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Abstract: Gel polymer electrolytes (GPEs) based on poly(ethylene oxide) (PEO) and
phthaloyl chitosan (PhCh) for dye-sensitized solar cells (DSSCs) have been synthesized and
characterized. The GPEs have been prepared using different weight fractions of PEO and
PhCh that have been added to a fixed composition solution of tetrapropylammonium iodide
(TPAI), dimethylformamide (DMF) and iodine (I,) crystals. The ionic conductivity behavior
of prepared GPEs was studied using impedance spectroscopy. The sample having 70 wt.%
PEO and 30 wt.% PhCh showed the highest ionic conductivity of 7.36 mS c¢cm™ at room
temperature. The photoanode of the DSSC consists of two TiO, layers. The first or compact
layer has a thickness of ~5 pm and the TiO, nanoparticles have an average size of 14 nm. The
second layer of TiO, nanoparticles has an average size of 21 nm. In order to adsorb dye
molecules, the TiO, photoanodes were soaked in anthocyanin and ruthenium 535 (N3) dye
solutions. The GPE has been deposited between the dye/TiO, photoanode and platinum (Pt)
counter electrode in a sandwich-like structure. Results showed that the fabricated DSSC with
an electrolyte containing 70 wt.% PEO:30 wt.% PhCh exhibited the highest efficiency for
both anthocyanin and N3 dyes and the efficiency and ionic conductivity trend versus PEO
content are similar. On addition of different amounts of Ag nanoparticles (0, 10, 20, 30, 40
pL), with average size of 10 nm to the second TiO, layer, the performance of DSSCs with
anthocyanin sensitizer and N3 dye improved. The cell with anthocyanin/(TiO, + 10 uL Ag
nanoparticles) showed a 21%, 17.2% and 39.6% increase in short circuit current density (Js.),
fill factor (FF), and light to electricity conversion efficiency (5) respectively compared to the
cell without Ag nanoparticle. The DSSC fabricated with TiO, photoanode containing 20 pL
Ag nanoparticles soaked in N3 dye exhibits J;., FF, and  of 15.24 mA em™>, 57% and 5.21%
respectively. The incorporation of Ag nanoparticles has resulted in a 17% and 13% increase
in Jg, and 7, respectively, for N3 based cells. This performance enhancement with the
addition of Ag nanoparticles can be attributed to improvement of light scattering and charge
transport as a result of plasmonic resonance.

© 2017 Optical Society of America

OCIS codes: (000.2190) Experimental physics; (000.4430) Numerical approximation and analysis; (040.5350)
Photovoltaic; (350.6050) Solar energy; (250.2080) Polymer active devices; (250.5403) Plasmonics.
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1. Introduction

Annually earth receives a huge amount of light energy from the sun [1,2] and the use of this
energy to satisfy our energy requirements is urgent due to several reasons. This include the
inevitable exhaustion of fossil fuel in the coming fifty years [3] and the environmental
damage caused by the combustion of large amounts of fossil fuels. Therefore, conversion of
solar energy into a most usable form i.e. electrical energy is highly important to fulfill the
ever increasing demand for energy. In addition, solar cells are environmental friendly devices
and the sun is a potential energy resource. Harvesting the light energy reaching earth in an
eco-friendly way can solve many issues associated with both the energy demand and global
environment [4]. Research activities on solar energy conversion have been gaining more
attention during the last decade.

The conversion of solar energy into electricity is done by photovoltaic devices. So far
photovoltaics have undergone three generations. The first generation is silicon solar cells and
the second generation is based on semiconductor thin films [4]. Dye-sensitized solar cells
(DSSCs) and organic semiconductor solar cells represent the third generation of photovoltaic
devices [5]. Compared to the first and second generation solar cells, the energy conversion
efficiency and stability of third generation solar cells are low [6]. However, the third
generation solar cells have many advantages over their first and second generation
counterparts that led to attract worldwide research interest. For instance, DSSCs are flexible
in shape and design, low-cost and easy to manufacture, colored, transparent, are able to
performed under diffuse light condition and have low material costs [5, 7-9].

