No oo b WN -

(0]

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Original Research Article

Size Effects of Silver Nanoparticles on the Photoltaic Performance of a Dye Sensitized
Solar Cells.

Abstract

The size effects of silver (Ag) nanoparticles (NBs)the performance of a dye sensitized solar
cells (DSSCs) through successive ion layer adsor@tnd reaction (SILAR) was investigated. A
series of Ag NPs with different SILAR cycles wegathesized on fluorine tin oxide (FTO) glass
slides. The size effects of Ag NPs on the photawlperformance (PV) of the formed DSSCs
were investigated systematically. The performaespgcially the photocurrent, and open circuit
voltage of DSSCs containing Ag NPs was significaafifected by the particle size of Ag NPs.
The PV performance decreased with increasing gi2gd\NPs from one silar cycle to three silar
cycles, the best performance was achieved usingrbédes prepared with one silar cycle. The
best cell showed a conversion efficiency) (of 0.00910%. The cell exhibited a 36%
improvement over the performance (0.00669%) of Har®-based device. The related PV
performance enhancement mechanism and surfacequasesonances in DSSCs with Ag
nanostructures are discussed.

Key Words: Silver nanoparticles, DSSCs, silar cyctirface plasmon, PV perfomance

Introduction

The dye-sensitized solar cell (DSSC) is a device the@ conversion of visible light into
electricity, based on the sensitization of widedmmap semiconductors. The performance of the
cell mainly depends on a dye used as sensitizex. alisorption spectrum of the dye and the
anchorage of the dye to the surface of ;J&e important parameters determining the effigrenc
of the cell. However, dye sensitized solar cellsSBS emerged as a new class of low cost energy
conversion devices with simple manufacturing procesd, environmentally friendly, and the
light-weight thin-film structures are compatible tivi automated manufacturing [1]. Dye-
sensitized solar cells suffer from durability prerols that result from their use of organic liquid
electrolytes containing the iodide/tri-iodide redmuple, which causes serious problems such as
electrode corrosion and electrolyte leakage. Careaty, it adversely affects long-term
performance and durability. The efficiency of DSS¢Stem can be increased by incorporating
metal nanoparticles NPs that can provide plasmemii@ncement. In surface plasmon resonance,
the collective oscillation of free electrons coefihat the surface of the metals can be induced
when the frequency of incident light matches thesplon frequency of irradiated metals. These
collective charge oscillations result in substdiytianhanced electric fields near the surface of
NPs, which can facilitate both light absorption @hdrge separation.

The first experiments on Plasmon enhanced photaeslivere in fact performed on organic and
dye solar cells. As early as 1991 Hayashil.[2] observed an improved efficiency of an
organic solar cell when propagating surface plaswegre excited in a metal contact of the cell.
The influence of docalized Plasmon excitation in metal clusters on perforneapican organic
solar cell was reported by Steneehl.[3]. In their experiments, Cu metal clusters odipened
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Ag and Au particles. The enhancement was attribtiethe intensified near-field around the
particles. Recently, many efforts have been devtdddcreasing the light harvesting efficiency
by introducing plasmonic structures into varioutasaells. Tzu-minget.,al observed a 45%
enhancement in the power conversion efficiency caebroad wavelength range with the
inclusion of plasmonic gold nanoparticles (NPs). [@#on yeop rhoet.,al fabricated a dye
sensitized solar cells with Ag nanoparticle (NP)besided TiQ nanotube arrays by using UV
irradiation. The energy conversion efficiency wasreased from 4.64% to 6.14% by the Ag
functionalization, a 32% enhancement, which isitaited to the surface Plasmon resonances
present along the entire length of the Fi@&notube arrays [5]. Furthermore, the Ag NPs more
effectively enhanced the energy conversion effiesin front-illuminated DSSCs than in back-
illuminated ones. Derkacat.,al [6] reported that an engineered enhancement imt-shouit
current density and energy conversion efficiencgrmorphous silicon solar cells is achieved via
improved transmission of electromagnetic radiatoising from forward scattering by surface
plasmonpolariton modes in Au-nanoparticles depdsiteove the amorphous silicon film. The
addition of Ag NPs into the active layer signifidgrédnhances carrier mobility but decreases the
total extracted carrier which lead to improved jplvottaic parameters [7].

