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Abstract: This study investigated the different thicknesses of TiO2 photoanode films and the effect of
surface plasmon resonance (SPR) of Ag-TiO2 nanocomposites on the current-voltage (I–V) performance
of dye-sensitized solar cells (DSSC). The TiO2 layer was deposited using the doctor blade technique
and the thickness of the TiO2 films was controlled by using a different number of Scotch tape layers.
The silver nanoparticles (AgNP) were synthesised using a chemical reduction method and the
concentration of sodium citrate as a reducing agent was varied from 4 to 12 mM to study the effect of
citrate ion on the size of the nanoparticles. Ag-TiO2 nanopowder was prepared by adding pure anatase
TiO2 powder into AgNP colloidal solution. The mixture was left to dry for 24 h to obtain Ag-TiO2

powder for paste preparation. The three-layer Scotch tape, with thickness of 14.38 µm, achieved a
high efficiency of 4.14%. This results showed that three layers was the optimal thickness to improve
dye loading and to reduce the charge recombination rate. As for the Ag-TiO2 nanocomposites, 10 mM
of AgNP, with a mean diameter of 65.23 nm and high efficiency of 6.92%, proved that SPR can enhance
the absorption capability of dye and improve the photon-to-electron generation.

Keywords: dye-sensitized solar cells; photoanode thickness; silver nanoparticles; surface plasmon
resonance; Ag-TiO2

1. Introduction

Dye-sensitized solar cells (DSSC) have been an object of research since they were discovered
in 1991 by Grätzel and O’Regan as an alternative to conventional solid-state photovoltaic (PV) cells.
DSSC have several unique advantages, such as low-cost production, being environmentally friendly,
flexible, lightweight, and showing good performance under lowlight illumination conditions [1,2].
In the conventional solid state PV, also known as first-generation PV cells, photon absorption and
electron transport would occur in the crystalline silicon p-n junctions [3]. This solid state cell is a frontier
in PV technology that has contributed to 80% of the world PV market. However, the first-generation
PV cells still face the issue of high production cost and complex fabrication process [4]. To overcome
the issue of high production cost, thin-film solar cells based on amorphous silicon and cadmium
telluride (CdTe) materials were introduced. Highly flexible thin-film solar cells are categorised as
second-generation PV cells that have drastically reduced the cost of production. However, the thin

Materials 2019, 12, 2111; doi:10.3390/ma12132111 www.mdpi.com/journal/materials

http://www.mdpi.com/journal/materials
http://www.mdpi.com
http://www.mdpi.com/1996-1944/12/13/2111?type=check_update&version=1
http://dx.doi.org/10.3390/ma12132111
http://www.mdpi.com/journal/materials


Materials 2019, 12, 2111 2 of 14

films have shown low performance due to the low quantum efficiency of amorphous silicon and
the high toxicity of CdTe, which require high precaution during manufacturing [4]. It is predicted
that DSSC will be among the next generations of PV that lies in third-generation PV cells. In DSSC,
two separate processes occur in different mediums. A ruthenium complex dye is adsorbed onto TiO2

nanoparticles to be used as a light absorption material. The excited electron will be injected into the
nanoporous TiO2 network and regenerated by tri-iodide electrolyte to complete the cycle of electron
regeneration [5]. The DSSC cells are able to achieve a power conversion efficiency of 13% using D-π-A
porphyrin dye sensitizer and cobalt-based redox mediator [6]. However, their efficiency is still lower
compared to other generation PV cells [7]. Thus, numerous studies are being conducted to find a
solution to overcome the issue of low efficiency.

Sengupta et al. reviewed several parameters in improving the photoanode to obtain high power
conversion efficiency in DSSC [8]. In their review, the thickness of the photoanode film and the
metal-TiO2 nanocomposites were found to be major contributors to the improvement of efficiency.
In DSSC, the thickness of TiO2 films plays an important role in the high generation of charge collection
and reduction of the charge recombination rate [9]. Kumari et al. studied the photovoltaic properties
of DSSC at different photoanode thicknesses [10]. They reported that ~12 µm thickness was enough
to enhance the photo-generation activity in DSSC, as well as to reduce the charge recombination.
Ito et al. also reported the effect of photoanode thickness on the efficiency of DSSC using screen printing
techniques. In their report, the best thickness ranged from 12 to 20 µm to gain higher efficiency
and photocurrent generation [11]. Metal nanoparticles are also one of the factors that can improve
the photocurrent and power-conversion efficiency. Metal nanoparticles, especially silver (Ag) and
gold (Au), are able to enhance light absorption and broaden the light spectrum of the dye through
surface plasmon resonance (SPR). This metal nanoparticle can function as a light-scattering mechanism
that can increase the number of optical pathways, allowing light to stay longer and increase light
absorption [6]. Compared to Au, Ag nanoparticles (AgNP) have a high scattering efficiency and
energy band. Therefore, AgNP is one of the best candidates to enhance power-conversion efficiency
by utilising the SPR effect. Photipitak et al. (2011) studied the effect of different AgNP sizes on the
efficiency enhancement of DSSC. The Ag-TiO2 nanocomposites were prepared by immersing TiO2 film
into AgNO3 solution and irradiated under ultraviolet (UV) light. The UV light irradiation exposure
time was varied from 5 to 240 min to study the variations of AgNP size. In their study, the optimal
efficiency that can be achieved was 4.76% with 19.16 nm AgNP [12].

