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Abstract

Surface plasmon resonance is the effect of electron oscillation in a structure stimulated by incident light. When noble materials such as Ag, Au
or Cu are added into the titania (compact or mesoporous) structure of the sensitized solar cell, the plasmonic effect of such materials will result
to an improved performance of the device. Placing AgNPs at different position will produce a variety of result. In this work the systematic
design and formation of plasmonic dye sensitized solar cells (DSSCs) by integrating AgN Ps nanoparticles (NPs) in two distinct configurations;
on the ¢ — TiO, and on m — TiO, were reported. The power conversion efficiency (PCE), Jsc and Voc of the reference device shows a value
of 0.36 %, 1.89 mAcm™2 and 0.45 V. Upon introduction of AgNPs on the ¢ — T'iO,, a PCE of 0.64 %, Jsc of 2.53 mAcm~? and Voc of 0.46V
were recorded, which improved the PCE ~63.90 % over that of the prestine device. When AgNPs is introduced on the m — TiO,, a PCE of
0.71 %, Jsc of 2.83 mAcm™2 and Voc of 0.46 V were obtained which results to increase in power conversion efficiency from 0.36 % to 0.71
%, demonstrating ~ 1.97 time’s enhancement, compared with the reference device without the metal NPs. The improvement is attributed to an
increase in photocurrent density due to enhanced light harvesting by silver nanoparticles.
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1. Introduction of harnessing solar energy is through solar cell. Sequentially,
solar cell technologies have developed into three generations

We can consider the issue of energy as a necessity being [1, 2]. The first generation photovoltaic solar cell is based on

a fundamental problem facing the world and humanity today. 4 gingle crystalline semiconductor wafer. The second era solar
Fortunately, as the earth receives abundant sunlight through- cells use thin layer of polycrystalline semiconductor, they are
out the year, it is wise to harvest such alternative resource for  jaqq expensive to produce, adaptable and lightweight; however,
energy conversion and consumption. One of the direct ways  the performance is still lower than the first generation cells. The
third era solar cell is a new minimal chemical solar cell that was
accomplished by the combination of nanostructured electrodes

*C di thor tel. no: +2348063307256 . .
oriespanicing awtaor = 10 and proficient charge injection dyes [3, 4]. The recent devel-
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opment of solar cell technologies has provided much hope in
the renewable energy field due to their ease of fabrication and
low cost [5, 6, 7, 8]. To date, the highest reported efficiency
of DSSC is about 14 % [9]. Recently, solar cell structure with
high performing perovskite as sensitizer has emerged as a new
breakthrough in the solar cells field where efficiency as high as
> 23 % has been reported [10, 11, 12].

The main working mechanism of DSSC relies on the photon
absorption by the sensitizers followed by the transfer of pho-
togenerated electrons within the circuit. However, increasing
power conversion efficiency further to realize the outdoor appli-
cations are still one of the crucial issues in DSSC research. The
absorption process can be enhanced with the inclusion of noble
metal nanoparticles in the 7i0, compact and mesoporous struc-
ture, acting as scattering centers and sub-wavelength antennas
[13]. It is worth mentioning that for noble metal nanoparti-
cles to have significant positive effect in solar cells, the non-
radiative transfer between the photoactive layer and nanopar-
ticles must be reduced [3, 14]. Noble materials such as Ag,
Cu or Au nanoparticles are thought to enhance the photocur-
rents of DSSC as a result of localized surface plasmon reso-
nance (LSPR) effect of the nanoparticles [15]. In general, sur-
face plasmon resonance is the effect of electron oscillation in a
structure stimulated by incident light. The effect of the LSPR
on Ag, Cu or Au nanoparticles results in enhanced light absorp-
tion and scattering which ultimately enhances the performance
of DSSC.

In this work, we demonstrated the use of silver nanoparti-
cles with average size of 16 nm deposited on the ¢ — TiO, and
m — Ti0O, to produce a film for the photoanode of DSSCs. Ag
was selected due to its advantages as high conductor, and chem-
ical and thermal stability [3, 8]. Natural pigment from delonix
regia was then used as the sensitizer in a sandwich type DSSC.

