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A Ag-doped double-layer composite film with TiO
2
nanoparticles (P25) as the underlayer and TiO

2
nanotube (TNT) arrays with

the Ag-doped nanoparticles as the overlayer was fabricated as the photoanode in dye-sensitized solar cells (DSSCs). Five different
concentrations of Ag-doped TNT arrays photoelectrode were compared with the pure TNT arrays composite photoelectrode.
It is found that the photoelectric conversion efficiency of the TNT arrays composite photoanode is gradually improved from
3.00% of the pure TNT arrays composite photoanode to 6.12% of the Ag-doped TNT arrays photoanode with the increasing of
the doping concentration, reaching up to the maximum in the 0.04mol/L AgNO

3
solution, and then slightly decreased to 5.43%

after continuing to increase the doping concentration. The reason is mainly that the cluster structure of the Ag nanoparticles with
large surface area contributes to dye adsorption and the Surface Plasmon Resonance Effect of the Ag nanoparticles improved the
photocatalytic ability of the TNT arrays film.

1. Introduction

Dye-sensitized solar cells (DSSCs) have aroused more and
more concern because of the following characteristics: simple
preparation process, low production cost, environmentally
friendly and easily obtained materials, and no geographical
restriction in recent decades [1, 2]. In general, DSSCs are
composed of a dye-sensitized nanocrystalline TiO

2
film

photoanode, the redox electrolyte, and a Pt-coated counter
electrode [3]. As for the important part of the DSSCs, the
nanocrystalline TiO

2
film photoanode has a great effect

on dye adsorption, photon capture, electronic collection,
and transmission, which greatly influences the photoelectric
conversion efficiency of DSSCs [4]. The TiO

2
nanoparticles

films have large specific surface area and small particle size,
which greatly enhanced the dye adsorption and the connec-
tion between the conduction glass substrate and the TiO

2

nanofilms [5]. Its advantages are widely used in DSSCs. How-
ever, such films exhibit poor light absorption ability because
of their high transparency in the visible range [6, 7]. What is
worse, the multiple trapping/detrapping events occurring in
the grain boundaries between three-dimensional networks of
interconnected nanoparticles greatly suppressed the electron
transport rate [8]. These factors greatly influence the photo-
electric conversion efficiency of the DSSCs.

Some researchers have found that the introduction of
one-dimensional nanostructures on DSSCs can improve
the transmission performance of the electron [9–11]. Then,
many kinds of one-dimensional nanomaterials have been
synthesized and applied on the DSSCs, such as nanowires
[12], nanorods [13, 14], and nanotubes [15, 16]. Their special
one-dimensional nanostructures provide direct access to the
electronic transmission, leading to the suppressed electron
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recombination. Asagoe et al. reported that a high photoelec-
tric conversion efficiency of 6.53% was achieved by mixing
the mass ratio of 10% nanowires with P25 nanoparticles
of anatase phase [17]. Adachi et al. also demonstrated that
titania thin film electrode composed of a network structure
of single crystal-like TiO

2
nanowires was applied on the

DSSCs and achieved a high light-to-electricity conversion
yield of 9.3% [18]. Jiu et al. reported that a highly crystalline
TiO
2
nanorod synthesized by a hydrothermal process was

designed on the DSSCs and a high photoelectric conversion
efficiency of 7.29% was obtained [19]. Hafez et al. issued
a report that a novel TiO

2
nanorod/nanoparticles bilayer

electrode showed high light-to-energy conversion efficiency
of 7.1% [20]. According to the report by Rho and Suh, the
energy conversion efficiency of the DSSCs was significantly
improved from 5.2% to 6.3% by filling approximately 10 wt%
of TiO

2
nanoparticles to the TiO

2
nanotube membranes [21].

Although the introduction of one-dimensional TiO
2

nanostructure can greatly improve the electron transfer rate,
the TiO

2
nanomaterial has its own weakness, that is, poor

light-harvesting ability and dye adsorption [22]. Studies have
shown that somemetal nanoparticles can improve the energy
level structure of the TiO

2
nanomaterials and enhance the

ability of light absorption [23]. Wang et al. found that TiO
2

powder mixed with Er3+ showed a higher photocatalytic
activity, compared with the pure TiO

2
powder [24]. Wang et

al. showed that (Ag,S) modified TiO
2
photoanodes exhibited

a strong performance of light absorption in theUV-Vis region
and a clear reduction in charge transport resistance [25].
The photoelectric conversion efficiency has been increased by
introducing Au or Ag nanoparticles into TiO

2
nanoparticles

films on DSSCs [26–28]. Under the light conditions, the free
electrons of the metal surface interacted with the photons,
caused the Surface PlasmonResonance Effects, and improved
the performance of light-harvesting.