In this work, the I–V characteristic performance was studied by varying the thickness of TiO2

films and the size of AgNP to improve the power-conversion efficiency. TiO2 was deposited using the
doctor blade method and the thicknesses of the TiO2 films were controlled using different numbers of
Scotch tape layer. Ag-TiO2 nanoparticles were prepared by adding pure anatase TiO2 powder into
colloidal AgNP. The AgNP particle sizes were varied by varying the concentration of sodium citrate
as a reducing agent. Finally, the solar cells were tested under AM 1.5 solar simulator to measure the
I–V characteristic.

2. Materials and Methods

2.1. Chemicals

All chemicals were used without any further purification. Silver nitrate (AgNO3) was purchased
from Systerm. Tri-sodium citrate powder was purchased from R&M Chemicals (Selangor, Malaysia),
while the rest of the chemicals used in this study were purchased from Sigma Aldrich.

2.2. Synthesis of Silver Nanoparticles (AgNP)

The colloidal AgNP was prepared using the chemical reduction technique. First, 0.05 mmol of
silver nitrate was dissolved in 50 mL of filtered de-ionized (DI) water, followed by vigorous stirring on
a hot plate until the solution came to a boil. Then, 5 mL of aqueous tri-sodium citrate was added drop
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by drop at a rate of 1 drop/s, with constant stirring at 500 rpm for 15 min until the solution changed
from colourless to dark yellow. Next, the heating element was turned off, while the solution was being
stirred continuously until it reached ambient temperature. The AgNP colloid was kept in a refrigerator
and wrapped with aluminium foil to prevent direct exposure to sunlight. To study the effect of particle
sizes, the concentration of tri-sodium citrate as the reducing agent was varied at 6, 8, 10, and 12 mM.

2.3. Preparation of TiO2 and Ag/TiO2 Photoanode

TiO2 paste was prepared as shown in Figure 1. Prior to the preparation, anatase TiO2 powder
was sintered at 450 ◦C for 30 min to remove any moisture and inorganic impurities. At each step,
liquids were added at a rate of 1 drop/s into a porcelain mortar. The preparation was done in ambient
condition at room temperature. The TiO2 was dispersed in 100 mL ethanol and transferred into a
250 mL beaker, followed by stirring at 800 rpm. Then, the TiO2 dispersion was ultrasonicated for
30 min for better dispersion of TiO2 into the paste. Lastly, α-terpineol and ethyl cellulose in ethanol
were added, followed by stirring for 24 h at 80 ◦C. The TiO2 paste was slowly evaporated until it
reached a suitable viscosity for the deposition process. While preparing the paste, only plastic spatulas
and glass slides were used to avoid any surface recombination by iron ions and iron oxide that usually
exists in steel spatula.

into the paste. Lastly, α

 

Figure 1. Preparation of TiO2 paste.

Ag-TiO2 paste was prepared in a similar manner as the pure TiO2 paste. Prior to this, 6 g
of TiO2 powder was added into 60 mL of AgNP colloid, which was then heated at 100 ◦C for
10 min. The resulting powder was filtered using filter paper and dried in an oven at 80 ◦C for 12 h.
The photoanode was prepared by depositing the TiO2 paste on clean fluorine-doped tin oxide (FTO)
glass substrates (2.5 × 2 cm2) using the doctor blade method and the thickness of the photoanode
was controlled by increasing the number of Scotch tape layers. In this experiment, adhesive Scotch
tape (3M, Scotch Magic Tape) with thickness of approximately 52 µm was placed on the edges of the
conductive sides of the FTO glass to create a 1 × 1 cm2 rectangular area for TiO2 paste deposition.
A small amount of TiO2 paste was then applied on the masked top edge of the FTO glass and spread
across the unmasked area using a microscope slide. Then, the Scotch tape was removed, leaving
an uncoated area of the FTO glass, which was used as the electrical contact for solar measurement.
The TiO2-coated film was kept in a clean box for 3 min to ensure that the paste can relax to reduce
surface irregularity. Then, it was dried for 6 min on a hotplate at 125 ◦C to evaporate ethanol. Finally,
the photoanode was sintered at 450 ◦C for 30 min and was left to cool down to 80 ◦C.
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2.4. Solar Cells Fabrication

Upon reaching 80 ◦C after the cooling period, the photoanode was immersed in 0.2 mM of
N719 dye solution in a mixture of an equivalent ratio of tert-butyl alcohol and acetonitrile at ambient
temperature for 20 h for sensitizing. To prepare the counter electrode, 2 mM of H2PtCl6 in isopropanol
was spin-coated on FTO glass and treated at 450 ◦C for 30 min. The dye-covered photoanode and Pt
counter electrode were assembled into a sandwich structure and sealed with 60 µm Surlyn polymer
spacer. An electrolyte composed of 0.05 M iodine, 0.1 M lithium iodide, 0.5 M 4-tert-butylpyridine,
and 0.6 M ethyl-methyl-imidazolium iodine in acetonitrile was mixed together using a magnetic stirrer.
A drop of electrolyte was injected into a solar cell and immediately tested under a solar simulator.
Figure 2 illustrates the schematic diagram of DSSC assembly.

–

–

Figure 2. Dye-sensitized solar cells (DSSC) assembly.

