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Promotional effect of silver nanoparticles on the
performance of N-doped TiO, photoanode-based
dye-sensitized solar cellsT

Su Pei Lim,? Alagarsamy Pandikumar,*® Nay Ming Huang,*® Hong Ngee Lim,*"¢
Guochen Gu® and Ting Li Ma®

We report the first successful application of an N-TiO,—Ag nanocomposite as an efficient photoanode for

highly efficient dye-sensitized solar cells (DSSC). The N-TiO,—Ag nanocomposites with different Ag

contents were prepared using a simple chemical reduction method and characterized using various
suitable techniques. The DSSC assembled with the N-TiO,—-Ag-modified photoanode demonstrated an

enhanced solar-to-electrical energy conversion efficiency of 8.15% compared to the photoanode of a
DSSC composed of unmodified TiO, (2.19%) under full sunlight illumination (100 mW cm™2, AM 1.5 G).
This superior DSSC performance was due to the reduced band gap energy and retarded charge

recombination that resulted from the introduction of plasmonic Ag nanoparticles on the surface of
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N-TiO,. The influence of the Ag content on the overall efficiency was also investigated, and the

optimum Ag content for N-TiO, was found to be 10 wt%. The enhanced solar energy conversion

DOI: 10.1039/c4ra09775k

www.rsc.org/advances

1. Introduction

Out of consideration for natural resource depletion and envi-
ronmental issues, dye-sensitized solar cells (DSSCs) have
emerged as promising candidates for harvesting solar power,
because of their low cost, flexibility, ease of production, rela-
tively high energy conversion efficiency, and low toxicity to the
environment." Encouragingly, significant progress has been
achieved for DSSCs by introducing novel components such as
electrolytes and dyes, along with various morphologies for the
semiconductor materials. It is apparent that the further
improvement of DSSCs is a key factor to accelerating their
industrialization. Materials based on semiconductor oxides,
especially titanium dioxide (TiO,), have potential for DSSC
applications. The major drawback associated with the use of
TiO, is the random manner of its electron transport, which will
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efficiency demonstrated by the N-TiO,—Ag nanocomposite makes it a promising alternative to
conventional photoanode-based DSSCs.

cause the electron-hole recombination process and hence affect
the cell performance.”® In order to overcome this problem,
designing a photoanode with an efficient transport pathway
from the photoinjected charge carriers to the current collector
seems to be a possible alternative to enhance the performance
of DSSCs. With this aim, methods such as surface modification
with metal, doping, semiconductor coupling, and hybridizing
with carbon materials have been attempted.*”

Nitrogen-doped TiO, possesses good photovoltaic proper-
ties. Hence, it has received much attention due to the narrowing
of the band gap and shift to the visible region. The major
limitation of the N-doping is the low concentration of N dopants
that can be doped in the TiO, lattice, because the unstable N
dopants in the TiO, lattice may escape to become N, or oxy-
nitrides.>** Meanwhile, the photogenerated electrons tend to
recombine at the mono-doping type of dopant sites, which is
another limitation of N-doped TiO,-based DSSCs.***> In order to
overcome these limitations, N-doped TiO, has been modified
with a noble metal such as Au,” Ag,* and Pt'*** to prevent the
recombination of the photogenerated electron-hole pairs and
improve the charge transfer efficiency. In addition, studies have
reported that the introduction of metal nanoparticles to the N-
doped TiO, surface could enhance the amount of N that could
be stabilized in TiO,_ The TiO,-Ag nanocomposites have shown
improved DSSC performances, since the Ag nanoparticles act as
an electron sink for the photoinjected charge carriers and also
show the plasmonic absorption effect, which maximizes the
DSSC efficiency.'*® The co-deposition of Ag on the N-doped

This journal is © The Royal Society of Chemistry 2014
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TiO, is more beneficial and has shown enhanced photocatalytic
properties due to the synergistic effect that arises between the
Ag and N-doped TiO,.*>™