In this work, we report a double-layer TiO
2
composite

film photoanode consisting of TiO
2
nanotube (TNT) arrays

film as the overlayer and P25 nanoparticles as the underlayer.
The underlayer prepared by P25 nanoparticles can improve
the dye adsorption, and the TNT arrays overlayer film
provides rapid transmission way for electron. In addition,
in order to investigate the influence on the photoelectric
conversion efficiency of the TiO

2
composite film photoan-

ode, five different concentrations of AgNO
3
(0.01mol/L,

0.02mol/L, 0.03mol/L, 0.04mol/L, and 0.05mol/L AgNO
3

solutions) were mixed into the double-layer TiO
2
composite

film photoanode and their photovoltaic performances were
compared and analyzed.

2. Experiment

2.1. Preparation of the TNT Arrays Film. TNT arrays films
were synthesized by two-step anodization method. The
detailed steps of the anodization are shown in Figure 1. As
can be seen, Ti foils (2 cm × 2.5 cm, Sigma-Aldrich, 99.7%
purity) are served as the positive electrode and the Pt foils
are used as the counter electrode by using a DC power source
(DYY-6C). The redox reaction was carried out in electrolyte

at room temperature under a constant voltage of 40V. The
electrolyte was prepared by the ammonium fluoride (NH

4
F,

0.5 wt%), ethylene glycol, and DI water (2 vol%). The first
anodization was performed in a reaction tank for 19 h and
stirred with magnetic stirrer in the whole reaction process.
After the first anodization, the as-anodized Ti substrate was
rinsed by the anhydrous ethanol, dried in the air, and then
annealed at 450∘C for 30minwith a heating rate of 2∘C/min to
induce crystallinity. The second anodization was performed
on the as-anodizedTi substrate under the same conditions for
1 h to form an amorphous TiO

2
layer between the Ti foil and

the TNT arrays grown on the surface of the Ti foils. After the
anodization, a free-standing TNT array was separated from
the Ti substrate.

2.2. Preparation of the P25/TNT Arrays Composite Film
Photoanode. The P25 paste was synthesized by grinding
with an agate mortar. The quantities of TiO

2
powder and

acetic acid were mixed into the mortar and DI water and
anhydrous ethanol were added on a regular basis. Then,
the grinding TiO

2
powder was added to the terpineol, ethyl

cellulose colloid, and anhydrous ethanol and stirred until the
anhydrous ethanol evaporated completely. Finally, the P25
paste was obtained and kept at low temperature with a sealing
membrane.

For fabrication of the TiO
2
double-layer composite film

photoanode, the P25 paste was posted on the FTO glass by
doctor-blade technique and the thickness was controlled by
the layer numbers of adhesive tape. Then, the prepared TNT
arrays filmwasmoved to the P25 paste with a small blade and
annealed at 450∘C for 30min with a heating rate of 2∘C/min.

2.3. Preparation of the Ag-Doped P25/TNT Arrays Com-
posite Film Photoanode. For formation of the Ag-doped
TiO
2
double-layer composite film photoanode, 0.1mol/L

AgNO
3
solution was configured and diluted into the cor-

responding value. Five different concentrations of AgNO
3

solutions (0.01mol/L, 0.02mol/L 0.03mol/L, 0.04mol/L, and
0.05mol/L) were prepared. By using the characteristics of
light decomposition of AgNO

3
, the P25/TNT arrays com-

posite film photoanode was immersed into different con-
centration AgNO

3
solutions with a UV lamp irradiation for

2 minutes, then rinsed with anhydrous ethanol, and dried.
Finally, the Ag nanoparticles were successfully added to the
TNT arrays. The schematic of fabrication of the Ag-doped
TNT arrays composite film was shown in Figure 2.