2. Materials and Methods

2.1. Synthesis of Ag nanoparticles

To fabricate the silver NPs, a modified two-step reduction
synthesis procedure was implemented, which was developed
based on the conventional reduction method [16, 17]. We first
heat the mixture containing sodium borohydride (NaBH,) and
tri-sodium citrate (TSC) at the ratio of 2:7 (1 x 1073 moldm™ :
3.5 x 1073 moldm™) to 60 °C at 300 rpm for 30 min under
vigorous stirring to ensure a formation of homogenous solu-
tion. 45 min later, 4 ml of an aqueous solution of AgNOs
(4 x 1073 moldm=>) was added drop-wise to the mixture, and
the temperature was further raised to 100 °C to make the so-
lution boil quickly. The reaction was allowed to continue for
another 45 min. Finally, the solution was cooled down to room
temperature with stirring, and the NPs were collected by cen-
trifugation at 5000 rpm and redispersed in ethanol via sonica-
tion for 15 min.

2.2. Extraction of dye pigment

The flame tree flower (delonix regia) was collected in plas-
tic rubber from flamboyant tree. The flame flower was sepa-
rated from its stalk. The sample was crushed via the use of a

porcelain mortar and pestle. The sample, was filtered and stored
in test tubes. The filtrate (extract) is the dye solution for sensi-
tization.

2.3. Solar Cells Preparation

Fluorine doped tin oxide (FTO) (sheet resistance 8 Qsquare™"

Solaronix) was used as a substrate for both photoanode and

counter electrode. 0.38 M di-isopropoxytitanum bis(acetylacetonate)

in ethanol was spin-coated at 3000 rpm for 10 s on the pho-
toanode FTO. This was followed by sintering at 450 °C for
30 min to form a compact layer. The TiO, mesoporous layer
was deposited by screen printing. It was then sintered in air for
30 mins at 500 °C.

For samples with the inclusion of Ag nanoparticles, the Ag
nanoparticles was deposited on the ¢ — TiO, and m — TiO;
through SILAR procedure. It was then sonicated for about
20 minutes to ensure homoegenous distribution of the Ag nanopar-
ticles on ¢ — TiO; and m — TiO; particles. All the as prepared
photoanodes were soaked overnight in 0.2 mM delonix regia
dye.

Counter electrode was prepared by spin coating a Pt catalyst
(Solaronix) on FTO. The Pt coated FTO was then sintered at
500 °C for 30 min.

The iodide-based liquid electrolyte used was prepared fol-
lowing the method earlier described by Jun et al. [1]. It involves
0.6 M 3-propyl-1-methylimidazolium iodide, 0.1 M lithium io-
dide, 0.05 M iodine and 0.5 M 4-tert-butylpyridine in acetoni-
trile. A parafilm spacer was used to contain the liquid elec-
trolyte within the cell assembly.

Solar cell assembly was done by sandwiching the liquid
electrolyte between the sensitized electrode and Pt counter elec-
trode.

2.4. Characterization and Measurement

The current density-voltage (J-V) characteristics of the cells
were recorded using a setup comprising a xenon lamp, an AM
1.5 light filter, and an Electrochemical Analyzer (Keithley 2400
source meter) under an irradiance of 100 mW/cm? illumina-
tion from a Newport A solar simulator. Scanning Electron Mi-
croscopy (SEM) images were obtained using Carl Zeiss at an
acceleration voltage of 20 kV. Visible region extinction spec-
tra of dye, electrodes without dye and electrodes with dye were
recorded on Axiom Medicals UV752 UV-vis-NIR spectropho-
tometer. The cell active area was 0.50 cm?.

3. Materials and Methods

3.1. SEM Morphologies of TiO,, ¢ — TiO, : AgNPs and ¢ —
TiO, : AgNPs

The SEM surface morphologies of the TiO,, ¢ — TiO, :
AgNPs and m — TiO, : AgNPs composite films are shown in
Fig. 1(a)-(c). The SEM images show little difference between
films with AgN Ps, and all films showed compact morphologies
and smooth surfaces.

By using semiquantitative energy dispersive X-ray spec-
troscopy, peaks associated with T'i, O, Ag, Ar, N, Cd, C, Ca, Cl,



Figure 1: SEM and EDX micrographs of (a) TiO,, (b) c—TiO, : AgNPs
and (c) m — TiO, : AgNPs.