Based on the above literature, so far the N-TiO, and TiO,-Ag
have been used separately as photoanodes in DSSCs. To the best
of our knowledge, we explored the co-deposition of Ag nano-
particles on N-doped TiO, as a photoanode for a DSSC for the
first time. We successfully developed a facile synthesis method
to deposit Ag nanoparticles on N-TiO, using a simple chemical
reduction method and characterized it using various analytical
techniques. The DSSC assembled with the N-TiO,-Ag-modified
photoanode showed an enhanced conversion efficiency of
8.15% compared to the unmodified TiO, (2.19%). This
enhanced efficiency due to the reduced band gap energy and
retarded charge recombination resulted from the introduction
of plasmonic Ag nanoparticles on the surface of N-TiO,. The
influence of the Ag content on the overall efficiency was also
explored, and the optimum content was 10 wt%. This novel N-
TiO,-Ag nanocomposite could be a potential candidate for solar
energy conversion.

2. Experimental methods

2.1. Materials

Titanium dioxide (P25) was purchased from Acros Organics.
Silver nitrate (AgNO;) and urea were received from Merck.
Sodium borohydride (NaBH,) was obtained from R&M chem-
icals. Indium tin oxide (ITO) conducting glass slides (7 Q sq™ ")
were purchased from Xin Yan Technology Limited, China. N719
(Ruthenizer 535-bisTBA) and Iodolyte Z-100 were received from
Solaronix.

2.2. Material characterization techniques

The crystalline phases of the samples were determined via X-ray
diffraction (XRD; D5000, Siemens), using copper Ko radiation (2
= 1.5418 A) at a scan rate of 0.02° s—*. The morphology of each
film was examined using field emission scanning electron
microscopy (Hitachi, SU 8000), transmission electron micros-
copy (TEM) (Hitachi, HT-7700), and high resolution TEM (JEOL
JEM-2100 F). The optical absorption properties in the spectral
region of 190-900 nm were assessed using a Thermo Scientific
Evolution 300 UV-vis spectrophotometer. Photoluminescence
and Raman spectra were collected using a Renishaw inVia 2000
system with a laser emitting at 325 and 514 nm, respectively. X-
ray photoelectron spectroscopy (XPS) measurements were per-
formed using synchrotron radiation from beamline no. 3.2 at
the Synchrotron Light Research Institute, Thailand.

2.3. Synthesis of N-TiO,-Ag nanocomposite

The N-TiO,-Ag nanocomposite was prepared using a chemical
reduction method. Initially, N-TiO, was prepared by mixing P25
and urea (at a 1 : 1 weight ratio) and grounding it for at least 30
min in a mortar. It was then annealed in a furnace at 400 °C at a
heating rate of 10 °C min~" in air for 1 h. Subsequently, a pale
yellow N-TiO, was obtained." After that, 500 mg of the pre-
formed N-TiO, was added to an aqueous solution containing
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AgNO; The amount of AgNO; used for the N-TiO, varied from
2.5 to 5, 10, and 20 wt%. The mixture was vigorously stirred for
30 min at room temperature. The reduction of Ag" was carried
out by the drop-wise addition of freshly prepared NaBH, until a
change in the color of the solution was maintained. The
yellowish-green appearance of the solution indicated the
formation of the N-TiO,-Ag nanocomposite, and the solution
was continually stirred for another 30 min. The nanocomposite
was collected and washed with distilled water and ethanol
several times using centrifugation. Finally, the product was
dried in an oven at 60 °C and stored in the dark.