2.5. Characterisation and Measurement

The nanoparticle morphologies of AgNP and Ag-TiO2 were observed using a transmission
electron microscopy (TEM) (JEOL, JEM-2100F, Tokyo, Japan). Energy-dispersive X-ray spectroscopy
(EDS) was done using TEM. The particle size and size distribution were measured using a Zetasizer
Nano (Malvern Panalytical, ZSP 5600, Royston, UK). Absorption spectrum was analysed using
an ultraviolet-visible-near infrared (UV–Vis-NIR) spectrophotometer (Pelkin Elmer, Lambda 750).
An X-ray diffraction (XRD) diffractometer (Malvern Panalytical, Empyrean, Royston, UK) was used to
study the crystanallity of AgNP, TiO2, and Ag-TiO2. The I–V characteristic of the DSSC was evaluated
using a Keithley 2450 SourceMeter, and a solar simulator (Grating. Inc., Albuquerque, NM, USA)
equipped with a Xenon lamp and an air mass 1.5 global filter. The solar simulator was calibrated to an
intensity of 100 mW/cm2 (1 Sun) using a light meter.

3. Results and Discussions

3.1. Charaterisation of AgNP and Ag/TiO2

To observe the morphological structure of the synthesised AgNP, a TEM is used and the image is
shown in Figure 3a. The TEM images show that most of the AgNP were in a quasi-spherical geometry
and mono-dispersed. The crystalline nature of a single particle was further studied by measuring
the lattice fringes to find the d-spacing using a high-resolution transmission electron microscope
(HR-TEM). The lattice spacing for the synthesised Ag is shown to be 2.17 Å, which is comparable
with a previous report [13]. Figure 3c shows the particle size distribution for different sodium citrate
(reducing agent) concentrations, which were determined using a particle size analyser. Figure 3c shows
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that the synthesised particles size is in the range of 5 to 100 nm. The mean diameter was observed to
be increased from 46.89 to 75.54 nm when the reducing agent was increased from 4 mM to 12 mM,
respectively. As we can see in the figure, most of the particles were in a range greater than 40 nm,
due to slow rate in the citrate reduction method. Therefore, it is difficult to determine the changes of
particles sizing towards the different concentration of reducing agent. Thus, mean diameter (∆ nm)
was used to observe the changes [14]. A diameter that is larger than 70 nm may contribute to the
agglomeration of particles due to low sufficient force to prevent the agglomeration [15]. The high
molarity of the reducing agent could create strong attractions between atoms, where the Ag atoms
would attract each other and lead to the agglomeration of Ag particles.

Δ

 

Figure 3. (a) Transmission electron microscope (TEM) and (b) high-resolution transmission electron
microscope (HR-TEM) image of AgNP colloidal solution and (c) particles size distribution for different
sodium citrate molarity. The mean diameter for 4 mM = 46.89 nm, 6 mM = 52.39 nm, 8 mM = 58.61 nm,
10 mM = 65.23 nm and 12 mM = 75.54 nm.

Figure 4 shows the optical absorption of N719 dye and the effect of AgNP sizes at different
sodium citrate concentrations using a UV-Vis spectrophotometer. The synthesised AgNP samples were
dispersed into filtered DI-water with a ratio of 1:10 (mg:mL) before being filled into the quartz cuvette.
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The N719 dye was added, with a similar ratio as AgNP, into an equivalent ratio of acetonitrile and
tert-butyl alcohol as a solvent. The optical absorption of N719 dye occurred in two wavelengths at
382 and 523 nm. However, in between the two peaks low absorption of light would occur, especially
at the 445 nm region, which can reduce the photon to electron generation. To occupy this region,
AgNP was introduced to optimise light absorption. In the UV-Vis spectrum, the synthesised AgNP
exhibited a strong absorption within the range of 420 to 500 nm, which is the characteristic spectrum of
SPR for Ag [15]. A broad bandwidth of plasmonic absorption is observed in Figure 4, and SPR peak
shifted from 463 to 494 nm for 4 to 8 mM, respectively, which indicates red-shifting. This shift in SPR
peak was due to the increasing particle size. When the molarity of the reducing agent was increased,
the particle size had also increased, which could promote more nucleation. As the concentration of
the reducing agent was further increased to 10 mM, the SPR peak started to undergo a blueshift at
442 nm and a narrowed bandwidth was observed. At 10 and 12 mM of sodium citrate concentrations,
the SPR peaks of both concentrations began to occupy the lower absorption peak of N719 dye at
445 nm. This result showed that light absorption spectrum can be enhanced, with a high potential of
increasing the photocurrent generation. The increased SPR absorption with the increasing reducing
agent concentration indicated the occurrence of a greater amount of Ag+ reduction [16].

ater amount of Ag⁺ 

 

– –Figure 4. Ultraviolet–visible (UV–Vis) absorption spectrum for N719 dye and different concentration
of sodium citrate measured using UV-Vis spectrophotometer.