Al and Si are clearly observed in the five spectra. The Ti and
O peaks confirmed the presence of TiO, particles, and Ag peak
obviously resulted from Ag nanoparticles. A very low peak as-
cribed to Al element is probably related to the specimens’ ma-
nipulations during SEM investigation. The signal of Si, Ca,
Ar and Cd should be attributed to the building element of the
substrate since no other Si, Ca, Ar or Cd-based chemicals were
used throughout the synthesis. The presence of C in Figure 1(a)
most probably originates from Na-PAA traces involved during
the synthesis.

3.2. Microstructures of the Photoanodes

Fig. 2 shows the XRD patterns of the TiO,, ¢ — TiO, :
AgNPs, and m — TiO, : AgNPs films. The patterns showed
that all films had good crystallinity. The characteristic peaks of
(101), (200), (105) and (211) for anatase and (110) for rutile
were observed in these patterns, indicating the coexistence of
the anatase and rutile phases in the 7i0,. Besides these, char-
acteristic peaks of Ag (111) and (104) were also observed in
the patterns of the 7i0, modified with AgN Ps composite films,
suggesting the stable existence of AgNPs in composite films. It
can also be seen that, the intensity of the anatase (101) peaks of
the TiO, film increased with introduction of AgNPs, showing
higher crystallinity of the films compared to that of the unmod-
ified TiO,. A peak at (004) corresponding to the rutile phase
was also observed in the patterns of 70, with AgNPs films,
suggesting a possible increase of the rutile phase in TiO;. The
properties demonstrated with the modified photoanode would
enhance light scattering and absorption [18], which may en-
hance the photovoltaic properties of the DSSCs.

3.3. UV-visible spectroscopy

Figure 3(a) shows the absorption of the natural pigment that
serves as light harvester in this research within the wavelength
range of 200 — 1200 nm. From the Figure, the harvester dis-
plays absorbing properties between 400 to 600 nm with two
distinct peaks of absorption noticed at ~ 450 and = 550 nm.
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Figure 2: XRD pattern of (a) Ti0,, (b) ¢ — TiO, : AgNPs and (c)
m—TiO, : AgNPs.
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Figure 3: The absorption-wavelength of (a) natural pigment, (b) Ti0,,

¢—Ti0, and m—TiO, without dye and (c) TiO,, c—TiO, and m—TiO,

with dye.

The absorption at the visible region demonstrates the satisfac-
tion of the sample as light harvester in this research. Figure 3(b)
shows the absorbance-wavelength plot for TiO,, ¢ — TiO;, and
m — TiO, without dye pigment. As seen, no absorption peak
seen within the Vis-NIR region with 7i0,. We also observe a
sharp peak around 316 nm within the UV region of TiO, due
to electronic transitions between molecules having an interme-
diate ionic degree. The absorptivity at the UV region affirmed
to the necessity of modifying the 7iO, to make it active under
visible light. After modification of 7i0O, (compact and meso-
porous) with AgNPs, absorption enhancement was noticed on
the AgN Ps - TiO, modified samples. This shows that modifica-
tion of TiO, with AgNPs causes a deformation in the network
of the film thereby resulting to redshift in the optical band edge.
Also resonances were exhibited between 360 nm to 850 nm af-
ter sensitizing with natural pigment which demonstrate a red
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shift at the resonance (Figure 3(c)). As shown, the slightly red
shifted extinction spectrum of the dye soaked samples as com-
pared to the unsoaked samples is expected from the change in
the LSPR which slightly shifts to longer wavelength upon the
bond formation between the nanoparticles and the dye. In ad-
dition, the absorption intensity increase as the dye was sensi-
tized on the samples. This behavior was usually ascribed to
Ag® nanoparticles inducing visible light absorption [3, 15, 16].
Moreover, absorption bands at 400 — 500 nm may also be at-
tributed to Ag clusters.

3.4. Photovoltaic performance

DSSCs were fabricated and their J-V curves behavior were
investigated. Their performance parameters were obtained from
the J-V and P-V curves following equations 1 and 2 respectively

[3].

Jmax X Vmax

FF = 1
JSC X V(]C ( )
FF X Jg XV,
= D7 X e X Yoo 009 )
PirraDIANCE

FF is Fill Factor, n is solar cell efficiency, Vmax is maximum
voltage, Jmax is maximum current density, Jsc is short circuit
current density, Voc is open circuit voltage and Prrapiance 18
light intensity.

