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ABSTRACT: The effects on the photovoltaic performance of the incorporation of SnO, nanoparticles into the polymer of a
solid-state dye-sensitized solar cell (DSC) based on the poly(ethylene oxide)/poly(ethylene glycol) dimethyl ether solid
electrolyte are studied in this paper. It has been found that the addition of SnO, nanoparticles to the solid electrolyte produces
several key changes in the properties of the solid-state DSC that produced a better performance of the device. Therefore, we have
measured an improvement in electrolyte conductivity by a factor of 2, a linear rise in the TiO, conduction band position, a
reduction in the electron recombination rate, and a decrease in charge-transfer resistance at the counterlectrode/electrolyte
interface. All these improvements produced an increase in the power conversion efficiency from 4.5 to 5.3% at 1 sun condition, a
consequence of the increase of both V. (oc = open circuit) and ] (sc = short circuit) without any sacrifice in FF (fill factor).
The origin of these changes has been associated to the strong Lewis acidic character of SnO, nanoparticles yielding to the
formation of a I;~ percolation layer for holes at the surface of SnO, and the reduction of the concentration of free I;~ and K" ions
inside the pores of TiO,. From these results, it is concluded that the physicochemical effects of inorganic nanofiller in the
polymer electrolyte may also be considered a good route in designing the high efficiency solid-state DSCs employing the polymer
electrolyte.

Bl INTRODUCTION However, the use of solid polymer electrolyte, most
commonly with poly(ethylene oxide) (PEO), has some

Since the development of dye-sensitized solar cells (DSCs),
drawbacks that make them less efficient than their liquid

they have received great attention as a promising technology as

a low cost energy source of the next photovoltaic generation. counterparts. The most important drawback is the low ionic
High energy conversion efficiency of over 12% has been conductivity, in the range from 1077 to 107 S cm™" at room
reported for DSCs using a cobalt redox-based liquid electro- temperature, and the low penetration of the PEO into the
lyte-2 However, the liquid electrolyte in DSCs has drawbacks, nanoporous titania electrode, which results in the insufficient
mostly stemming from solvent evaporation or leakage utilization of dyes due to the poor interfacial contact between

problems. Many academic studies have been focused on 18
solid-state or quasi-solid-state alternatives utilizing hole trans-
port materials,*® gel and solid polymer electrolytes.”~"” DSCs
using a solid polymer electrolyte have many advantages
associated with a solvent-free device such as improved thermal Received: November 29, 2013
and long-term stabilities, higher environmental safety under Revised:  February 11, 2014

breakage of the device, and so forth.

dyes adsorbed TiO, surface and the solid polymer electrolyte.
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There have been several approaches to overcome the
limitations associated with the use of solid polymer electro-
lytes.”'*~>* One interesting option is to utilize oligomeric
poly(ethylene glycol) dimethyl ether (PEGDME) (M, ~ S00—
1000) either blended with PEO or nanoparticles (NPs).*" The
blend of PEO and PEGDME enhances the ionic mobility as
well as the interfacial contact between dye molecules and
electrolyte, thanks to the improvement of pore-filling of the
reformulated polymer electrolyte into the mesopores of titania
layer in DSCs.**

When inorganic NPs are incorporated in polymer electrolyte,
both ionic conductivity and mechanical strength are im-
proved.’**> They a have large surface area which contains
cross-linking centers for the PEO segments, resulting in an
increased amorphous region and mechanical strength. The
polymer chains separated by the nanofillers are arranged in a
three-dimensional and mechanically stable network that creates
free volume through which I7/I;~ can diffuse, thereby
increasing its mobility and consequently its ionic conductiv-
ity.”>">” Many groups have therefore attempted to use NPs
such as titanium oxide (TiO,), silicon oxide (SiO,), aluminum
oxide (Al,O;), among others, in polymer and gel electrolytes,
eventually to increase the power conversion efliciency of solid-
state DSCs.”"**™* The increase in the power conversion
efficiency by the incorporation of inorganic NPs has been
mostly explained by physical effects (without chemical effects)
such as the increase in the ionic conductivity due to the
decrease in the crystallinity of polymer matrix used and the
increase in the interfacial free volume between NPs and
polymer matrix.

Inorganic NPs show different Lewis-acidity or -basicity
depending on their chemical structure. For instance, tin oxide
(Sn0O,) is a stronger Lewis acidic relative to TiO,.*° The acidity
of the inorganic NPs dispersed in a polymeric matrix may affect
the photovoltaic behavior of DSCs. In this work, strong (Lewis)
acidic SnO, NPs are introduced into PEO/PEGDME polymer
electrolytes to investigate both their physicochemical effects on
the electrolyte and on the power conversion efficiency of DSCs.
In particular, chemical interactions of the inherently partially
positively charged acidic property of SnO, NPs* with anions
such as I” and I;~ and lone pairs of oxygen of PEO chains will
be investigated.