Figure 5a,b show the TEM and HR-TEM images of Ag-TiO2 nanoparticles dispersed in an ethanol
solution with 10 mM of reducing agent. The dark spots with quasi-spherical shapes in the TEM images
indicate the presence of AgNP on the TiO2 nanoparticles. The HR-TEM image demonstrates the
lattice spacing for Ag-TiO2 nanoparticles with spacing of approximately 3.86 Å. To further confirm
the presence of AgNP on the TiO2 nanoparticles, EDS was performed to investigate the elemental
composition of Ag-TiO2. Figure 5c shows the EDS spectrum of Ag-TiO2 using the back-scatted electron
method and the inset depicts the physical image of pure TiO2 and Ag-TiO2 nanoparticles. In the EDS
spectrum, the high peak corresponds to titanium (Ti) element, with a peak percentage weight of 35.8%,
followed by oxygen (O) with 29.4%, which indicates that TiO2 nanoparticles are present. Peaks of
carbon (C) and copper (Cu) represent the use of copper grid and lacey carbon. Lastly, the low weight
percentage of silver (Ag) at 0.6% can prove that Ag are present in the Ag-TiO2 nanocomposites.



Materials 2019, 12, 2111 7 of 14

 

different AgNP sizes. As shown in the figure, four Bragg diffraction peaks at 2θ, namely, 38.18°, 

, the characteristic peaks can be observed at 2θ of 25.86° (101), 38.03° (004), 48.52° 

Figure 5. (a) TEM, (b) HR-TEM image of Ag-TiO2 and (c) energy dispersive X-ray spectroscopy (EDS)
spectrum for determination of elemental composition Ag-TiO2 nanocomposites.

The image surface morphology of pure TiO2 film is captured using the field-emission scanning
electron microscope (FE-SEM), as displayed in Figure 6a. The 40 kX magnification image, with an
accelerating voltage of 2 kV, shows that the TiO2 particles were spherical in shape, with highly
nanoporous and dense films. Figure 6b shows the chemical elemental spectrum of pure TiO2 deposited
on the FTO glass, as detected using EDS. In the spectrum, three elements were detected in the pure TiO2

film, namely, titanium (Ti), oxygen (O), and carbon (C). Ti and O elements showed high percentages at
32.93% and 63.69%, respectively, which proved that the film on the FTO glass was TiO2. The C element
at 3.38% was probably due to contaminations during the preparation of FESEM sample. No other
components were shown in the spectrum, indicating that the thin film was pure TiO2. Figure 6c
shows the XRD patterns of AgNP, pure anatase TiO2, and Ag-TiO2 nanopowder at different AgNP
sizes. As shown in the figure, four Bragg diffraction peaks at 2θ, namely, 38.18◦, 44.40◦, 64.82◦,
and 77.96◦ that correspond to the (111), (200), (220), and (311) planes of the face centre cubic (fcc)
lattice structure of silver (JCPDS no. 04-0783). In addition, no Bragg peaks relating to other material
components were observed. This result showed that the synthesised AgNP was highly purified.
For TiO2, the characteristic peaks can be observed at 2θ of 25.86◦ (101), 38.03◦ (004), 48.52◦ (200), 54.38◦

(105), 55.54◦ (211), 63.28◦ (204), and 75.62◦ (215) (JCPDS no. 21-1272). The patterns showed no rutile
and brookite phases, indicating that the TiO2 was an anatase phase lattice. Figure 6c also shows an
increase in the peak at 38◦, which was observed for Ag-TiO2 compared to pure TiO2. It shows the
existence of AgNP in TiO2, at lattice Ag (111) and TiO2 (004). In addition, the intensity at lattice (101)
peak of Ag-TiO2 was increased. The presence of AgNP showed its high crystallinity films compared to
anatase TiO2.
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Figure 6. (a) FESEM image, (b) EDS spectrum of TiO2 film and (c) X-ray diffraction (XRD) pattern for
AgNP, anatase TiO2 and Ag-TiO2 nanopowder at different of AgNP sizes.

3.2. Optimisation of Photoanode Thickness

The height profile of TiO2 films using different layers of scotch tape, from one layer to five
layers, is shown in Figure 7, with a scanning area of 1 cm2 using a 3D laser measuring microscope.
The measured thickness using one layer of tape = 5.71 µm, two layers = 12.83 µm, three layers = 14.38
µm, four layers = 28.49 µm, and five layers = 34.11 µm, which was the maximum number of layers
used in the experiment. As seen in Figure 8, when the thickness was increased, a bowl-like shape
became more significant, especially with five layers of Scotch. This result can be attributed to the
centre of the film drying faster than the edges during the 125 ◦C pre-heating on the hotplate, which can
reduce the performance of the solar cells due to non-uniform surface.

A comparison of the I–V characteristic of different TiO2 film thicknesses is shown in
Figure 8a. In DSSC, the thickness of the photoanode is an important parameter to achieve
optimal power-conversion efficiency. Thicker films can increase free electron generation and charge
recombination. Meanwhile, thinner films can reduce charge recombination and the dye loading on
TiO2 [9]. Therefore, optimal thickness is required to overcome these problems. As shown in Figure 8a,
14.38 µm or three layers of Scotch tape was able to achieve high circuit current density. Figure 8b shows
the performance efficiency (η) and short circuit current density (JSC) at different TiO2 film thicknesses.
The JSC was increased from 6.71 to 11.82 mA/cm2 when the thickness of TiO2 film was increased
and started to reduce when the thickness was further increased to more than 28.49 µm. The power
conversion efficiency had also followed the same graph trend as JSC, with the highest efficiency of 4.14%
for 14.38 µm thickness. The increasing JSC at TiO2 thickness from 5.71 to 14.38 µm can be linked to the
increased dye loading onto TiO2 nanoparticles. Therefore, the rate of electron injection from excited
dyes to the conduction band of TiO2 nanoparticles had improved and maximised photon adsorption
by dye molecules [10,17]. Even though thicker TiO2 films can have higher dye loading and absorb
more photons that could increase the JSC, it could also increase electron recombination with I3

− ions
and induce the loss of injected electrons [10,18]. On the other hand, the increased thickness to more
than 28.49 µm was causing the rise of internal series of electron transport resistance, hopping from
one TiO2 nanoparticle to the next [18]. This problem can lower the JSC value and reduce the efficiency.
Thus, 14.38 µm was considered as the optimal thickness for this experiment.
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Figure 7. Height profile for different thickness TiO2 using doctor blade method. The measured
thickness using one layer of tape = 5.71 µm, two layers = 12.83 µm, three layers = 14.38 µm, four layers
= 28.49 µm and five layers = 34.11 µm.