In this study, Ag-NPs with different SILAR cycleseve synthesized on porous TBi@Ims
fabricated on fluorine-doped SaQ@FTO) substrates. The size effects of Ag NPs @ RNV
performance of the formed DSSCs were investigatgstematically. The performance
characteristics of the plasmonic DSSCs were andlys&n overall conversion efficiency of
0.00910% was obtained when the size of Ag-NPs wasnd 16 nm, which had a 36%
improvement over the performance (0.00669%) of dar® based device. The related PV
performance enhancement mechanisms and surfacegpasesonances in DSSCs with Ag
nanostructures are analysed and discussed.

Experimental Section
2. 1 Synthesis of nanocomposite material for profitg

We used dip coating method to synthesize the Agc@mposite on the glass substrate. The
microscope slide was cleaned with laury sulphatethen rinsed with water 3 times. Thereafter
dipped into a beaker contained concentrated tebsadghate (iv) acid (50, and chromic acid

to make the surface hydrophilic for 10mins, the glenwas thereafter rinsed with water. After
making it hydrophilic, it was immersed in 2M Sa@r 2mins then rinsed with water for 2mins,
then immersed at 0.35M silver nitrate AgiN@r 2mins and rinsed with water {68) and
hydrochloric acid (HCI) for 15secs. This procedigecalled one cycle; the number of cycles
were varied upto 3 cycles to obtain the thicknddb@silver deposited.

2.2 Fabrication process

The FTO electrodes were washed with laury sulptrege later rinsed with water six times in an
ultrasonication bath for 10mins then finally wadhn propanol. The photoanode was prepared
by first depositing a blocking layer on the FTOsglafollowed by the nanocrystalline T he
blocking layer was deposited from a 2.5wt% Ti@ecursor and was applied to the FTO glass
substrate by spin coating and subsequently sintate800c for 45mins. The 9um thick
nanocrystalline Ti@ layer was deposited by screen printing. It was temtered in air for
30mins at 50%. The silver was deposited on the bare surfadgkefiO; with different cycle
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through successive ion layer adsorption and read®LAR). We used the SILAR because it
allows us to control the thickness of the film bgrying the number of cycles. We spin coat
TiCl4(40Mmoles) at 2000rpm and thereafter anneal atc3@03506¢ for 30mins. To ensure the
silver is protected, we treated it with 40Mmole&ution of TiCl, prepared at 48, then raise the
temperature to 78 and finally annealed at 3@0to 350c. SiQ, was deposited on the Ag using
SILAR method with sodium silicate (Ma) as the precursor. The minimum number of cycles
that gave the cells stability was five cycles. Tinst cell with one Ag cycle had five cycles of
SiO,, the second cell with two Ag cycles had ten cydeSiO, and the third cell with three Ag
cycles had fifteen cycles of SIO

The counter electrode was prepared by screen mgirtiplatinum catalyst gel coating onto the
FTO glass. It was then dried at 20Gnd fired at 45@ for 30mins. The method of heating in
water Ag.) was used to extract the dye. Distilled water wssolvent for aqueous extraction. 5
g of the sample was measured using the analytwedt $OHAUS Corporation-USA) and dipped
in 50 ml of the solvent heated to £6dor 30minutes after which solid residues werefféd out

to obtain clear dye solutions. Roselle extractich rin anthocyanins. It was reported that
anthocyanin obtained from roselle are delphinidiad ayanidin complexes [8,9] The chemical
structure of cyanidin and delphinidin in the hibissabdariffa dye is shown in figure 4a

The sintered photo anode with different SILAR cgcleere sensitized by immersion in the
sensitizer solution at room temperature overnigla-sensitization was achieved by immersing
the photoanode in the extracts. The cells werenasigel by pressing the photoanode against the
platinum-coated counter electrode slightly offseeach other to enable electrical connection to
the conductive side of the electrodes (fig 1). Betwthe electrodes, a 50um space was retained
using two layers of a thermostat hot melt sealwi Sealing was done by keeping the structure
in a hot-pressed at 1%0for 1min. the liquid electrolyte constituted b@réM of tri-iodide in
acetonitrile was introduced by injection into tredl gap through a channel previously fabricated
at opposite sides of the hot melt adhesive, therdlavas then sealed with an epoxy based 2
part resin.