2.4. Fabrication of the DSSCs. To fabricate the DSSCs, the
Ag-doped and untreated TiO

2
composite film photoanode

were immersed into the 0.5mM ethanol solution of N719
under the dark condition at room temperature for 24 h to
complete the sensitizer uptake. The sensitized photoanode
was then rinsed with anhydrous ethanol and dried naturally.
Finally, the three edges of the photoanode were pasted with
transparent adhesive tape and they were assembled into
a typical sandwich cell with a Pt-coated FTO conducting
glass. A mask with a square hole in the middle (4mm ×
4mm) was used to control the effective area of the DSSCs.
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Figure 1: The schematic of the TNT arrays film preparation.
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Figure 2: The schematic of fabrication of the Ag-doped TNT arrays composite film.

The electrolytes containing 0.5M 4-tert-butylpyridine, 0.5M
LiI, 0.05M I

2
, and 0.3M 1,2-dimethyl-3-propylimidazolium

iodide (DMP II) in dry acetonitrile were injected into inner
cell at the edge of no tape by the capillary forces. Then, the
cell was tested immediately.

2.5. Characterization andMeasurement. Thecrystallinity and
the phase-purity of the samples with the Ag-doped and
untreated TiO

2
composite film photoanode were performed

on a D/MAX-RB/RU-200B Rotation Anode High Power
X-Ray Diffractometer (XRD) with Cu K𝛼 radiation (𝜆
= 0.15406 nm). Scanning electron microscopy (SEM) was
used to characterize the morphology on a Zeiss Ultra Plus
(Germany) field emission SEM. The identification of the
internal morphology and the nanocrystal were studied by a
JEM2100F (Japan) transmission electron microscopy (TEM).
The UV-Vis absorption spectra of the TiO

2
composite film

photoanode and the solution of the dye-sensitized TiO
2
com-

posite film photoanode after being desorbed were measured
on a UV/Vis-NIR spectrophotometer (UV-3150), and the
desorption solution is 0.1Mof the aqueous solution ofNaOH.

The current density-voltage (𝐽-𝑉) characteristics curve
of the DSSCs was used to explain the photoelectric perfor-
mance of the cell performed on a CHI640E electrochemical
workstation analyzer. The solar light was provided by a solar
light simulator (Microsolar 300) under 100mW/cm−2 light
illumination condition calibrated with accurate illumination
meter.

3. Results and Discussion

3.1. Microstructure and Morphology. Figures 3(a) and 3(b)
show the typical SEM images of the top and cross-sectional
morphology of the Ag-doped TNT arrays composite film
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Figure 3:The typical SEM images of theAg-dopedTNT arrays composite filmphotoanode after annealing at 450∘C for 30min in the top-view
(a) and in cross-sectional view (b).

photoanode after annealing at 450∘C for 30min. It can be
seen from Figure 3(a) that a number of Ag nanoparticles
that formed the clusters were adsorbed on the TNT arrays.
Clusters are composed of a few to thousands of molecules,
atoms, or irons through the interactions between physical
and chemical force. The Ag nanoparticles on the surface
with larger surface area combined into metal clusters by
metal bond. Its advantages resulted in more dye adsorption.
Some relatively small clusters enter into the tubular structure
of the TNT arrays, which can be seen from the TEM
images. Figure 3(b) displays that the double-layer composite
film consists of the underlayer P25 nanoparticles film (the
thickness is 13 𝜇m) and the top-layer TNT arrays film (the
thickness is 33 𝜇m). The P25 nanoparticles are combined
closely with the FTO conductive glass and the TNT arrays.

Figures 4(a)–4(e) show the TEM image of the different
concentration Ag-doped TNT arrays. It can be seen that Ag
nanoparticles have been successfully doped into the tubular
structure of the TNT arrays or attached to the tube wall. In
addition, with the increase of the doping concentration, the
Ag nanoparticles of the TNT arrays were detected more and
more.

Figure 5(a) displays the TEM images of a single Ag-
doped TiO

2
nanotube. A small black particle in the tube

can be clearly seen. The energy spectrum was obtained by
using electron beam to strike the black particle shown in
Figure 5(b). It clearly illustrates that the Ag content is the
highest in this point, followed by the Ti and O, which
further clarify the existence of Ag nanoparticles. The AgNO

3

solution was successfully decomposed into Ag nanoparticles
and entered into the TNT arrays or attached on the tube wall.

3.2. Crystal Structure. Figure 6(a) shows the typical XRDpat-
tern of TNT arrays composite film photoanode annealed at
450∘C for 30min. It can be seen that all the diffraction peaks
(101), (004), (200), (105), (211), and (204) can be matched
with the standard anatase PDF card, which illustrates that the
crystallinity of P25 nanoparticles and the crystallinity of the

TNT arrays are very high after sintering at 450∘C, and all of
these are pure anatase phase.