 

–Figure 8. (a) Current-Voltage (I–V) characteristic (b) power-conversion efficiency and short circuit
current density for different TiO2 film thickness.
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Table 1 shows a summary of the photovoltaic DSSC parameters with different thicknesses of TiO2

layers. The open circuit voltage (VOC) was slightly increased from 0.61 to 0.63 V when the thickness was
increased up to 14.38 µm, and the VOC started to decrease when the thickness was further increased.
The increasing thickness would increase the surface area of TiO2 that can improve the number of
trapping surface states. Thus, the back transfer of electron to I3

− ions will be enhanced, resulting
in the lowering of VOC [10,19]. Table 1 also shows that the highest fill factor (FF) was found at the
thickness of 14.38 µm, with FF value of 0.56. As the TiO2 film grew thicker, the FF value began to
decrease. The increasing FF values could be due to the higher generation of free electrons in the TiO2

film, which was causing an increase of maximum power point (Pmax) [20]. Thus, it was concluded that
the optimal thickness was 14.38 µm, or three layers of scotch tape, to achieve the highest photocurrent
generation and power conversion efficiency.

Table 1. Photovoltaic parameter of dye-sensitized solar cells (DSSC) with different TiO2 film thickness
including average data with standard deviation were based on five devices. The best performing
devices data are given in parentheses.

Scotch Tape
(Layer)

Thickness
(µm)

VOC

(V)
JSC

(mA/cm2)
FF

η

(%)

1 5.71 0.58 ± 0.02
(0.61)

5.74 ± 0.78
(6.71)

0.46 ± 0.03
(0.48)

1.59 ± 0.28
(1.95)

2 12.83 0.62 ± 0.01
(0.62)

6.60 ± 0.70
(7.42)

0.50 ± 0.01
(0.48)

2.07 ± 0.17
(2.27)

3 14.38 0.63 ± 0.02
(0.63)

10.30 ± 1.02
(11.82)

0.52 ± 0.05
(0.56)

3.37 ± 0.56
(4.14)

4 28.49 0.60 ± 0.02
(0.62)

7.83 ± 0.09
(7.81)

0.52 ± 0.02
(0.55)

2.52 ± 0.12
(2.70)

5 34.11 0.60 ± 0.02
(0.62)

6.20 ± 0.40
(5.92)

0.53 ± 0.53
(0.53)

2.16 ± 0.11
(2.24)

3.3. Effect of Surface Plasmon Resonance (SPR) at Different AgNP Sizes on the Performance of Dye-Sensitized
Solar Cells (DSSC)

The effect of SPR on the performance of Ag-TiO2-based DSSC was investigated by assembling the
prepared photoanodes and measuring I–V characteristic to compare their performance to the pure
TiO2 photoanode. Figure 9a presents the comparison of I–V curve performances at 1.5 AM irradiation
of 100 mW/cm2 in between pure TiO2 and different AgNP sizes. This figure shows that the 10 mM
sodium citrate or the average AgNP size of 65.23 nm was able to achieve a higher JSC compared to pure
TiO2 and other AgNP sizes. Figure 9b shows the variation of efficiencies and JSC values at different
AgNP sizes. The efficiency was increased from 4.14% to 5.93% when the concentration of sodium
citrate was increased from 0 to 10 mM and it significantly dropped to 2.62% when the concentration
was at 12 mM. The JSC graph similarly followed the same trend as the efficiency, with the highest
JSC value of 17.93 mA/cm2. Table 2 lists the photovoltaic parameter for different concentrations of
sodium citrate. This table shows that with the addition of AgNP onto the TiO2, the VOC is improved
from 0.63 V for pure TiO2 to 0.66 V for 10 mM reducing agent. These results proved that AgNP can
enhance light absorption and the generation of charge carriers. The variation of FF values could be
due to the discrepancy in electrolyte container thickness. During the assembly of the DSSC device,
the TiO2 photoanode and counter electrode were sealed together using a 60 µm spacer. Since this
process was done manually and to make sure that both electrodes were tightly sealed, there could have
been uneven electrolyte container thickness, which resulted in the fluctuating FF values. This method
could be improved by using a heat press machine [20] since it offers uniform pressure during the heat
press process.
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Figure 9. (a) I–V characteristic (b) power conversion efficiency and short circuit current density for
different concentration of sodium citrate.

Table 2. Photovoltaics parameter of DSSC for different sodium citrate concentration.