B EXPERIMENTAL SECTION

Materials. Poly(ethylene oxide) (PEO, M,, = 1000 000 g/
mol), poly(ethylene glycol) dimethyl ether (PEGDME, M,, =
500 g/mol), potassium iodide (KI), iodine (I,), and tin oxide
(SnO,, <100 nm) NPs were purchased from Sigma Aldrich.
Acetonitrile (AN) to dissolve the salts was purchased from
Wako. Fluorine doped tin oxide (FTO)-coated conductive glass
substrates (TEC-8) with a sheet resistance of 8 /square were
purchased from Pilkington. Transparent titania nanoparticulate
paste (TiO, PASTE DSL 18NR-T) was purchased from
Dyesol, and cis-diisothiocyanato-bis (2,2'-bipyridyl-4,4’-dicar-
boxylato) ruthenium(II) bis (tetrabutylammonium) (Ruthen-
izer 535 bis-TBA, also known as N719) was received from
Solaronix. All chemicals were reagent grade and were used as
received without further purification.

Preparation of Polymer Electrolytes. Polymer electro-
Iytes were prepared by the blend of PEO (M= 1000000 g/
mol) and PEGDME (M, = 500 g/mol) with a mole ratio of
[-O-]:[KI]:[I,] = 10:1:0.1, and the ratio of PEO and
PEGDME was fixed at 4:6 (w/w). Further details are described

in our previous paper.”> The SnO, (<100 nm) NPs were added
and dispersed in the PEO/PEGDME polymer electrolytes. The
amounts were S5, 10, and 15 wt % of the total polymer
electrolyte. After the SnO, NPs were fully dispersed, the highly
viscous electrolytes were dried overnight in an oven (40 °C) to
remove traces of solvent.

Fabrication of DSCs. The FTO glass substrates were
cleaned with a detergent solution in an ultrasonic bath for 20
min, followed by cleaning in DI water and ethanol for 15 min
each. These FTO glasses were used for both working and
counter electrodes. For preparing the working electrodes, a
blocking layer of TiO, films was spread on the FTO glass
surface by spin-coating 2 wt % of Ti(IV) bis(ethyl
acetoacetato)-diisopropoxide in 1-butanol solution and sintered
at 450 °C for 30 min. Thin-nanostructured TiO, film was
prepared from ~20 nm NPs by the doctor-blade technique on
conductive glass substrates, followed by heating at 450 °C for
30 min. The thickness of the transparent electrode was
approximately 6—7 pm, and the active area of the cell was fixed
to 0.25 cm” to allow for consistent measurements of power
conversion efficiency under illumination, respectively. The
TiO, electrodes were subsequently dipped into 0.5 mM N719
dye in an AN/tert-butanol solvent (1:1, v/v) for 18 h at 30 °C.
Then, the dye-sensitized TiO, film was rinsed with the AN and
dried in the dark. Counter electrodes were prepared by spin
coating 0.01 M H,PtCl, solution onto FTO glass, followed by
sintering at 450 °C for 30 min. Surlyn (25 pm, Dupont) was
attached to the photoelectrodes as a spacer, and polymer
electrolyte was casted onto working electrode. Finally, the two
electrodes were subsequently clipped together, and the cells
were stored in an oven (40 °C) for the evaporation of retained
solvent.

Characterization. The macroscopic structure and crystal-
linity of polymer electrolyte was examined by X-ray diffraction
(XRD) in the range of ~10—50°, which was performed at room
temperature using a high-resolution X-ray diffractometer
(Rigaku, D/MAX-2500/PC). The ionic conductivities of the
bulk polymer electrolyte were measured with an IM6
potentiostat (Zahner). To analyze the transport behavior of
I;~ in polymer electrolyte, linear sweep voltammetry (LSV) was
measured by an Autolab instrument in the potential cycled
range from —0.5 to 0.5 V at the scan rate of 5 mV/s. UV—vis
absorption spectra were monitored with JASCO/V-670
spectrophotometer to analyze the light absorption of I"/I;~
redox. Reflectance spectra were obtained with the spectropho-
tometer equipped with a spherical accessory. The photo-
current—voltage (J—V) characteristics were carried out using a
solar simulator, with a 300 W xenon arc-lamp (Newport) under
1 sun illumination (AM 1.5, 100 mW/cm?). The intensity of
light illumination was calibrated by a silicon solar cell (PV
Measurements, Inc.). The J—V data were recorded with a
shading mask to avoid the overvaluation of power conversion
efficiency. The incident photon to current conversion efficiency
(IPCE) of DSCs was measured by QEX7 (PV Measurements,
Inc.). Electrochemical impedance spectroscopy (EIS) using an
IM6 (Zahner) was used to investigate the interfacial properties
between counter electrode and electrolyte in the frequency
range of 1 MHz to 500 mHz at cell voltage E = 0 V under dark
condition. The electron lifetime, electron diffusion coefficient,
and trapped charges in TiO, films in DSCs were evaluated from
methods of intensity-modulated photovoltage spectroscopy
(IMVS), intensity-modulated photocurrent spectroscopy
(IMPS), and charge extraction (CE) (CIMPS-abs, Zahner).
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Bl RESULTS AND DISCUSSION

Interaction of SnO, with Lewis Bases in the Polymer
Electrolyte. Strong Lewis acidity of SnO, NPs could make
their surface positive, and therefore, they could interact with
Lewis base such as I", I;7, and ethylene oxide units in the PEO-
based polymer electrolyte. The relative acidity scale of SnO, is
quantitatively represented by 3.473, whereas TiO, is 3.046.*
Note that the larger value indicates an increased acidity.