Figure 6(b) displays the XRD pattern of Ag-doped TNT
arrays composite film photoanode after being annealed at
the same temperature. As we can see some of the diffraction
peaks of anatase phase have been enhanced after doping
with the Ag nanoparticles. For example, the anatase peaks
of (004) and (105) are enhanced greatly, mainly because the
single crystal plane (111) of the Ag corresponding to the
characteristic peak is relatively close to the characteristic peak
of the anatase phase TiO

2
crystal plane (004) so that the

characteristic peaks overlap each other and the single crystal
plane (006) of the Ag overlaps with the characteristic peak of
the anatase phaseTiO

2
crystal plane (105) too. In addition, the

diffraction peaks (104) and (112) of the Ag single crystal plane
are indexed to the standard PDF card. This result indicates
that the phase structure of the TNT arrays composite film
has not changed after being doped with the Ag nanoparticles,
which is still the anatase phase.

3.3. UV-Vis Absorption Spectra Measurements. The amount
of dye adsorption and the absorption capacity of light for
the photoanode greatly affect the performance of the DSSCs
[29]. In order to calculate the amount of dye adsorption on
the photoanode according to the Lambert-Beer Law 𝐴 =
𝐾𝐶𝐿 (𝐴 is the absorbance, 𝐾 is the molar absorption, 𝐶 is
the concentration of the substance, and 𝐿 is the thickness of
the absorption layer.), the 0.1M NaOH solution was used to
remove the dye molecules from the sensitized photoanode.
As shown in Figure 7, it displays that spectral absorption
of analytical solution of the pure sensitized TNT arrays is
the smallest. With the increase of the concentration of the
doped Ag nanoparticles, the absorption of the analytical
solution to the spectrum is gradually increased, reaching up
to the maximum value of 0.05mol/L AgNO

3
solution. The

change regulation of the dye adsorption amount is also the
same. Table 1 shows the dye adsorption amount of different
concentration of the Ag-doped TNT arrays composite film
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Figure 4: The TEM images of the different concentration Ag-doped TNT arrays. 0.01mol/L AgNO
3
(a), 0.02mol/L AgNO

3
(b), 0.03mol/L

AgNO
3
(c), 0.04mol/L AgNO

3
(d), and 0.05mol/L AgNO

3
(e).
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Figure 5: The TEM images of a single Ag-doped TiO
2
nanotube (a), the energy spectrum of the black point in (a) picture (b).
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Table 1: The dye adsorption amount of different concentration of the Ag-doped TNT arrays composite film photoanode.

Sample (AgNO
3
mol/L) NO (Ag) 0.01 0.02 0.03 0.04 0.05

Absorbed dye amount (×10−7mol/cm2) 2.22 3.52 3.69 4.35 4.74 4.93
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Figure 6:TheXRDpatterns of TNT arrays composite film photoan-
ode. TNT arrays composite film (a) and the Ag-doped TNT arrays
composite film photoanode.

photoanode. The main reason for that was that the metal
bond between the Ag nanoparticles formedmanymetal clus-
ters. These clusters have large surface area, which can greatly
improve the dye adsorption and enhance the photoelectric
conversion efficiency of the DSSCs.

Figure 8 shows the UV-Vis absorption spectra of the
Ag-doped TNT arrays composite film photoanode. It can
be seen clearly that the absorption performance of the
Ag-doped TNT arrays composite photoanode has a great
improvement in the UV-Vis spectral range especially in the
range of the 400–800 nm, compared to the pure TNT arrays
composite film photoanode. In general, with the increase
of the doping concentration, the absorption capacity of the
light spectra is also enhanced, reaching up to the maximum
value in 0.04mol/L AgNO

3
solution. Continuing to increase

concentration, the absorption capacity of the light spectra
will be reduced. The main reason for this phenomenon may
be that when the TNT arrays film is exposed to sunlight,
the interaction between the free electron on the surface
of Ag nanoparticles and the photons makes the Surface
Plasmon Resonance Effect on the TNT arrays film. And the
resonance greatly improves the photocatalytic performance
of the TNT arrays film photoanode [30, 31]. The reason for
the decrease of the spectra absorption capacity may be that
more Ag nanoparticles hinder the transmission of electrons,
reduce the transmission rate of the electron, and suppress the
interaction between electrons and photons.