Reducing Agent
Molarity (mM)

Average Diameter
(∆nm)

VOC

(V)
JSC

(mA/cm2)
FF

η

(%)

0 0 0.63 ± 0.02
(0.63)

10.30 ± 1.02
(11.82)

0.52 ± 0.05
(0.56)

3.37 ± 0.56
(4.14)

4 46.89 0.68 ± 0.01
(0.68)

13.42 ± 0.38
(13.46)

0.51 ± 0.01
(0.51)

4.58 ± 0.11
(4.65)

6 52.39 0.67 ± 0.01
(0.67)

14.62 ± 0.38
(14.92)

0.52 ± 0.01
(0.53)

5.19 ± 0.10
(5.30)

8 58.61 0.66 ± 0.01
(0.66)

15.81 ± 0.35
(16.14)

0.51 ± 0.01
(0.51)

5.35 ± 0.16
(5.46)

10 65.23 0.67 ± 0.01
(0.66)

15.76 ± 1.41
(17.93)

0.51 ± 0.01
(0.51)

5.49 ± 0.40
(5.93)

12 75.54 0.64 ± 0.01
(0.64)

6.73 ± 0.60
(7.03)

0.57 ± 0.00
(0.57)

2.49 ± 0.25
(2.62)

Thus, the main factors that have contributed to the increasing JSC values could be attributed to
the enhancement of light absorption. Meanwhile, the broadened light spectrum of the dye (refer to
Figure 4) had arisen from the SPR of AgNP, which had enhanced charge carrier generation, electron
injection, and electron transport to the TiO2 layer [21,22]. However, these enhancements were only
limited to AgNP with small particles. A further increase in particle size had only reduced the amount
of dye molecules getting adsorbed onto the TiO2 nanoparticles, which reduced the photon absorption
for electron generation [23,24]. Thus, optimal sizes of AgNP are required to avoid the reduction of dye
molecule adsorption. In addition, the Schottky barrier at the Ag-TiO2 interface will create electron-hole
pairs that would improve the flow of photo-generated electrons through the TiO2 network [21].
The Schottky barrier was formed at the Ag-TiO2 interface because of the lower work function value of
TiO2 (semiconductor) compared to the work function of Ag (metal) [25]. When light was irradiated
onto the Ag-TiO2 film, the electrons from the dye were injected into the CB of TiO2. The SPR effect
from Ag was responsible for the generation of free electrons, causing an accumulation of electrons.
Therefore, some of the light would be absorbed by Ag and electrons with energy higher than the
Schottky barrier would cross the barrier and be injected into the conduction band (CB) of TiO2. Thus,
fractions of electrons from the dye can be directly injected into the CB of TiO2 or to the CB through
AgNP [26,27]. With the presence of the Schottky barrier, electrons at the CB of TiO2 were prevented
from going back to the dye molecules or to the electrolyte, which could reduce the recombination
rate and improve the JSC. In the DSSC, VOC depends on the difference between the Fermi level of Ag
and the redox potential of the electrolyte. Therefore, the observed VOC had increased from 0.63 V for
pure TiO2 to 0.68 V for 46.89 nm AgNP. This result indicated that the quasi-fermi level had shifted
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to negative, causing an increased VOC [28]. However, when the mean diameter of the AgNP was
increased, the VOC began to fluctuate due to the AgNP being gradually corroded by the redox mediator
that can increase the recombination process. The recombination process can lead to shorter electron
lifetime and lowering of the VOC. Therefore, this problem can be mitigated by applying a coating or an
insulating layer on AgNP [27].

3.4. Reproducibility of DSSC

To determine the reproducibility of DSSC devices, five different samples were built and tested
using the optimised TiO2 film thickness and 65.23 nm AgNP. The trend of the power conversion
efficiency and the JSC of TiO2 thickness and AgNP obtained from the tested devices are shown in
Figure 10a,b. Figure 10a shows that all five samples are fabricated using three layers of Scotch tape
and deposited onto the FTO glass substrates using the doctor blade method. The minimum efficiency
achieved was at 3.0%, with JSC at 9.27 mA/cm2, while the maximum efficiency was at 4.14%, as
previously mentioned in Section 3.2. The average efficiency of all five samples was at 3.37%. On the
other hand, Figure 10b shows the sample with the mean diameter of AgNP of 65.23 nm and three
layers of Scotch tape. As observed, the Jsc values were in the range of 14.78% to 17.93%. The average
efficiency of 5.64% among these samples showed that the AgNP can help to enhance photocurrent
generation. This repoducibility testing has shown that the fabricated DSSC device can be practically
implemented in PV technology.

 

–

Figure 10. Power-conversion efficiency and short circuit current density for five different samples (a)
14.38 nm thickness of TiO2 film and (b) 65.23 nm mean diameter AgNP to test the reproducibility of the
DSSC devices.

4. Conclusions

As a conclusion, the Ag-TiO2 nanocomposites were successfully prepared to study the effect of
SPR on the performance of DSSC via characterization and I–V characteristic approach. The AgNP
was prepared using a simple chemical reduction method and the concentration of sodium citrate
was varied to investigate the effect of different nanoparticle sizes. The results showed that as the
concentration increases, the mean diameter of the nanoparticles increased as well due to agglomeration.
For Ag-TiO2 nanocomposites, the highest efficiency was achieved at 6.92% for 10 mM sodium citrate,
with a mean diameter of 65.23 nm. The thickness of TiO2 had also played an important role to
improve the efficiency of the DSSC. The optimal thickness was at three layers of Scotch tape or
14.38 µm, with an efficiency of 4.14%, which was enough to improve the dye loading and reduce
charge recombination. Thus, these results can provide invaluable guidance for higher DSSC efficiency.
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However, this experimental work had only focused on nanoparticle structures. Since SPR is dependent
on the size, shape, and dielectric of the plasmonic nanomaterial, further investigation is required based
on these properties to provide a deeper and wider understanding on the effect of SPR in DSSC.