Many of the instability issues in DSSCs originate from the liquid electrolytes in these
devices. This issue can be overcome by replacing the liquid electrolytes in DSSCs with gel
polymer electrolytes (GPEs). Although DSSCs based on volatile liquid electrolytes ensure
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higher energy conversion efficiency, they are associated with disadvantages such as risk of
solvent evaporation, instability, flammability at high temperatures and dye degradation and
desorption [10—12]. Quasi solid-state or gel polymer electrolytes can address some of the
instability issues associated with liquid electrolytes [13,14]. For such cells, a gel-type
membrane is obtained by entrapping liquid solvents/salt mixtures in a polymeric matrix. The
polymers generally used for these systems are poly(methyl methacrylate) (PMMA) [15,16],
poly(acrylonitrile) (PAN) [17,18], poly(ethylene oxide) (PEO) [19], phthaloyl chitosan
(PhCh) [20] and poly(vinylidene fluoride) (PVdF) [21]. Several efforts have been made so far
to increase the conductivity in polymer based quasi-solid electrolyte. Popular methods are to
use plasticizers and/or inorganic fillers like titania, silica or alumina [22-24]. The nature and
the concentration of ionic species in the electrolyte also have a profound influence on the
conductivity in these polymer electrolytes [25]. However, in this work PhCh and PEO were
mixed to prepare a stable and highly conductive GPE for DSSCs.

The other main problem associated with DSSCs is the low energy conversion efficiency.
In DSSCs, light harvesting or photon capturing is done by dye molecules, whereas wide-
bandgap semiconductor (for example TiO,) facilitates charge separation. Several research
works have been done on increasing the extinction coefficient and broadening the spectral
absorption window [26—28]. However, it was reported recently that the photon absorption in
DSSCs can be enhanced by scattering them with metal nanoparticles in order to enhance the
overall energy conversion efficiency [29]. The efficiency enhancement in such cells can be
attributed to surface plasmon resonance induced by nanoparticles [30, 31]. In the present
work, we also focused to enhance the efficiency of quasi solid-state solar cells based on dye
sensitizers anthocyanin and N3 (cis-Bis(isothiocyanato) bis(2,2’-bipyridyl-4,4’-dicarboxylato
ruthenium(Il)), respectively by adding different amounts of Ag nanoparticles in the second
layer mesoporous TiO, photoanode.

2. Experimental
2.1 Gel polymer electrolyte preparation

In preparing gel polymer electrolytes (GPEs), 0.164 g of tetrapropylammonium iodide (TPAI)
obtained from Sigma Aldrich was first dissolved in 0.89 g dimethylformamide (DMF) (Sigma
Aldrich) in a glass container and stirred for 1 h. Corresponding amounts of PhCh and PEO
(procured from Sigma Aldrich) as listed in Table 1 were then added to the salt solution and
stirred continuously at 353 K until a homogenous mixture was obtained. Heating was then
stopped and iodine (I,) crystals (10 mole% of TPAI salt used) was added into the GPEs.
Stirring was continued until the GPEs have cooled down to room temperature (298K).

Table 1. Designation and sample composition of gel polymer electrolytes.

PhCh:PEO (wt. %:

Designation wi%) PhCh(g)  PEO(g) TPAI(g)  DMF (g) L (g)

S1 50:50 0.10 0.10 0.164 0.89 0.0286
S2 40:60 0.08 0.12 0.164 0.89 0.0286
S3 30:70 0.06 0.14 0.164 0.89 0.0286
S4 20:80 0.04 0.16 0.164 0.89 0.0286
S5 10:90 0.02 0.18 0.164 0.89 0.0286

2.2 lonic conductivity measurement of GPEs

The GPE was filled in a coin cell and then sandwiched between two stainless steel electrodes.
The electrodes were connected to the HIOKI LCR Hi-Tester and the impedance data ware
measured in a frequency range between 50 Hz and 5 MHz at room temperature (298 K). From
the plot of real and imaginary parts of the impedance, the bulk resistance (R;) of electrolyte
was determined and the conductivity (o) was calculated using the following equation:
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Here ¢ is the thickness of the gel electrolyte sample and A4 is the surface area of the electrolyte.
2.3 TiO, electrode preparation