2.4. Fabrication of N-TiO,-Ag photoanode-modified DSSCs
and evaluation of their performances

N-TiO,-Ag-modified photoanodes were fabricated using the
following procedure. Initially, 300 mg of the N-TiO,-Ag nano-
composite was mixed in an ethanolic solution and stirred for 30
min. A 0.1 M quantity of TTIP was slowly introduced into the
above reaction mixture and stirred until a homogenous solution
was obtained. Finally, the N-TiO,-Ag nanocomposite was coated
on the conducting side of the ITO using the doctor-blade
technique with the aid of scotch-3M tape and the thickness of
the film was ~12 um. In order to obtain a stable photoanode,
the film was dried at room temperature, sintered at 150 °C for
30 min in a muffle furnace, and then allowed to cool naturally to
room temperature. The prepared N-TiO,-Ag photoanodes were
immersed in an ethanolic solution of 0.3 mM N719 (Ruthenizer
535-bisTBA) dye for 24 h at room temperature. The dye-
adsorbed photoanode was withdrawn from the solution and
immediately cleaned with ethanol. A platinum sputtered ITO
was placed on a dye-absorbed photoanode, and they were
clamped firmly together. An electrolyte (Iodolyte Z-100, Solar-
onix) solution was introduced into the cell assembly by capillary
action. An active area of 0.5 cm” was used to measure the cell
performance. A 150 W Xenon arc lamp (Newport, Model 69907)
containing a simulated AM 1.5 G filter with a manual shutter
was used as a light source throughout the experiments. Prior to
testing the photovoltaic parameter, an Avaspec-2048 fiber optic
spectrophotometer was used to measure the light illumination
intensity. Photocurrent signal measurements (/-V and J-T
curves) were carried out with an active electrode area of 0.5 cm?®
using a computer-controlled VersaSTAT 3 Electrochemical
Workstation (Princeton Applied Research, USA).

3. Results and discussion

3.1. Morphological studies of N-TiO,-Ag nanocomposite

The microscopic morphologies of the as-prepared samples were
studied using FESEM, TEM, and HRTEM. Fig. 1a shows the
FESEM results for N-TiO,, which appears to be spherical in
shape with a uniform size. Upon the addition of Ag, no signif-
icant change in the morphology was observed for the film
(Fig. 1b). The presence of Ag and N on the TiO, was confirmed
by element mapping, as shown in Fig. 1c. The N-TiO,-Ag thin
film contained Ti, O, N, and Ag. Further, TEM images of the
N-TiO,-Ag were recorded and are shown in Fig. 1d. The TEM
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Fig.1 FESEM images of (a) N-TiO, and (b) N-TiO,—Ag (10 wt% Ag) (c)
EDAX element mapping, (d and e) TEM images, (f) SAED pattern, and (g)
lattice resolved TEM image of N-TiO,—-Ag.

images show that the N-TiO, nanoparticles are spherical in
shape, with a particle size range of 20-25 nm. Fig. 1le clearly
shows that the small spherical Ag nanoparticles with a particle
size range of 2-4 nm are well distributed and decorated on the
surface of the N-TiO,_ Fig. 1f depicted the selected area electron
diffraction (SAED) pattern of the nanocrystalline particles. The
pattern clearly reveals bright concentric rings, which are due to
the diffraction from the (211), (111), (004), and (101) planes of
the anatase TiO,. The lattice resolved HRTEM image of the
N-TiO,-Ag (Fig. 1g) shows d-spacing values for the lattice fringes
of 2.18 A, 1.68 A, 2.49 A, and 1.89 A, which correspond to the
(111), (211), (101), and (200) planes of TiO,.

3.2. XPS analysis of N-TiO,-Ag nanocomposite

The XPS spectra of the TiO,, N-TiO,, and N-TiO,-Ag were
recorded to understand their chemical natures and are shown
in Fig. 2. Fig. 2a shows the Ti 2p core-level spectra for the
samples, in which two prominent peaks are observed at 454.1
and 459.9 eV corresponding to the binding energies of the Ti
2ps/, and Ti 2py, core levels due to the presence of the Ti(v)
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state. Fig. 2b shows the O 1s spectra of the TiO,, N-TiO, and
N-TiO,-Ag, and the binding energy of the O 1s state of the
samples is located at 530.9 eV, which is assigned to the bulk
oxides (0>7) in the P25 lattice. The binding energy of the N 1s
atom is observed at 399.5 eV (Fig. 2c). The binding energies
found for the Ag 3ds,, and Ag 3d;,, levels are observed at 367.5
and 373.5 eV, respectively (Fig. 2d), with a peak separation of
6 eV due to the metallic silver.'®* The XPS analysis results
provide support for the existence of elements such as Ti, O, N,
and Ag in the nanocomposite materials.