Author Contributions: M.Q.L. carried out the experiment, analysis and writing of the manuscript. S.S. (Suraya
Shaban), helped carry out the project and data analysis. S.S. (Suhaidi Shafie) and H.J. provided the materials,
the facility to conduct experimental work, and guided the project. F.A. undertook the review, editing,
and supervision and guided the project. R.M.R. provided TEM and HRTEM images. H.Y. and S.S.A., undertook
the review and editing.

Funding: This research was funded by Universiti Putra Malaysia grant 9629800.

Acknowledgments: The authors would like to thank Functional Devices Laboratory, Institute of Advanced
Technology, Universiti Putra Malaysia for providing the experimental facilities and Malaysia-Japan Institute of
Technology, Universiti Teknologi Malaysia for characterization.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jasim, K.E. Dye sensitized solar cells-working principles, challenges and opportunities. In Solar Cells—Dye

Sensitized Devices; Intech Open: Rijeka, Croatia, 2011; pp. 172–204.
2. Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H. Dye-sensitized solar cells. Chem. Rev. 2010, 110,

6595–6663. [CrossRef] [PubMed]
3. Chander, N.; Komarala, V.K. Fabrication and characterization of dye sensitized solar cells: A photographic

guide. Ind. J. Pure Appl. Phys. 2017, 55, 737–744.
4. Abdin, Z.; Alim, M.A.; Saidur, R.; Islam, M.R.; Rashmi, W.; Mekhilef, S.; Wadi, A. Solar energy harvesting

with the application of nanotechnology. Renew. Sust. Energy Rev. 2013, 26, 837–852. [CrossRef]
5. Grätzel, M. Dye-sensitized solar cells. J. Photochem. Photobio. C Photochem. Rev. 2003, 4, 145–153. [CrossRef]
6. Mathew, S.; Yella, A.; Gao, P.; Humphry-Baker, R.; Curchod, B.F.; Ashari-Astani, N.; Grätzel, M. Dye-sensitized

solar cells with 13% efficiency achieved through the molecular engineering of porphyrin sensitizers. Nat. Chem.

2014, 6, 242–247. [CrossRef] [PubMed]
7. Rho, W.Y.; Yang, H.Y.; Kim, H.S.; Son, B.S.; Suh, J.S.; Jun, B.H. Recent advances in plasmonic dye-sensitized

solar cells. J. Solid State Chem. 2018, 258, 271–282. [CrossRef]
8. Sengupta, D.; Das, P.; Mondal, B.; Mukherjee, K. Effects of doping, morphology and film-thickness of

photo-anode materials for dye sensitized solar cell application—A review. Renew. Sustain. Energy Rev. 2016,
60, 356–376. [CrossRef]

9. Sedghi, A.; Miankushki, H.N. The effect of drying and thickness of TiO2 electrodes on the photovoltaic
performance of dye-sensitized solar cells. Int. J. Electrochem. Sci. 2015, 10, 3354–3362.

10. Kumari, J.M.K.W.; Sanjeevadharshini, N.; Dissanayake, M.A.K.L.; Senadeera, G.K.R.; Thotawatthage, C.A.
The effect of TiO2 photo anode film thickness on photovoltaic properties of dye-sensitized solar cells.
Ceylon J. Sci. 2016, 45, 33–41. [CrossRef]

11. Ito, S.; Chen, P.; Comte, P.; Nazeeruddin, M.K.; Liska, P.; Péchy, P.; Grätzel, M. Fabrication of screen-printing
pastes from TiO2 powders for dye-sensitised solar cells. Prog. Photovol Res. Appl. 2007, 15, 603–612.
[CrossRef]

12. Photiphitak, C.; Rakkwamsuk, P.; Muthitamongkol, P.; Sae-Kung, C.; Thanachayanont, C. Effect of silver
nanoparticle size on efficiency enhancement of dye-sensitized solar cells. Int. J. Photoenergy 2011, 2011, 1–8.
[CrossRef]

13. Agnihotri, S.; Mukherji, S.; Mukherji, S. Size-controlled silver nanoparticles synthesized over the range 5–100
nm using the same protocol and their antibacterial efficacy. RSC Adv. 2014, 4, 3974–3983. [CrossRef]

14. Pacioni, N.L.; Borsarelli, C.D.; Rey, V.; Veglia, A.V. Synthetic routes for the preparation of silver nanoparticles.
In Silver Nanoparticle Applications; Springer: Basingstoke, UK, 2014; pp. 13–46.

15. Ahmad, N.; Ang, B.C.; Amalina, M.A.; Bong, C.W. Influence of precursor concentration and temperature on
the formation of nanosilver in chemical reduction method. Sains Malaysiana 2018, 47, 157–168.