Photoanode with two TiO, layers was prepared in this work. The first TiO, layer is a compact
layer while the second TiO, layer is a mesoporous layer. In the preparation of the first TiO,
layer of ~5 um thickness, 0.5 g of TiO, (Degussa P90), powder of average size 14 nm and 2.5
mL of HNO; (pH = 1) was ground in a mortar for 30 min. A drop of this homogenous slurry
was then spin coated on the well cleaned FTO glass at 2350 rpm for 60 s. The coated glass
was sintered at 723 K for 30 min and then allowed to cool to room temperature. The second
TiO, layer was coated on the first TiO, layer. In the preparation of the mesoporous TiO,
layer, 0.5 g of TiO, (Degussa P25) powder of average size 21 nm was ground in a mortar for
30 min with 2 mL of HNO; (pH = 1), 0.1 g carbowax (Sigma Aldrich) and a drop of
surfactant. The amount of Ag nanoparticle (10, 20, 30 and 40 pL) of 10 nm particle size
purchased from Sigma Aldrich (730785 ALDRICH) was then added separately and grinding
was continued for another 5 min. The resulting TiO, slurry was spread on top of TiO,
compact layer using the Doctor Blade method. The electrode was then sintered at 723 K for
30 min and allowed to cool to room temperature. The total thickness of the two TiO, layers
was ~20 um. The thickness of the compact and both compact and mesoporous layers was
measured using the air wedge method.

In order to adsorb dye molecules, the TiO, photoanodes were soaked in anthocyanin
sensitizer and ruthenium 535 (N3) dye solution for 24 h. Anthocyanin dye was extracted by
immersing 200 g black rice in 200 mL ethanol. N3 dye was dissolved in ethanol to form a
concentration of 0.3 mM.

2.4 DSSCs fabrication

In DSSC fabrication the GPE was sandwiched between the dye/TiO, photoanode and
platinum (Pt) counter electrode. The quasi solid-state DSSC was exposed to 1000 W m™ light
illumination at room temperature. The effective area of the test cell was 0.20 cm®. Autolab
potentiostat-galvanostat was used to measure the photocurrent density-voltage (J-V)
characteristics of the DSSC. From the J-V plot, the optimum current density, J,,, and optimum
voltage, V,,, at maximum power output were obtained and used in the equation below to
calculate the fill factor, FF.

0 _ JaptI/opt 0
FF(%) = =22 %100% )

In Eq. (2), J, is the short-circuit current density and V. is the open-circuit voltage. The FF
value was then used to calculate the power conversion efficiency (7) of the cell using Eq. (3).

J V. FF
N(%) == x100% 3)

where P;, is the total incident power density onto the cell.

2.5 Impedance measurements of DSSC

AUT 85988 advanced electrochemical system (Metrohm Autolab B.V. PGSTAT 128N
Netherlands) was used to measure the impedance of the quasi solid-state DSSCs in the
frequency range between 10 mHz to 100 kHz under 1000 W m™ light illumination at room
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temperature. The potential of each quasi solid-state DSSC was set at their open circuit voltage
(V,e), respectively.

2.6 UV-Visible measurement

UV-Visible absorption spectroscopy was carried out from 300 to 1100 nm using the Jasco V-
730 spectrophotometer. UV-Visible measurements were performed to study the effect of Ag
nanoparticle on TiO, photoanode and determine the absorption of photons by anthocyanin
sensitizer and N3 dye in the visible spectrum region.

3. Results and discussion

The room temperature ionic conductivities of the series of electrolytes containing different
amounts of PEO and PhCh are shown in Fig. 1. The ionic conductivity variation of these
electrolytes depends on the synergistic/antagonistic effect between the two polymers [32-34].
Therefore, the highest conductivity was exhibited by the blend with intermediate composition
of 70 wt.% PEO and 30 wt.% PhCh. This electrolyte has shown ionic conductivity of 7.36 mS
cm™' at room temperature. However, electrolyte containing 80 wt.% and 90 wt.% PEO has
poor conductivities compared to other compositions. Samples containing 50 wt.% and 60
wt.% PEO have also shown the conductivity of 6.22 and 6.82 mS cm ™', respectively.

PhCh content (wt.%)

60 50 40 30 20 10 0

80 i " L " "

7.36

= *
P 6.82
g 7.0 4 pe
» 6.22
E %
5 601
2
= J
£ 50 4.48
= &
S 40 3.64
= .

3.0 . . . . '

40 50 60 70 80 90 100
PEO content (wt.%)

Fig. 1. lonic conductivity variations with different PEO and PhCh contents in the electrolyte.