3.3. Crystalline nature of N-TiO,-Ag nanocomposite

The XRD obtained pattern obtained for the N-TiO,-Ag nano-
composite is shown in Fig. S1,} together with those for the TiO,
and N-TiO, The TiO,, N-TiO,, and N-TiO,-Ag films are
composed of mixed anatase and rutile phases, which agrees
with reference patterns JCPDS 83-2243 and 21-1276, respec-
tively. The diffraction peaks at 25.3°, 38.8°, 48.35°, and 74.5°
correspond to the anatase phase of TiO, and are assigned to the
(101), (004), (200), and (215) crystallographic planes, respec-
tively. In contrast, the peaks at 54.08° and 63.21° agree well with
the rutile phase of TiO, and are assigned to the (220) and (002)
crystallographic planes, respectively. The diffraction peaks
related to the metallic Ag are located at 38.2°, 44.4°, and 64.6°,
and they overlap each other. Thus, it is difficult to differentiate
the Ag signals from the TiO, signals.

To further evaluate the phases in the prepared films, Raman
studies were performed in the range of 100-1000 cm ™', and the
results are shown in Fig. 3a. The observed Raman peaks at 144,
199, 397, 516, and 635 cm ™ are due to the anatase phase TiO,.
The rutile TiO, phase was observed at 445 cm ™" (ref. 16, 20 and
21). This clearly indicates that the TiO, and N-TiO, nano-
particles contain a mixture of the anatase and rutile phases. The
Raman signals of TiO, did not change after doping with
nitrogen, which indicated that no phase transition occurred.
However, no signals related to Ag particles were identified for
the samples because of the relatively low concentration of Ag
loaded onto the TiO, and its weak Raman scattering power. An
interesting observation is that the peak intensities decreased
with the deposition of Ag, although the position of the Raman
signal remained the same but broadened. This indicates that
there was an interaction between the Ag and TiO, that affected
the Raman resonance of TiO,.'” This observation shows that the
deposition of Ag on TiO, and N-TiO, does not cause any phase
transition, but may bring about an electronic environment
change in the surroundings.'*>**>

3.4. Optical properties of N-TiO,-Ag nanocomposite

The UV-vis absorption spectra of the TiO,, N-TiO,, and N-TiO,-Ag
were recorded and are shown in Fig. S2a.f It can be seen that the
prepared samples showed an intense absorption in the UV region.
The bare TiO, could not absorb the visible light, and the
absorption curve started to drop at 380 nm, which allowed the
N-TiO, to absorb the visible light. This revealed that the
prepared N-TiO, and N-TiO,-Ag exhibited a wider and stronger
absorption of visible light than the TiO,. In addition, all of the

This journal is © The Royal Society of Chemistry 2014
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N-TiO,-Ag exhibited a significant absorption of both ultraviolet
and visible light, along with an absorption band observed at
~500 nm due the Ag nanoparticles’ characteristic surface
plasmon resonance (SPR) band. The SPR effect of the Ag
nanoparticles could extend the light absorption to longer
wavelengths, increasing the light scattering and motivating
photogenerated carriers in the semiconductor by transferring
the plasmonic energy from the Ag to the N-TiO, and N-TiO,
semiconductor.> Upon the deposition of Ag on the TiO, and
N-TiO, surfaces, the Schottky barrier was formed between the
Ag and the TiO, and N-TiO,, which acted as an electron sink,
thus enhancing the separation of electron-hole pairs.** Further,
it was found that simultaneously doping TiO, with N and
modifying it with Ag made its band gap narrow, which is
beneficial for improving the solar energy conversion efficiency.
The band-gap energies (Ep,) of the TiO,, N-TiO,, and N-TiO,-Ag
were calculated using the well-known Tauc's plot method
(Fig. S2(b-d)t)."® The calculated Eyg values for TiO,, N-TiO,, and
N-TiO,-Ag were 3.31, 3.23, and 3.04 eV, respectively. A
remarkable reduction in the Ey, value for N-TiO, was observed
due to the substitution of oxygen by nitrogen in the TiO, lattice.
Mixing the N 2p states with the O 2p states resulted in a nar-
rowing of the Ey,g of TiO,. When Ag nanoparticles were added to
N-TiO,, the Ep, was further decreased. This was because the free
electron properties were exhibited with a downward shift in the
conduction band and an upward shift in the valence band,
which led to a decrease in the band-gap value.