16. Pillai, Z.S.; Kamat, P.V. What factors control the size and shape of silver nanoparticles in the citrate ion
reduction method? J. Phys. Chem. B 2004, 108, 945–951. [CrossRef]

http://dx.doi.org/10.1021/cr900356p
http://www.ncbi.nlm.nih.gov/pubmed/20831177
http://dx.doi.org/10.1016/j.rser.2013.06.023
http://dx.doi.org/10.1016/S1389-5567(03)00026-1
http://dx.doi.org/10.1038/nchem.1861
http://www.ncbi.nlm.nih.gov/pubmed/24557140
http://dx.doi.org/10.1016/j.jssc.2017.10.018
http://dx.doi.org/10.1016/j.rser.2016.01.104
http://dx.doi.org/10.4038/cjs.v45i1.7362
http://dx.doi.org/10.1002/pip.768
http://dx.doi.org/10.1155/2011/258635
http://dx.doi.org/10.1039/C3RA44507K
http://dx.doi.org/10.1021/jp037018r


Materials 2019, 12, 2111 14 of 14

17. Vesce, L.; Riccitelli, R. Processing and characterization of a TiO2 paste based on small particle size powders
for dye-sensitized solar cell semi-transparent photo-electrodes. Prog. Photovolt Res. Appl. 2012, 20, 960–966.
[CrossRef]

18. Ni, M.; Leung, M.K.; Leung, D.Y. Theoretical modelling of the electrode thickness effect on maximum power
point of dye-sensitized solar cell. Can. J. Chem. Eng. 2008, 86, 35–42. [CrossRef]

19. Wu, X.; Lu, G.; Wang, L. The effect of photoanode thickness on the performance of dye-sensitized solar cells
containing TiO2 nanosheets with exposed reactive {001} facets. J. Mater. Res. 2013, 28, 475–479. [CrossRef]

20. El-Shater, R.E.; Abdel-Galeil, M.M.; Kawamura, G.; Matsuda, A. Spacer thickness-dependent electron
transport performance of titanium dioxide thick film for dye-sensitized solar cells. J. Nanomater. 2015, 16,
1–9. [CrossRef]

21. Nbelayim, P.; Kawamura, G.; Tan, W.K.; Muto, H.; Matsuda, A. Systematic characterization of the effect of
Ag@ TiO2 nanoparticles on the performance of plasmonic dye-sensitized solar cells. Sci. Rep. 2017, 7, 15690.
[CrossRef]

22. Guo, K.; Li, M.; Fang, X.; Liu, X.; Sebo, B.; Zhu, Y.; Hu, Z.; Zhao, X. Preparation and enhanced properties of
dye-sensitized solar cells by surface plasmon resonance of Ag nanoparticles in nanocomposite photoanode.
J. Power Sour. 2013, 230, 155–160. [CrossRef]

23. Gangadharan, D.T.; Xu, Z.; Liu, Y.; Izquierdo, R.; Ma, D. Recent advancements in plasmon-enhanced
promising third-generation solar cells. Nanophotonics 2017, 6, 153–175. [CrossRef]

24. Ishikawa, K.; Wen, C.J.; Yamada, K.; Okubo, T. The photocurrent of dye-sensitized solar cells enhanced by
the surface plasmon resonance. J. Chem. Eng. Jpn. 2004, 37, 645–649. [CrossRef]

25. Linsebigler, A.L.; Lu, G.; Yates, J.T., Jr. Photocatalysis on TiO2 surfaces: principles, mechanisms, and selected
results. Chem. Rev. 1995, 95, 735–758. [CrossRef]

26. Solaiyammal, T.; Muniyappan, S.; Keerthana, B.G.T.; Nemala, S.S.; Bhargava, P.; Murugakoothan, P. Green
synthesis of Ag and the effect of Ag on the efficiency of TiO2 based dye sensitized solar cell. J. Mater. Sci.

Mater. Electron. 2017, 28, 15423–15434. [CrossRef]
27. Arof, A.K.B.M.; Buraidah, M.H.B.A. Plasmonic effect in photoelectrochemical cells. In Plasmonic; Intech

Open: London, UK, 2018; pp. 223–241.
28. Dao, V.D.; Kim, S.H.; Choi, H.S.; Kim, J.H.; Park, H.O.; Lee, J.K. Efficiency enhancement of dye-sensitized

solar cell using Pt hollow sphere counter electrode. J. Phys. Chem. 2011, 115, 25529–25534. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/pip.1166
http://dx.doi.org/10.1002/cjce.20015
http://dx.doi.org/10.1557/jmr.2012.372
http://dx.doi.org/10.1155/2015/680201
http://dx.doi.org/10.1038/s41598-017-15541-z
http://dx.doi.org/10.1016/j.jpowsour.2012.12.079
http://dx.doi.org/10.1515/nanoph-2016-0111
http://dx.doi.org/10.1252/jcej.37.645
http://dx.doi.org/10.1021/cr00035a013
http://dx.doi.org/10.1007/s10854-017-7429-x
http://dx.doi.org/10.1021/jp208295b
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Synthesis of Silver Nanoparticles (AgNP) 
	Preparation of TiO2 and Ag/TiO2 Photoanode 
	Solar Cells Fabrication 
	Characterisation and Measurement 

	Results and Discussions 
	Charaterisation of AgNP and Ag/TiO2 
	Optimisation of Photoanode Thickness 
	Effect of Surface Plasmon Resonance (SPR) at Different AgNP Sizes on the Performance of Dye-Sensitized Solar Cells (DSSC) 
	Reproducibility of DSSC 

	Conclusions 
	References