The DSSCs have been fabricated using different weight fractions of PEO and PhCh based
electrolytes according to the compositions given in Table 1. Cells containing anthocyanin
sensitizer were characterized by means of photocurrent density versus cell potential (J-V),
Fig. 2. Using the J-V characteristic curves shown in Fig. 2, the fill factor (FF), short-circuit
current density (J,.), open-circuit voltage (V,.) and power conversion efficiency () were
calculated for all the DSSCs and listed in Table 2. The anthocyanin dye sensitizers are not
efficient light harvesting agent compared to synthetic dyes, e.g. ruthenium complexes and
metal free organic dyes [35-37]. As a result, the efficiencies recorded for these quasi solid-
state DSSCs are not very high and need further improvement. Therefore, the highest
efficiency solar cell (with S3 electrolyte) was selected to improve the performance further by
incorporating Ag nanoparticles in the mesoporous TiO,. The DSSC containing S3 electrolyte
showed energy conversion efficiency of 0.53%. This is the only cell that showed FF higher
than 0.50 out of the cell series containing anthocyanin.
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Fig. 2. Current density versus cell potential (J-V) curves for DSSCs based on anthocyanin
sensitizer and gel polymer electrolytes containing different amounts of PEO and PhCh host
polymers. Measurements were taken under light irradiation of 1000 W m™.

Table 2. The short-circuit current density (J,.), fill factor (FF), open-circuit voltage (V,.)
and power conversion efficiency (7) of DSSCs based on anthocyanin sensitizer fabricated
with gel polymer electrolytes containing different amounts of PEO and PhCh host

polymers.
Electrolyte Jie (mA cm™) Ve (V) FF 17 (%)
S1 2.14 0.43 0.40 0.37
S2 221 0.45 0.46 0.46
S3 2.24 0.41 0.58 0.53
S4 2.11 0.43 0.50 0.45
S5 1.87 0.43 0.38 0.31

As mentioned above, the 2nd series of DSSCs were prepared with anthocyanin sensitizer
and the mesoporous TiO, layer incorporated with different amounts of Ag nanoparticles. J-V
characteristic curves of this series are shown in Fig. 3. The values of FF, J,., V,. and 5 are
given in Table 3. Due to the incorporation of Ag nanoparticles, a significant enhancement of
FF, J,, and 7 is observed. However, the trend of V,. change is not very clear. The effect can
be attributed to surface plasmon resonance of incorporated Ag nanoparticles. The collective
oscillations of free electrons confined at the surface of the nanoparticles can be induced when
the frequency of incident light matches the plasmon frequency of the particles. The collective
charge oscillations can generate enhanced electric fields near the surface of nanoparticles,
which can facilitate both light absorption as well as charge separation [4, 29-31]. In
particular, surface plasmon increases the efficiency by scattering the photons and guiding the
waves at the interface [29]. The sample with 10 pL. Ag nanoparticles showed 21%, 17.2% and
39.6% increase in J,., F'F and 5, respectively for anthocyanin based quasi solid-state DSSC.
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Fig. 3. J-V curves for quasi solid-state DSSCs based on anthocyanin sensitizer containing
different amounts of Ag nanoparticles in TiO, photoanode measured under light irradiation of
1000 W m™.
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Table 3. J,., V,., FF, and 5 of DSSCs based on anthocyanin sensitizer containing different
amounts of Ag nanoparticles in TiO, photoanode.

Ag (D) Je(mAcm?) Vo (V) FF 7 (%)
0 2.24 0.41 0.58 0.53
10 2.71 0.40 0.68 0.74
20 2.92 0.40 0.55 0.64
30 2.45 0.41 0.61 0.61
40 2.52 0.38 0.62 0.59

In addition, the 3rd series of DSSCs were fabricated using N3 sensitizer with electrolytes
containing different weight fractions of PEO and PhCh. The J-V curves of these cells are
shown in Fig. 4 and the FF, J,., V,. and 7 are tabulated in Table 4. The DSSCs containing N3
dye have shown enhancement of photocurrent compared to that containing anthocyanin since
N3 is an efficient light harvesting dye [28]. The highest efficiency for this series is also
exhibited by the S3 electrolyte containing cell. The DSSC containing S3 electrolyte showed
energy conversion efficiency of 4.61% and J,, of 13.04 mA cm™. This cell is further studied
by incorporating Ag nanoparticles in the mesoporous TiO, layer.