UV-vis absorption spectra for N719 dye adsorbed TiO, and
N-TiO, photoanodes were recorded and shown in Fig. S3a.f
After coated with N719 dye, both TiO, and N-TiO, photoanodes
showed a significant absorption in the region of 510-520 nm.
The TiO, and N-TiO, show a maximum absorption at 507 nm
and 520 nm, respectively. Addition of N into TiO, enhances the
absorption in the region of 400-700 nm than that the bare
TiO,/N719 photoanode and it showed a red shift in the
maximum absorption. Large amount of incident light is being
absorbed in the broader wavelength range of 400-700 nm for
N-TiO, photoanode as compared to 400-600 nm with TiO,
photoanode. Higher portion of incident light absorption in the
visible region by N-TiO, photoanode, suggests that this photo-
anode would efficiently harvest the sunlight especially in the
visible region if used in DSSC. Furthermore, the band gap energy
(Epg) of the TiO, and N-TiO, photoanode is also determined
(Fig. S3b and cf). It is observed that Ey,, value is slightly decreased
from 3.31 to 3.23 eV upon doping of N. Hence, we can conclude
that the incorporating of N successfully reduced the band-gap and
helped to extent the light absorption in the visible region.

Understanding the charge recombination process for a
semiconductor is crucial because it would significantly influ-
ence the photoelectrochemical properties and DSSC perfor-
mance. The TiO, absorbs incident photons with sufficient
energy equal to or higher than the band-gap energy, and it
produces photoinduced charge carriers (h*...e”). The recom-
bination of photoinduced electrons and holes releases energy in
the form of photoluminescence. Hence, a lower PL intensity
indicates less charge recombination. The observed PL spectra
for the TiO,, N-TiO,, and N-TiO,-Ag are shown in Fig. 4a. A
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Fig. 4 (A) Photoluminescence spectra of (A) TiO5,, (b) N-TiO,, and (c)
N-TiO,-Ag (10 wt% Ag). (B) N-TiO,—Ag nanocomposite thin films with
(@) 2.5, (b) 5, (c) 10, and (d) 20 wt% of Ag content.

broad peak with a maximum emission at around 580 nm can be
observed for the TiO,, N-TiO,, and N-TiO,-Ag. The TiO, and
N-TiO, showed higher PL intensities due to the rapid recom-
bination of photoinduced charge carriers. The PL intensity
decreased when Ag was introduced to the N-TiO,. This is mainly
attributed to the formation of a Schottky barrier at the Ag and
N-TiO, interface, which could act as an electron sink to effi-
ciently prevent the electron-hole recombination process.*®
N-TiO,-Ag with 10% Ag showed the lowest PL emission inten-
sity, which indicated the least electron-hole recombination
compared to 2.5, 5, and 20% Ag content on the TiO, surface, as
seen in Fig. 4b.

3.5. Photovoltaic performances of N-TiO,-Ag-modified
photoanode-based DSSCs

The photovoltaic performances of the TiO,, N-TiO,, and
N-TiO,-Ag photoanode-based DSSCs were investigated under
simulated solar AM 1.5 G irradiation, and the results are shown
in Fig. 5. The parameters are summarized in Table 1. The
photocurrent density—photovoltage (J-V) curve of the N-TiO,-Ag
photoanode-based DSSC shows a very high short-circuit current
density of up to 21.51 mA cm™ 2. The N-TiO,-Ag photoanode
showed an enhanced solar energy conversion (n) of 8.15%,
which was higher than those of the TiO,-Ag (4.86%), N-TiO,
(2.93%), and pure TiO, (2.19%) photoanode-based DSSCs. The
Ag nanoparticles showed a promotional effect on the overall
energy conversion due to the surface plasmon resonance and
synergetic effect between the Ag and N-TiO,. The presence of N
could extend the absorption of TiO, into the visible region.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (A) Photocurrent density—photovoltage curves obtained for (a)

TiO,, (b) N-TiO,, and (c) N-TiO,—Ag (10 wt% Ag) photoanode-modi-
fied DSSCs. (B) Power output—photovoltage curves obtained for
N-TiO,—-Ag (10 wt% Ag) photoanode-modified DSSC.