Ab
so

rp
tio

n 
re

la
tiv

e
500 600 700 800400

Wavelength (nm)

0.0

0.5

1.0

1.5

2.0

0.01mol/L Ag
0.02mol/L Ag
0.03mol/L Ag

0.04mol/L Ag
0.05mol/L Ag
No Ag

Figure 7: The spectral absorption of analytical solution of different
concentration of theAg-dopedTNT arrays composite filmphotoan-
ode.

3.4. Photovoltaic Performance of DSSCs. The current density-
voltage (𝐽-𝑉) curve of DSSCs based on the different con-
centrationAg-doped TNT arrays composite film photoanode
was shown in Figure 9. And the detailed photoelectric
performance parameters such as open circuit voltage (𝑉OC),
short circuit current density (𝐽SC), fill factor (FF), and the
photoelectric conversion efficiency are obtained and shown
in Table 2. It displays that the Ag-doped TNT arrays com-
posite film photoelectrodes showed a higher efficiency of
6.12% compared to the pure TNT arrays composite film
photoelectrodes of 3.00%. The increase is mainly manifested
in the improvement of the short circuit current density (𝐽SC)
from the no Ag-doped photoelectrode of 9.65mA/cm2 up
to the Ag-doped photoelectrode of 14.53mA/cm2. What is
more, with the increase of the doping concentration, the
photoelectric conversion efficiency is gradually improved,
reaching up to the maximum in the 0.04mol/L AgNO

3

solution, which is slightly decreased to 5.43% after contin-
uing to increase the doping concentration. This result is in
agreement with the UV-Vis absorption spectra test, which
may be because of the following reasons: (1) the clusters of
the Ag nanoparticles have large surface area, which show
great performance of the dye adsorption. (2) When the Ag
nanoparticles were doped into the TNT arrays film, the
interaction of the free electron on the Ag nanoparticles
and the photons produces the Surface Plasmon Resonance
Effect on the TNT arrays film, which greatly improved the
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Figure 9: The current density-voltage (𝐽-𝑉) curve of DSSCs based
on the different concentrationAg-doped TNT arrays composite film
photoanode.

photocatalytic ability and spectral response range of the TNT
arrays composite film photoelectrode. However, too much
Ag nanoparticles will hinder the transmission of electrons,
reduce the transmission rate of the electron, and suppress the
interaction between electrons and photons.

4. Conclusions

In conclusion, we successfully fabricated the five different
concentrations of the Ag-doped TNT arrays composite film

Table 2: Comparison of the photovoltaic performances of the
different concentration Ag-doped TNT arrays composite film pho-
toanode.

AgNO
3
(moL/L) 𝑉OC (V) 𝐽SC (mA/cm2) FF 𝜂

NO Ag 0.655 9.65 0.47 3.00%
0.01 0.691 11.82 0.44 3.56%
0.02 0.679 12.85 0.48 4.15%
0.03 0.688 12.1 0.59 4.93%
0.04 0.692 14.53 0.61 6.12%
0.05 0.693 12.12 0.65 5.43%

photoelectrode and compared them to the pure TNT arrays
composite film in the XRD pattern, microstructure, UV-
Vis absorption spectra, and photovoltaic performance. The
XRD pattern confirms that the pure TNT arrays film and
the photoelectrode after doping Ag nanoparticles are both
of anatase phase structure. The microstructure measurement
proved the existence of the Ag nanoparticles and showed
the cluster structure of it. The UV-Vis absorption spectra
illustrate that the cluster structure has large surface area
that contributes to dye adsorption and the Surface Plasmon
Resonance Effect of the Ag nanoparticles improved the
photocatalytic ability of theTNTarrays film, but toomuchAg
nanoparticles suppressed the interaction between electrons
and photons so as to reduce the capacity of light absorption.
With the increase of the doping concentration, the efficiency
of the TNT arrays composite film electrode has the trend
of first rising and then falling, from 3.00% of the pure TNT
arrays composite photoanode to 6.12% of the Ag-doped TNT
arrays photoanode and then down to 5.43%; the maximum
is in the 0.04mol/L AgNO

3
solution. The improvement

of efficiency was mainly due to the strong dye adsorption
capacity of the cluster and the photocatalytic ability of the Ag
nanoparticles.
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