Characterization

The current-voltage (I-V) data was obtained usinke#hley 2400 source meter under AM1.5
(100mw/cnd) illumination from a Newport A solar simulator. 8ming electron micrographs of
the nanocrystalline Ti©films are taken with Carl Zeis SEM. The absonptgpectrum of the
dye was recorded on Ava-spec-2048 spectrophotom@&ter cell active area was 1.8tm
Thickness measurement was obtained with a Dekt@csiface profiler. Sheet resistance was
obtained with a signatone four point probe resisti@pparatus.
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Results and Discussion
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Figure 1a. U-V vis spectra of the dye

Figure 1l showed the absorbance of the dye and various mepey NPs suspensions with and
without the dye within the wavelength range of 3®®0Onm along with the size growth of the
Ag particle from 16 to 48 nm which correspond te ttumber of cycles. The absorption peak of
hibiscus dye was observed around 550 nm (indicateBig l1a), and the optical absorption
enhancement was observed in the dye-loaded plasmmariocomposite films. The relative
changes in optical absorption of the AgNPs susperfiims are shown in Fig. 1b. The relatively
broad and strong enhancement is observed in thgerah 380—650 nm with a maximum
enhancement around 550 nm, which coincides withldbealized surface plasmon resonance
(LSPR) band position of decorated AgNPs (Fig. Itlis enhanced absorption and broadened
spectrum absorption range of the photoanodes warelynattributed to the SPR of Ag-NPs,
which interacted with the dye, enhancing dye algmpthat resulted in more charge carrier
generation [10]. These features suggest that dyleaules in the vicinity of AQNPs can absorb
more photons, presumably due to the intensified-fielal effect of the surface plasmon and
spectral overlap between the dye and surface plaswinch may eventually lead to an increase
in the number of charge carriers aggvalues.

Figure 2 showed SEM images of differently sized Ag NPs dépdson the FTO surface using
SILAR method.

The particle size is around 16 nm, 32 nm and 48asnshown in figure(a), (b) and ¢),
respectively. Figur8 showed the photocurrent density—voltage\ ) curves of the DSSCs with
varying silar cycles 0, 1, 2, 3 cycles. Based andbrves in Fig.3, théll factor (FF) and solar
cell efficiency ;) were determined following the equations:

_Pmax_1_.V _ FEx14 %V,

FE max ¥ max oC 10040

Pin I SZVOC y IRRADIANCE

Where Vi = maximum voltage (V)imx = maximum current (mA/cf); | = short current
(mA/cn); Ve = open circuit V andPinc = light intensity (W/crf)

The open-circuit voltage @), short-circuit current density (Jsc), fill fact@F), and overall
conversion efficiency /f) are summarized in Table 1. The performance of CsS&bricated

with anodes deposited on bare FTO substrates waglpd for comparison in the table 1.

As can be seen from table the performance, especially the photocurrent, @pen circuit
voltage of DSSCs containing Ag NPs was significaafifected by the particle size of Ag NPs.
The PV performance decreased with increasing si2gd\NPs from one silar cycle to three silar
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cycles, from tabld, the best performance was achieved using the anmeeared with one silar
cycle. The best cell showed a short-circuit curmernsity §s) of 0.0385mAcrf, open-circuit
voltage (M) of 0.45V and fill factor (FF) of 0.526%, yieldindpe highest efficiencysn of
0.00910%. The cell exhibited a 36% improvement aber performance (0.00669%) of bare
FTO-based device. The efficiency enhancement inptiesence of silver can be seen to arise
chiefly from an increase in photocurrent densitgt &g. values. The enhanceg i related to the
light harvesting capability of dye molecules bygmeon-enhanced excitation.

From figure3, the overall conversion efficiency of a DSSC ipioved when Ag particles are
added. Compared with pure Ti@ilms, the mixed films containing Ag particles éit an
increase in the power conversion efficiency from286 to 36%. It was once reported that
DSSCs based on anodes containing Ag particles @vith-0.15wt% content exhibit an increase
in the power conversion efficiency from 11.6% to634 [10]. Better results were obtained using
our proposed method. As shown in Fig. 3 and Tablthd overall conversion efficiency was
remarkably improved when plasmonic nano structwese included, which was caused by the
increase in Jsc. Compared with the reference ogdl@ying nc-TiQ as the photoanode.
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Figure 4a. Chemical structures of: (a) cyanidin andlelphinidin in rosella dye
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Figure 1b. U-V vis spectra of various prepared Ag Rs suspensions without dye.
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0 SILAR cycle 0.0259 0.432 0.594 0.00669
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1 SILAR cycle 0.0385 0.450 0.526 0.00910
2 SILAR cycles 0.0339 0.449 0.488 0.00743
3 SILAR cycles 0.0316 0.442 0.507 0.00708
Table 1. Performance characteristics of DSCs fabrated with different anodes under
100mWceniZ

As well known, silver has long been regarded asdeatalytically active. However, silver NPs
dispersed on metal-oxide supports are active cdtafpr a variety of chemical reactions. It has
been demonstrated that the unique catalytic agtstibngly depends on the type of metal-oxide
support, the preparation method, and particuldmysize of the Ag clusters.