Table 1 Photovoltaic parameters of various photoanode based
DSSCs*

Jse Voc Jmax Vinax n
Photoanode (mAcm™?) (V) (mAcem™) (V) FF (%)
TiO, 6.27 0.70 5.25 0.49 0.59 2.57
N-TiO, 8.77 0.68 6.10 0.48 0.49 2.93
TiO,-Ag 12.19 0.77 9.34 0.52 0.52 4.86
N-TiO,-Ag 21.51 0.79 15.99 0.51 0.48 8.15

“The DSSC performance was evaluated under 100 mW cm > of
simulated AM 1.5 G solar light irradiation. Js.: short-circuit current
density; V,.: open-circuit voltage; Jmax: Maximum photocurrent
density; Ve maximum photovoltage; FF: fill factor; n: power
conversion efficiency. Area of the cell electrode was 0.5 cm”.

Moreover, the deposition of Ag onto the N-TiO, resulted in a
change in the Fermi energy level. The electrons in the conduc-
tion band of the TiO, could be effectively captured by the Ag
until the Fermi level equilibrium was obtained, which mini-
mized the charge recombination process and thus improved the
DSSC performance.

In order to achieve a higher performance for the DSSC, it is
very important to optimize the Ag content in the photoanode. In
this regard, the loading of the Ag content in the photoanode was
varied to enhance the DSSC performance. Photocurrent

This journal is © The Royal Society of Chemistry 2014
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density-photovoltage voltage (/-V) curves were recorded for the
N-TiO,-Ag  nanocomposite-modified  photoanodes  with
different Ag contents and are shown in Fig. 6. Their corre-
sponding photovoltaic parameters are given in Table 2. The
obtained conversion efficiencies for pristine N-TiO, and N-TiO,
with 10 wt% Ag were 2.93% and 8.15%, respectively. In contrast,
for 2.5, 5, and 20 wt% of Ag, the conversion efficiencies were
2.47%, 7.44%, and 1.63%, respectively. The observed results
clearly revealed that the conversion efficiency of a DSSC was
increased with an increase in the Ag content in the photoanode
until it reached a maximum of 10 wt%. A further increase in the
Ag content eventually led to a decrease in the conversion effi-
ciency (Fig. 6a and Table 2). This decrease in the efficiency at a
high Ag loading could be attributed to the following reasons: (i)
the absorption and scattering of incident photons,***” (ii) the
shielding of the TiO,/electrolyte interface from irradiation,*
and (iii) the excess Ag may have undergone photooxidation by
the photogenerated holes and/or surface hydroxyl radicals
present in the TiO, particles.® Consequently, the overall
conversion efficiency of the DSSC deteriorated. The Js. was
increased with the increasing Ag content and attained a
maximum of 22.51 mA cm > at a loading of 5% (Fig. S47).
Further, J,. decreased to 20.18 mA cm™ > with 20% Ag loading in

25
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-
54
0 ; . —
0.0 0.2 0.4 0.6 0.8

Photovoltage (V)

Fig. 6 Photocurrent density—photovoltage (J-V) curves obtained for
N-TiO,—Ag nanocomposite photoanode-modified DSSCs with
different Ag contents.

Table 2 Photovoltaic parameters of fabricated N-TiO,—Ag photo-
anode based DSSCs®

.]sc ]max Vimax n
Ag(%) (mAem?)  Vee(V) (mAem) (V)  FF (%)
0 8.77 0.68 6.10 0.48 0.49 2.93
2.5 5.90 0.74 4.66 0.53 0.57 2.47
5 22.51 0.78 14.87 0.50 0.42 7.44
10 21.51 0.79 15.99 0.51 0.48 8.15
20 20.18 0.80 12.45 0.58 0.37 5.98

“The DSSC performance was evaluated under 100 mW cm > of
simulated AM 1.5 G solar light irradiation. Js.: short-circuit current
density; V,.: open-circuit voltage; Jmax: maximum photocurrent
density; Vma: maximum photovoltage; FF: fill factor; n: power
conversion efficiency. Area of the cell electrode was 0.5 cm>.
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the photoanode of the DSSC. It can also be seen that the V.
trends were almost the same, within the range of ~0.68-0.80 V.
The Jnmax and V. values of the device also followed trends
similar to Js. and V,. (Fig. S47).