Figure 4(a) shows the J-V curves of all the DSSCs samples
while Figure 4(b) shows the P-V curves of the formed DSSCs.
The individual results are also tabulated in Table 1. The nor-
mal DSSC, i.e. cell without the inclusion of Ag nanoparticles,
achieves an efficiency of 0.36 %. Its photocurrent density, Jsc
and open circuit voltage, Voc are 1.89 mAcm™> and 0.45 V re-
spectively. The measured J-V curve of the control sample has a
fill factor value of 42 %.

With the introduction of Ag nanoparticles on 770,. The cell
performance improved substantially. Device with AgNPs on
¢—TiO, shows an improved efficiency of 0.64 % while the best
performance was obtained in the cell with AgNPs on m —T'iO;.
The measured efficiency for the cell is 0.71 %, = 2.0 times im-
provement compared with that without Ag nanoparticles. The
improved efficiency was largely attributed to the increased Jsc
due to the intensified near field effect resulting from the silver
nanoparticles. Addition of AgNPs on the m — TiO, create a
schottky barrier thus seen to reduce the e-h recombination cen-
ters generally attributed to the oxygen vacancies in 7iO; in the
surface layers [19]. Also, the Ag plasmon mode energetically
overlaps with dye absorption zone possibly rendering charge
into the 7i0, nanoparticles.

However, when AgNPs is added to ¢ — TiO,, we also ob-
served an enhancement compared to the reference device but
not as pronounced as observed in the device with AgNPs on
m — Ti0,, therefore, cell with AgNPs on m — TiO; is the opti-
mum composition in order to get the maximum plasmonic effect
of the Ag nanoparticles in our work.

Due to the decay of a strong local magnetic field from the
Ag surface when it is coated on the ¢ — T'iO; layer, only fewer
dye molecules were enhanced to promote charge separation and

10

10

dissociation [14, 16]. It caused an apparent decrease of the opti-
cal absorption of dye, resulting in a limited enhanced photocur-
rent.

Also a smaller Schottky barrier in the interfacial region of
Ag and TiO,, attributed to a little difference between the work
function of silver, 4.12 ¢V, and the electron affinity of TiO;,
4.0 eV, had barely small influence on photocurrent in the vis-
ible region to match closely with the record for the standard
electrode [16, 20]. Also the electrons from metal particle can-
not efficiently be transported in the network and the scattering
study showed that in this case specular reflectivity is maxi-
mized, thus preventing a fraction of light to penetrate the de-
vice while the light scattering to non-specular directions is not
sufficient enough [16].
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Figure 4: (a) J-V curves and (b) P-V curves of the control, C, D1, D2
devices.

Figure 4(b) shows the P-V curves of the control, C, D1, D2
devices. Their maximum powers are observed at 0.36, 0.64 and
0.71 mWem™.

Figure 5 shows the plot of solar cell parameters; Voc, Jsc,
FF and PCE with respect to the device. Observation shows
that PCE, Jsc maximum values are at 0.71 % and 2.83 mAcm ™2
which was displayed by device D2. Device D1 demonstrates
the highest FF with value 0.55.
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Table 1: Photovoltaic performance of AgN Ps modified and unmodified PSCs under 100 mWem™2.

Device Tsc(mAem™2  Voc(V)  FE(%) n Enhancement
Control Device 1.89 0.45 42 0.36 0

D1 2.53 0.46 55 0.64 =~ 1.80 times
D2 2.83 0.46 54 0.71 =~ 2.00 times

4. Conclusion [7]

The influence of AgNPs on the structure and performance
of Ag — TiO, composite photoanodes and DSSCs was inves-
tigated. The results demonstrated that adding AgNPs to TiO,
photoanodes significantly improved the performance of the DSSCs
by increasing short-circuit current and open-circuit voltage. The
best performing DSSC has AgNPs on the m — TiO, and gave a
Jsc of 2.83 mAcm™2, a Voc of 0.46 V and a photoelectric con-
version efficiency of 0.71 %, greatly superior to that of DSSC
using pure 7i0, photoanode. The increase of Jsc is attributed to
the enhanced light absorption and broadened absorption spec-
tral range of the composite photoanode due to the SPR of the
AgNPs.
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