15
& S3 © 81 sample
'E o S§2 sample
o 283 sample
< © S4 sample
£ X85 sample
S 9]
2
2 6
]
T s2
s 31
e
=
© o ; ; ; ; . E: .

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Fig. 4. J-V curves for DSSCs based on N3 sensitizer fabricated with GPE containing different
weight fractions of PEO and PhCh host polymers under 1000 W m™ light illumination.

Table 4. J,., V,., FF, and 5 of DSSCs based on N3 sensitizer fabricated with GPE
containing different weight fractions of PEO and PhCh host polymers.

Electrolyte j;;ﬁ;nA Ve (V) FF (%)
SI 11.41 0.56 0.62 3.96
s2 12.64 0.59 0.56 4.18
S3 13.04 0.58 0.61 4.61
s4 12.64 0.56 0.58 4.11
S5 10.92 0.53 0.53 3.07

The 4th series of DSSCs were prepared by adding Ag nanoparticles in the TiO,
photoanode of the highest efficiency DSSC with N3 dye and S3 electrolyte. J-V characteristic
curves for DSSCs with N3 dye containing different amounts of Ag nanoparticles are shown in
Fig. 5 and calculated values of FF, J., V, and 5 are given in Table 5. Significant
enhancements in FF, J,., and  were observed due to the incorporation of Ag nanoparticles.
Since the molar extinction coefficient is higher for N3 dye, the degree of absorption of
photons is also higher compared to that of anthocyanin sensitizer [26—28]. Therefore, more
photons should be scattered or guided into N3 dye containing cell and thus, more
nanoparticles are necessary to be present in the N3 dye containing cell in order to improve the
efficiency of DSSCs. Therefore, the highest performance was exhibited by the sample having
20 pL Ag nanparticles. The incorporation of Ag nanoparticles has resulted with 17% and 13%
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increase of Jg, and #, respectively. The DSSC containing 20 pL Ag nanoparticles exhibited
Jse» Vooo FF and i of 15.24 mA em™, 600 mV, 57% and 5.21%, respectively.
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Fig. 5. J-V characteristics for quasi solid-state DSSCs with N3 sensitizer and different amounts
of Ag nanoparticles in TiO, photoanode. Measurements were taken under 1000 W m™ light
illumination.

Table S. Jy, Voo, FF, and 5 of DSSCs with N3 sensitizer containing different amounts of
Ag nanoparticles in TiO, photoanode.

Jie (MA

Ag (pL) cm?) Voe (V) FF 1 (%)
0 13.04 0.58 0.61 4.61
10 14.74 0.56 0.57 4.71
20 15.24 0.60 0.57 5.21
30 13.16 0.55 0.64 4.63
40 11.66 0.59 0.66 4.54
100 30 uL Ag
g ® =B g
- 75 . o 5
20 pL A
€ 5 s o0 a A0 50 uLAg
N © © 060 9.6qp0000°, A A 010 pL Ag
o5 SrA e 8, 220 pL Ag
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Fig. 6. EIS for quasi solid state DSSC with anthocyanin sensitizer and different amounts of Ag
nanoparticles in TiO, photoanode.

Figure 6 shows the Nyquist plots of the DSSCs using anthocyanin dye fabricated with
TiO, photoanode containing different amounts of Ag nanoparticles. The electrochemical
impedance spectroscopy (EIS) was used to investigate the charge transport behavior in
DSSCs with different amounts of Ag nanoparticles in TiO, photoanode. It is common to
observe three semicircles in the impedance spectroscopy obtained under applied biasing
conditions. The impedance plots given in Fig. 6 also showed the existence of three
semicircles. Therefore, the results can be interpreted by the equivalent circuit given in Fig.
7(a) corresponding to the Nyquist plot given in Fig. 7(b). Consequently, it can be proven that
the real (Z’) and imaginary (Z”) parts of the DSSC impedance are given as below:

3

Z'=R +| Y,

T 142R k0" cos[”fi J +R’ k7w

R + R’k @ cos (”5’}
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Here, R; is ohmic serial resistance, R; is charge transfer resistance at the Pt counter electrode,
R, is charge transfer resistance at the TiO,/dye/electrolyte interface and R; is ionic diffusion
resistance in the electrolyte [38]. k;, k,™ and k;' are leaky capacitors or constant phase
elements (CPEs) at Pt counter electrode/electrolyte interface, TiO,/dye/electrolyte interface
and electrolyte, respectively [38]. p; is the right angle ratio (0 < p; < 1) between the diameter
of the depressed semicircle and the vertical axis [39]. The calculated R, R; R, and R; values
are listed in Table 6 for the DSSCs with anthocyanin sensitizer and different amounts of Ag
nanoparticles in TiO, photoanode.