The stability of N-TiO,-Ag photoanode based DSSC was also
studied under the light illumination “on-off” condition
(Fig. S57). The observed photocurrent density-time (/-7) profile
is in agreement with its J-V characteristics. As soon as the light

N-TiO, with different contents of Ag. Here, the R value can be
ignored since it remains fairly consistent (15 Q), and the DSSC
components are the same, except for the different concentra-
tions of Ag in the photoanode. The changes in R . can mainly be
attributed to the changes in the Ag content in the photoanode,
which contributed the most to the internal impedance. An
increase in the R value of the N-TiO,-Ag-based photoanode
was observed with the increasing Ag content. Thus, a photo-
anode that contained less Ag had a lower R value, which cor-
responded to the efficient electron transfer process between the
photoanode and electrolyte interface. The Nyquist plot of the
different photoanodes is shown in Fig. 7B. As demonstrated by
the Nyquist plot, both the real (Z') and imaginary (Z") parts of
the total impedance, as well as R, increased in the order TiO, <
N-TiO, < N-TiO,-Ag, which showed the crucial dependence of
the N and Ag incorporation on the charge transport. The
increase in the R value is more beneficial to suppress the
charge recombination and could influence the short circuit
current (Js.) of the DSSC. The R, value also decreases with the
addition of N and Ag. Therefore, the origin of the higher J,. in
N-TiO,-Ag is expected to arise from the R, R., and charge
transport dynamics determined by the electron lifetime (z,).
From the Bode phase plots (Fig. 7C and D), the frequency was
apparently shifted to the lower frequency region with the
addition of N and Ag. The maximum frequencies (wmax) in the
middle frequency region of the Bode plots of TiO, and
N-TiO,-Ag were 3162.27 Hz and 1995.26 Hz, respectively.
Since wmay is inversely associated with the electron lifetime,
T, = 1/(27f),*?* a decrease in wp,ax indicates a reduced rate for

is turned ‘on’, the photocurrent spike to a maximum value and
showed steady-state current as well. When the light is turned
‘off’, there is sudden fall in the photocurrent and no current in
the dark condition. The steady-state of the maximum photo-
current remains the same after several ‘on-off’ cycles which
revealed that the cells show good stability.

3.6. Electrochemical behavior of N-TiO,-Ag-modified
photoanode

In order to obtain deep insights into the interfacial charge
transfer process within the fabricated DSSC, the electro-
chemical impedance spectra (EIS) were recorded in the
frequency range of 0.01 Hz to 100 KHz and are shown in Fig. 7. A
well-defined semicircle in the middle frequency region can be
observed for the N-TiO,-Ag nanocomposite-modified
photoanode-based DSSC. The intersection of the high
frequency semicircle at the real axis represents the equivalent
series resistance of the device (R;). The arc in the middle
frequency range between 1 and 1000 Hz represents the charge
transfer resistance (R..) between the dye-adsorbed photoanode
and the electrolyte interface.>*° Fig. 7A shows the Nyquist plot of
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Fig.7 (A) Nyquist plot and (C) Bode phase plots obtained for N-TiO,—-Ag nanocomposite-modified photoanodes with (a) 2.5, (b) 5, (c) 10, and (d)
20 wt% of Ag content. (B) Nyquist plot and (D) Bode phase plots of (a) TiO,, (b) N-TiO,, and (c) N-TiO,—Ag (10 wt% Ag).
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Table 3 EIS analysis results for fabricated DSSC*

Photoanode Rs(Q) R (Q) Cu(uF) 15(ms) 1, (ms) 7. (%)
TiO, 21.01 8.91 7.10 0.14 0.06 29
N-TiO, 17.21 12.36 8.12 0.13 0.10 41
N-TiO,-Ag 15.34 20.28 6.23 0.09 0.12 57

“The electrochemical impedance spectra (EIS) were recorded at an
applied bias of —0.7 V in the frequency range of 0.01 Hz to 100 KHz.
R: device resistance; R.: charge transfer resistance; C,: chemical
capacitance; 75 electron transport time; t,: electron lifetime; 7.:
charge collection efficiency.

the charge-recombination process in a DSSC. Electrons with
longer t, will survive recombination, as characterized by a
larger R.;.