In our work, when Ag NP was small, the catalytifeef of Ag NPs sited on Ti£support could
increase the reaction rate between the,/fg®e and the redox electrolyte in DSSCs, thereby
reducing the corresponding electron transport taste. Conversely, as the silver size became
larger, Ag NPs easily aggregated and formed islaslshown in figure, which could not
preferentially attach to specific sites on the A&Drface, resulting in the decrease of catalytic
activity.

In the conventional DSSCs, the dyes absorb incitight and generate electrons in excited
states, which inject into the THONPs. The oxidized dye molecules are regeneratesldmyrons
transferred from iodide. The regenerative cycleampleted by reducing triiodide to iodide at
the counter electrode. The electrons in Jifdffuse to the current collector (FTO). In the
plasmon-enhanced DSSCs using Ag NPs, AgNPs weresedpto the electrolyte, resulting in
slightly low Vo which may imply that exposed AgNPs can act asméwoation centres. In
plasmonic solar cells, incorporated metal nanoglagimay have several roles: (i) to increase the
light harvesting due to the strong near-field éfeaf LSPR; (ii) generation of hot electrons by
surface plasmon excitation; (iii) to act as elestrecombination sites, [11]. These factors can
competitively have an impact on the device perfarcea The enhanced.Js related to the light
harvesting capability of dye molecules by plasmohamced excitation. Thus, the slight
decrease in } can be explained by the down-shifted Fermi lewed tb the plasmonic particles
[12].

The Jcand V,c both decreased when the Ag-NPs content is aboeeitar cycle. The reason for
this may be explained as follows: Not all of the-NBs in photoanode were entirely coated by
TiO, to form the mixed film. Therefore, some of the do@&g NPs in the Ag-Ti@ network
structure may be eroded by electrolyte and oxidimed\g" ions [13]. The latter act as a
recombination center, reducing the number of chaageer, thus resulting in a decrease én J
and Vi In addition, as the number of silar cycles inseshthe mixed films might result in
blockage of sunlight which would prevent the inciddéight from reaching the Ti©ONPs,
resulting in the decrease in the photocurrent den3ihe combined effects of these factors
resulted in the dependence of the performance efptasmonic DSC on the Ag patrticle size.
Hae-Jin Kim and Dae-Eun Kim once reported thatdberease in efficiency due to increasing
surface roughness was found to be proportional e light transmittance [14]. As a
consequence, the recombination probability betwalentrons and holes may increase, §0 J
would decrease. In addition, higher concentratmin&g-NPs may cluster to form larger Ag-NP
groups with lower electron storage capability, @dg Vo [15].
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Conclusions

A series of TiQ photoanodes with differing amounts of AQNPs weneestigated. Ag NPs with
different sizes were grown on the TGi@deposited on the FTO through successive ion layer
adsorption and reaction. The performance of the®Bighly depended on the Ag particle size.
The Jsc, Voc andn decreased with increasing silar cycles. The reshibwed that adding Ag-
NPs to TiQ photoanodes significantly improved the performaotéhe DSSCs by increasing
short-circuit current and open-circuit voltage. Tihest performing DSSC contained one silar
cycle of Ag-NPs, The plasmonic DSSC based on hilsisabdariffa dye gave a short-circuit
current densityJs) of 0.0385mAcrif, open-circuit voltage () of 0.45V and fill factor (FF) of
0.526%, yielding the highest efficiency) (©f 0.00910%. The cell exhibited a 36% improvetnen
over the performance (0.00669%) of bare FTO-bassitd lacking Ag. The increase of Jsc is
attributed to the enhanced light absorption andadeoed absorption spectral range of the
composite photoanode due to the SPR of the Ag-MPgde the Voc increase may be reasonably
related to the more negative quasi-Fermi energthefAg-TiOG, composite system due to the
enhanced electron capture and storage capabisitytieg from Ag-NP doping [10](Kaimo et.,al
2012).
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