Equivalent circuit (a)

2" (Q)

Fig. 7. (a) The equivalent circuit and (b) respective Nyquist plots used in the present study to
represent DSSCs.

Table 6. R,, R;, R,, R; values for quasi solid-state DSSCs based on anthocyanin sensitizer
with different amounts of Ag nanoparticles in TiO, photoanode.

ALGD)  R(©Q RO RO R(Q
0 13.5 12.0 97.0 70.0
10 15.2 11.0 62.5 18.0
20 102.0 22.0 65.0 118.0
30 88.0 42.0 71.0 180.0
40 16.3 18.0 75.5 59.0

The arc in the middle frequency range, 1-1000 Hz represents the charge transfer resistance
(R,) between the dye-adsorbed photoanode and electrolyte interface [40-42]. The charge
transport resistance is affecting the overall DSSC performance of the cell and thus as
expected, the lowest charge transfer resistance is given by highest efficiency DSSC. The
efficiency and 1/R, (charge transport conductance) is plotted against the Ag nanoparticle
content and shown in Fig. 9 in order to understand the influence of the charge transport
resistance to the performance of the DSSC with anthocyanin (circular symbols) and N3 dyes
(square symbols). The maximum efficiency and maximum charge transport conductance
between the dye-adsorbed photoanode and electrolyte interface is shown for 10 uL Ag
content in TiO, photoanode for the cells with anthocyanin dye. This concludes the
contribution of Ag nanoparticles towards the enhancement in the charge transport and
resulted improvement in cell efficiency.
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Fig. 8. EIS for quasi solid-state DSSC with N3 sensitizer fabricated and TiO, photoanode
containing different amounts of Ag nanoparticles.

Table 7. R,, R;, R>, R; values for quasi-solid state DSSCs with N3 sensitizer and TiO,
photoanode containing different amounts of Ag nanoparticles.

Ag(ul) R (Q) R, () R, () R; ()
0 15.1 5.0 39.0 24.0
10 13.6 142 17.1 4.0
20 358 2.0 142 12.8
30 15.8 2.7 149 13.1
40 19.4 2.8 164 14.7

Figure 8 shows the Nyquist plots of the DSSCs with N3 dye and different amounts of Ag
nanoparticles in TiO, photoanode. The impedance plots given in Fig. 8 also show a trend of
having three semicircles. R, R, R and R; values calculated for the DSSCs prepared with N3
sensitizer and different amounts of Ag nanoparticles are tabulated in Table 7. As expected,
the charge transport resistance R, is lower for the cell with N3 dye compared to that with
anthocyanin sensitizer. However, with added Ag nanoparticles, a significant drop in R, is
observed. As seen from Fig. 9, both the maximum efficiency and charge transfer conductance
are given by DSSCs with N3 dye containing 20 uL. Ag content in TiO, photoanode.

0.08
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E 2] o -0 - 1/R2(N3) r 0.03
0 + 0.02
e O-----.0O--
14 o
B e
0 T T T T T 0
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Ag content (uL)

Fig. 9. The efficiency and 1/R, (charge transport conductance) against the Ag nanoparticle
content in TiO, photoanode of DSSC. Circular symbols and square symbols represent
anthocyanin and N3 sensitizers, respectively. Filled and unfiled symbols give efficiency and
charge transport conductance (1/R;), respectively.

