial TiO, nanopar-
ticles. The Ag nanoparticle peak located at 20 = 38.75°,
44.13°, 64.74° and 78.30° are assigned to the FCC structure
containing (111), (200), (202) and (311) plane.

In the Fig. 3a show the J-V curves of DSSCs using TiO,
and Ag-TiO, as the photoelectrode. The highest conver-
sion efficiency was using the Ag-TiO, photoelectrode with
the Ag nanoparticle size of 82.7 nm. To observe the dis-
tribution of silver nanoparticle on the surface of TiO,
photoelectrode, the various magnification of SEM image
was performed. Figure Sa—c show the surface morpholo-
gies of the bare TiO, and Ag (82.7 nm)-TiO, photoelec-
trodes. Figure 5a is the surface morphology of TiO,
without immersing into the Ag solution. The cracks occur
after the sintering process. After immersing the TiO,
photoelectrode into the Ag dispersive solution, the Ag—
TiO, composite photoelectrode was sintered at 250 °C for
30 min in an ambient environment. Figure 5b shows the
surface of Ag (82.7 nm)-TiO, composite photoelectrode.
At a higher magnification as shown in Fig. 5c, it was
observed that the bright spots with various sizes are the
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Fig. 4 X-ray diffraction (XRD) spectra of TiO, and Ag-TiO,
photoelectrode

clusters of Ag nanoparticles. Comparing Fig. 5b with a, the
surface become rough after introducing Ag into the TiO,
photoelectrode. As seen in Fig. Sc, it is noted that the Ag
(82.7 nm)-TiO, photoelectrodes are still porous which is
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Fig. 5 SEM images of Ag (82.7 nm)-TiO, photoelectrode under different magnification a bare TiO, photoelectrode at x 1000 magnification;
b x1000; ¢ x10,000; d x50,000 and e EDS mapping of Ag (82.7 nm)-TiO, photoelectrode

important for dye absorption. Figure 5d, e have been added
in the manuscript. Figure 5d shows the high-magnification
image of the white cluster in the Fig. 5b. Figure Se shows
the EDS elemental mapping of the Fig. 5d. From Fig. 5d,
e, it is clear observed that the Ag nanoparticles aggregate
into Ag cluster and distributing on the surface of the TiO,
photoelectrode. Furthermore, the dispersive Ag nanoparti-
cles are also observed around the Ag cluster. Besides, it
was believed that the aggregated Ag cluster on the TiO,
photoelectrode act as a scattering center to reflect the
incident light backward to the photoelectrode. The pho-
tocurrent was, therefore, increased by lengthening the
optical path within TiO, electrode.

The depth profile and the quantitative analyses of the
TiO, and 82.7-nm Ag-TiO, photoelectrode obtained after
the dye absorption was analyzed by XPS and AES as
shown in Fig. 6. Figure 6a, b show the XPS depth profile
for TiO, and Ag—TiO,, respectively. The measured depth is
around 120 nm from the surface. The signals of C and Ru
are from the dye while Ti and O are from P-25 TiO,. In
Fig. 6b, the minor S signal is from the surfactant Daxad19.
The Ag signal shows stable concentration of 8 at.% within
the coating surface of photoelectrodes. Such result indi-
cates that the Ag nanoparticles passed the porous TiO, and
distributed unformly within the porous TiO, layer. The
results of the AES depth profile (500 nm from the surface)
as shown in Fig. 6¢c also confirm the result we have
observed in Fig. 6b. It was, therefore, believed that the Ag
nanoparticles have a size smaller than the porous TiO,

pores diffuse toward the photoelectrode. The aggregated
Ag nanoparticles with large size remain on the surface of
the photoelectrode. Therefore, it is believed that the surface
and well distributed Ag nanoparticles lead to a reduced
series resistance and an enhanced scattering effect of the
incident light in the Ag-TiO, photoelectrode. Furthermore,
as shown in Fig. 6a, b, the C signal originated from the dye
decays rapidly within the 20 nm of surface while the minor
Ru signal remain constant. However, it was found that the
C signal in Ag-TiO, photoelectrode is 10 at.% more than
that in TiO, photoelectrodes. The C signal decay to almost
zero at.% within the 120 nm of surface for TiO, photo-
electrode while it decays to 10 at.% and become steady for
Ag-TiO, composite photoelectrode. Such results indicate
that the dye absorption was enhanced after adding Ag into
TiO, photoelectrode. As mentioned above, the pH value of
Ag dispersive solution is more acid as the reducing agent
concentration at 5 x 107> M. Moreover, the dye attach-
ment occurs through the anchoring between the COOH of
dye and the —OH on TiO, surface [30-32]. As a result, dye
absorption was, therefore, enhanced by introducing the —
OH on TiO, surface through the process of adding Ag
nanoparticles.