Furthermore, Table 3 and Fig. S6+ summarizes the results of
the Nyquist plot. The N-TiO,-Ag exhibited a faster electron
transport time (ts = Ry x C,)****** than TiO, and N-TiO,. Hence,
its electron lifetime (1, = R x C.)***** was significantly
increased, and electrons survived the recombination. The photo-
voltaic performance of a DSSC is clearly reflected by the charge
collection efficiency (1.) derived from 7. = (1 + Ry/Re) "33
Eventually, the charge collection efficiency was significantly
increased with the addition of N and Ag. We can conclude that, as
aresult of the longer t,, and larger R, the devices fabricated using
N-TiO,-Ag showed improved Js. values compared to TiO, and
N-TiO,.

3.7. Operation principle of N-TiO,-Ag-modified
photoanode-based DSSC

The operation principle of the DSSC based on the N-TiO,-Ag-
modified photoelectrode under illumination is shown in
Fig. 8a. The DSSC is based on the photo-excitation of the dye,
followed by electron injection into the conduction band of the
TiO, nanoparticle. During light irradiation, the dye absorbs
incident light and promotes electrons to the excited state. The
excited electrons are injected into Ag nanoparticles and then
transferred to the conduction bands of TiO, nanoparticles. The
dye is then oxidized by receiving electrons from the electrolyte
through the redox system, and is ready to be used again. The
electrolyte itself will be regenerated via the platinum counter
electrode, by electrons passing through the external circuit. In
our study, the Ag deposited onto the N-TiO, not only acted as an
electron sink for an efficient charge transfer but could also be
used as a scattering element for plasmonic scattering to trap the
light and near-field coupled with the dye molecules.*® This will
eventually improve the optical absorption of dye, resulting in a
significant photocurrent enhancement (Fig. 8b). Additionally,
the incorporation of Ag also resulted in a change in the Fermi
energy level. A large number of electrons accumulated on the
surfaces of Ag nanoparticles due to the surface plasmon reso-
nance effect. The accumulation of electrons on Ag nanoparticles
shifted the position of the Fermi level closer to the conduction
band of TiO,.*” The excited electrons in the Ag nanoparticles
transferred to the conduction band of TiO, and were collected

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 (a) Schematic diagram and (b) charge transfer mechanism for
N-TiO,-Ag photoanode-modified DSSC.

by the current collector (ITO). Thus, the photocurrent was
improved under irradiation in the visible region.?® In this way,
the photovoltaic performance significantly improved with the
enhancement of absorption in the visible region due to the
surface plasmon resonance of the Ag nanoparticles. In addition
to the ideal property of Ag nanoparticles, the presence of the N
also successfully reduced the band-gap and helped to shift the
optical absorbance toward the visible region. The incorporation
of N in TiO, that existed in the form of N-Ti-O would partially
convert the system from Ti*" to Ti** and effectively contributed
toward visible light absorption.*>*

4. Conclusion

In summary, a facile route to prepare Ag nanoparticles deposited
on N-TiO, via a simple chemical reduction method was demon-
strated in this report. The DSSC fabricated with N-TiO,-Ag
showed an enhanced solar-to-electrical energy conversion effi-
ciency of 8.15% compared to the photoanode of a DSSC composed
of unmodified TiO, (2.19%) under simulated solar irradiation of
100 mW cm™? with AM 1.5 G. The improvement was mainly

RSC Aadv., 2014, 4, 48236-48244 | 48243
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attributed to the Ag nanoparticles, which enhanced the visible
light adsorption due to a light harvesting property in the visible
range as a result of the surface plasmon resonance effect. In
addition, the promotion of the interfacial charge transfer
effectively minimized the charge recombination process. The
optimum Ag content in the N-TiO,-Ag for an efficient photo-
anode was found to be 10 wt%. In addition, the presence of N
was also successfully reduced the band gap and helped to shift
the optical absorbance toward the visible region. The conver-
sion efficiency was nearly threefold that of unmodified TiO,.
The synergetic effects of the Ag nanoparticles, surface plasmon
resonance effect, reduction in the band gap, and effective
charge transfer ameliorated the photocurrent generation and
conversion efficiency of DSSCs.
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