Incorporated Ag nanoparticles contribute to performance by improving charge transport
and also by acting as light scattering centers [40—42]. It is well known that N3 dye is an
efficient light harvesting sensitizer than anthocyanin. Therefore, N3 can harvest more photons
than anthocyanin, thus more light should be scattered for N3 sensitizer to get higher
photocurrent. This may be the reason for showing the maximum efficiency at higher
nanoparticle content for N3 compared to anthocyanin sensitizer.
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The J-V plot of DSSCs can be represented by the equivalent circuit as shown in Fig. 10
[43]. In Fig. 10, I, is the ideal photocurrent, C; is a capacitive element and Ry, is the shunt
resistance. The sum of charge transfer resistance at Pt/FTO interface (R;), diffusion of redox
couple (R,) and ohmic serial resistance (R;) make the series resistance, R,. Ry, and R, control
the FF of DSSC. Higher R, and/or lower R, can increase/decrease the FF, thus the efficiency
of DSSC may increase. Table 8 lists the values of R, and R, for DSSC based anthocyanin and
N3 sensitizer with different amounts of Ag nanoparticles in TiO, photoanode.

Rz s,
1 R Rs

DYl l

Fig. 10. Equivalent circuit based on J-V characteristics of DSSC.

Table 8. Values of series resistance (R,) and shunt resistance (R,,) for DSSC with
anthocyanin and N3 sensitizer and different amounts of Ag nanoparticles in TiO;

photoanode.
Anthocyanin N3 dye
Ag (1) R, (Q) Ry (k) R (Q) Ry, (k)
0 204.28 7.69 54.12 5.67
10 132.47 25.80 55.56 5.96
20 205.07 14.33 64.33 8.67
30 175.49 13.76 48.10 5.45
40 163.32 12.04 47.48 5.33

From Table 8, it can be seen that the Ry value of DSSC with anthocyanin and TiO,
containing 10 uL. Ag nanoparticle and DSSC with N3 dye and TiO, containing 20 uL. Ag
nanoparticle are the highest. It is reported that the value of Ry, should be high so that it can
improve the fill factor for high solar efficiency [43]. Based on this work, the trend of solar
efficiency obtained for DSSC with anthocyanin and N3 dye containing different amounts of
Ag nanoparticles is similar to the trend of Ry, and Ag nanoparticle content as shown in Table
8.

Figure 11(a) shows the UV—-Vis absorption spectra of TiO, layer containing different
amounts of Ag nanoparticles. Based on Beer—Lambert’s law [44] given below, the energy
gap, E, of TiO; can be calculated.

a(ﬂ)% = B(%—Egj (6)

Here a is the absorption coefficient of incident photon energy, Ac/A is the incident photon
energy and B is a constant. a depends on thickness of TiO,. Ghobadi [44] has rearranged Eq.
(6) in order to determine E, and is given as below:

(Abs(l)xhcj =BI(E—E j+Bz o
vl A
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In Eq. (7) above, B; and B, are constants. Figure 11(b) shows a plot of

(Abs(/l

2
xh
/1) Cj against % using the data obtained in Fig. 11(a). A straight line that cuts the

x-axis gives the E, value of TiO, containing different amounts of Ag nanoparticle and the
values are listed in Table 9. It can be seen that addition of Ag nanoparticle up to 20 pL
decreased the E, of TiO, from 2.78 eV to 2.70 eV. This implied that the presence of Ag
nanoparticles have downshifted the Fermi level of TiO, towards the valence band. As a result,
the driving force for electron injection from dye excited state to TiO, conduction band is
increased. Wei et. al [45] reported that the charge quantity in the conduction band of 1.2
atomic% Ag nanoparticle in TiO, is larger than that of TiO, without Ag nanoparticle. This
inferred that the addition of 20 pL. Ag nanoparticle in TiO, have increased the TiO, (e )
concentration in conduction band and increased J;. of the DSSC. From Fig. 11(a), the addition
of more than 20 pL Ag nanoparticles in TiO, can results in the oxidation of the metal
nanoparticle from Ag to Ag’. This can also increase the recombination rate that could led to a
reduction in electron concentration in the conduction band of TiO, [45]. The decrease
electron density in TiO, conduction band shifted the Fermi level of TiO, away from the
valence band. This reduced the driving force of electron injection from dye excited state to
TiO, conduction band. Hence, the J;, of DSSC will decreased. This is in line with the E, gap
value shown in Table 9 for Ag nanoparticle content greater than 20 pL. Decrease in J,, and
photon-to-current efficiency beyond 20 pL Ag nanoparticles can also result in a loss of
absorbing dye volume due to the large volume of Ag nanoparticle. In addition, aggregation of
Ag nanoparticle may also occurs resulting in electron trapping [46—48] This processes would
diminish the electron density thus decreasing J.
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containing different Ag nanoparticles composition.
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Table 9. Energy gap of TiO, layer containing different amount of Ag nanoparticles
obtained from Fig. 10(b.)