The high-resolution XPS results of TiO, with and
without dye and Ag-TiO, with dye were shown in Fig. 7.
Figure 7a—d are the detail spectra of Cls, Ti 2p, O 1s, and
Ag 3d, respectively. The Cls, as shown in Fig. 7a, shows
the peaks at 284.6 and 288.1 eV are attributed to the
bonding of C—C and COOH, receptively. After the dye
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loading, most C-C bond is contributed from the dye
molecular. It was observed the C—C peak shift to a lower
binding energy as Ag was introduced into the TiO,. Such
shift indicates the electronic screening of C—C bond was
increased after the process of adding Ag. The Ti 2p, as
shown in Fig. 7b, shows the Ti 2p3/2 and Ti 2pl/2 peaks
located at 458.0 and 463.3 eV, respectively [33]. A minor
chemical shift to higher binding energy was observed for
both TiO, and Ag-TiO, photoelectrode w/dye. As shown
in Fig. 7c, for TiO, w/o dye, the peaks at 529.0 and
529.7 eV are attributed to the bonding of Ti—O in TiO, and
O-H on the TiO, surface, receptively [34, 35]. After dye
absorption, the Ti—O peak shifts to higher binding energy
for photoelectrode of TiO, and Ag—TiO,. The shifting of Ti
2p and Ols for TiO, and Ag-TiO, photoelectrode results
from the presence of dye based on its chemical environ-
ment. For the Ag 3d spectrum of Ag-TiO, with dye,
Fig. 7d shows the peaks of Ag 3d5/2 and Ag 3d3/2 located
at 367.1 and 373.1 eV, respectively. After peak deconvo-
lution, peaks at 367.3 and 373.5 eV were assigned to Ag’
while peaks at 366.9 and 373.0 eV were assigned to Ag™"
[29, 34]. Both metallic and oxidized Ag exists in Ag-TiO,
composite photoelectrode.

According to the Ti 2p peak deconvolution, the amount
of Ti*" and Ti*" on the Ag—TiO, photoelectrode surface is
41.2% higher than that on the TiO, photoelectrode surface.
Such results also indicate that the oxygen vacancies
increase and more dye absorb on the TiO, surface after the
process of introducing Ag into TiO, photoelectrode [36].
As mentioned above, the dye absorption was also enhanced
by introducing the —OH on TiO, surface through the pro-
cess of adding Ag nanoparticles. Oxygen vacancies and
—OH on TiO, surface both give a higher dye absorption and
J,. value.

Figure 2 shows the silver nanoparticle size was log-
normal distribution. Therefore, the silver nanoparticle dis-
tribution includes various particle sizes. The XPS/AES for
depth profile can prove that the Ag nanoparticles have a
size smaller than the porous TiO, pores diffuse towards the
photoelectrode. The small size of the Ag nanoparticle role
might localize surface plasmas, formation of Schottky
barriers at Ag-TiO, interfaces, and the lengthened optical
path by scattering. The large size of the Ag nanoparticle
was aggregated on the TiO, surface photoelectrode which
can further enhance the photocurrent by acting as a scat-
tering center to reflect the incident light backward to the
TiO, photoelectrode. Additionally, it was also observed
that the acid treatment by immersing the TiO, electrode
into the Ag dispersive solution can increase the dye
absorption and also enhance the photocurrent [37]. As to
Voo, the open circuit potential of DSSC is directly related to
the concentration of electrons in the conduction band. It
was believed that the Ag nanoparticle could act as active
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Fig. 6 The XPS depth profile of the a TiO, and b Ag-TiO,
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sites to inhibit the fast recombination of electron-hole
pairs. Therefore, it could effectively suppress the recom-
bination between Iy and electrons transferred backward
from the TiO, films to the electrolyte, and would make a
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contribution to increase the V. of DSSCs [38]. Therefore,
the highest cell efficiency is attributed to the interplay
among the present of Ag in TiO, photoelectrode and the
acid treatment while introducing Ag into TiO,
photoelectrode.

4 Conclusions

In this study, the Ag nanoparticles were synthesized using a
chemical reduction method in which the concentration of
the reducing agent (NaBH,) was varied. Dispersive Ag
nanoparticles having average sizes ranging from 25 to
83 nm were obtained. The Ag-TiO, photoelectrode was
fabricated using a simple approach by immersing sintered
P-25 photoelectrode into the Ag nanoparticle dispersion
solution. The DSSC efficiency was further enhanced from
3.4 to 5.66% using larger Ag nanoparticle size of 83 nm.
Therefore, comparing to TiO, photoelectrode, the highest
enhancement of 106% in efficiency was achieved using
Ag-TiO, composite photoelectrode. In this paper, we focus
on the characteristics of Ag-TiO, composite photoelec-
trode and the depth-profiled concentration of Ag and the

TiO, surface bonding. It was found that not only the dis-
persive Ag nanoparticles enhance the cell performance, the
aggregated Ag clusters on the surface of the TiO, photo-
electrode can further enhance the photocurrent by acting as
a scattering center to reflect the incident light. Meanwhile,
the acid treatment by immersing the TiO, electrode into the
Ag dispersive solution was found can increase the dye
absorption and also enhance the photocurrent.
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