Ag (ub) E, (eV)
0 2.78
10 2.76
20 2.70
30 2.89
40 2.92

Figure 12 shows the UV-Visible plot of TiO, containing different amounts of Ag
nanoparticle soaked in anthocyanin sensitizer. It can be seen that TiO,/Ag photoanode with
20 pL Ag nanoparticles has higher absorption inferring that more photons were absorbed by
anthocyanin due to the plasmonic effect. The downshift of TiO, Fermi level to a more
positive potential has increased the driving force of electron injection from anthocyanin
sensitizer excited state to TiO, conduction band. The same pattern was observed in the Ji.
values of DSSC with anthocyanin sensitizer containing 20 pL Ag nanoparticles in TiO,
photoanode where this device exhibited highest J. values as shown in Table 3. The increase
in J;,. for DSSC with 0 uL. Ag nanoparticle and with 20 uL. Ag nanoparticle is 30%.
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Fig. 12. UV-Vis absorption spectra of TiO, layer containing different Ag nanoparticles soaked
in anthocyanin sensitizer.

Figure 13 shows the UV-Visible plot of TiO, containing different amount of Ag
nanoparticle soaked in N3 dye. It can be seen that TiO,/Ag photoanode with 20 pL Ag
nanoparticles has the highest absorption. This implied that more photon was absorbed by N3
dye due to the addition of Ag nanoparticle with TiO,. The downshift of TiO, Fermi level has
increased the driving force of electron injection from N3 dye excited state to TiO, conduction
band. The same pattern was observed in the J;. values of DSSC with N3 sensitizer containing
20 puL Ag nanoparticles in TiO, photoanode where this device exhibited the highest J,. value
as shown in Table 5. Based on this work, it has been shown that plasmonic effect of Ag
nanoparticles in TiO, improved the absorption of photon and the performance of DSSC.
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Fig. 13. UV-Vis absorption spectra of TiO, layer containing different Ag nanoparticles soaked
in N3 dye.

4. Conclusions

The study of ionic conductivity in gel polymer electrolytes (GPEs) containing different
weight fractions of PEO and PhCh revealed that the highest conductivity is given by the blend
of 70 wt.% PEO:30 wt.% PhCh. This composition showed ionic conductivity of 7.36 mS cm™
at room temperature. The electrolytes containing 80 wt.% and 90 wt.% PEO has poor
conductivities compared to other compositions. Samples containing 50 wt.% and 60 wt.%
PEO containing samples also exhibited a conductivity of 6.22 and 6.82 mS cm™', respectively.
DSSCs fabricated with GPE containing 70 wt.% PEO:30 wt.% PhCh revealed the highest
solar conversion efficiency for both anthocyanin sensitizer and N3 dyes. Therefore, the
efficiencies of these cells are governed by ionic conductivity of the electrolytes.

The performance of DSSCs with anthocyanin sensitizer and N3 dye were improved by
adding Ag nanoparticles in TiO, photoanode. The cell fabricated with TiO, photoanode
containing 10 pL Ag nanoparticles showed 21%, 17.2% and 39.6% increase in J;., FF and 7,
respectively for quasi solid-state DSSC soaked in anthocyanin with respect to DSSC with
photoanode that does not contains Ag nanoparticles.

The DSSCs with N3 dye have shown a dramatic enhancement of photocurrent compared
to that of DSSC with anthocyanin sensitizer. The DSSC containing 70 wt.% PEO:30 wt.%
PhCh electrolyte showed energy conversion efficiency of 4.61% and J. of 13.04 mA cm™.
The DSSC with 20 pL Ag nanoparticles in TiO, photoanode exhibited J;., V,., FF and 5 of
1524 mA cm™>, 600 mV, 57% and 5.21%, respectively. The incorporation of Ag
nanoparticles resulted in 17% and 13% increase in J, and #, respectively for cells with N3
dye. The performance enhancement with added Ag nanoparticles can be attributed to
improvement of light scattering and charge transport due to plasmonic resonance.
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