Because the acidity of SnO, NPs is increased compared to
that of TiO,, the I and I;~ ions will be preferentially adsorbed
on the surface of the SnO, NPs, as illustrated in Figure 1. To

PEO polymer

Free ions

Interaction of SnO,

with PEO or ions

Figure 1. Schematic formation of the discrete anion-rich layer and an
improved contact with ethylene oxide units of PEO due to the
interactions between the acidic surface of SnO, and basic ions (I~ and
I7) and oxygens from electrolyte.

determine the amount of I;~ adsorption onto the SnO, surface,
we prepared one electrolyte based on oligomeric liquid
PEGDME only. The composition of the prepared electrolyte
is fixed at [—O—]:[KI]:[I,] = 10:1:0.1 (O is from PEGDME
only) with or without the SnO, NPs. After a centrifugal and
settling-down process, the upper solution part was separated,
followed by a 100-fold dilution. The UV—vis absorption spectra
of these dilutions are depicted in Figure 2. The addition of
SnO, diminished the absorbance peak intensity at around 370
nm, thereby indicating that the I3~ concentration is larger in the
SnO, free solution. From data in Figure 2, we could estimate
that 20% of I;~ was adsorbed on the acidic surface of SnO,.
In general, the PEO-segmental motion in the neat PEO
polymer is significantly restricted due to the presence of many
crystallites, resulting in a low ionic conductivity. It is therefore
important to reduce its crystallinity for the improvement in the
ionic conductivity."® Upon incorporating SnO, into PEO/
PEGDME without any salts, the crystallinity of the polymer was
reduced markedly as evidenced by XRD data in Figure 3. The
peaks of crystalline PEO at 20 = 19.1° and 23.3° are assigned as
(120) and (112), mirroring the presence of PEO crystals, and
the peaks at 20 = 27°, 34° and 38° correspond to the SnO, NPs
crystals.®’ These results suggest that acidic SnO, NPs interact
also with basic ethylene oxide units of PEO (Figure 1).
Moreover, these interactions could induce a three-dimensional
and mechanically stable network without phase separation. The
PEO/PEGDME crystallinity was also reduced to a large extent
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Figure 2. UV-—vis absorption spectra of electrolyte solutions
containing I"/I;” redox couple with varying the amount of SnO,
NPs added. The electrolyte composition was [—O—]:[KI]:[I,] =
10:1:0.1 (O is from PEGDME) with SnO, NPs contents (S, 10, 15 wt
%).
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Figure 3. XRD patterns of pure PEO/PEGDME with the amount of
SnO,. Two peaks at 20 = 19.1° and 23.3° reflect the crystalline of
PEO/PEGDME, and the peaks at 20 = 27°, 34°, and 38° correspond
to the (110), (101), and (200) planes of crystalline SnO,.

by the addition of K* ions (Figure S1, Supporting Information),
which is consistent with previous reports.>> However, K* ions
are well-known to be coordinated by the ethylene oxide units of
the PEO chains, which may lose their segmental mobility.

lonic Transport in Polymer Electrolyte. The ionic
transport mainly occurs through amorphous domains but not
through crystals of PEO. Upon incorporation of SnO, NPs, the
PEO chains rearrange in a three-dimensional and mechanically
stable network, resulting in an increased amorphous region as
described previously. In addition, these interactions may help to
increase the free volume at the interphase between SnO, NPs
and the PEO/PEGDME matrix, improving ionic transport.3’3
Moreover, the SnO, NPs surrounded by iodide species (I” and
I;7) might create percolation paths facilitating the ionic
transport. 8

Figure 4a provides the ionic conductivity (o) through the
polymer electrolyte as a function of the SnO, NPs
concentrations, measured under ambient conditions from the
ac impedance method using the following equation:*

o=
AR, (1)

where 6 is the ionic conductivity (S/cm), [ the length (cm) of
the electrolyte, A the surface area of the electrode (cm?), and Ry,
the electrolyte resistance (Q or S™'). The ionic conductivity
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Figure 4. (a) Ionic conductivity for polymer electrolyte at room temperature and (b) linear sweep voltammograms for the Pt—Pt symmetric cells

with the cell separation of 25 um filled with polymer electrolyte containing various amounts of SnO, NPs. Scan rate is S mV s™.

-1

was increased with the SnO, content and reached the
maximum value of 9.87 X 107* S/cm at 10 wt % of SnO,
NPs, which is more than twice the value of the SnO, free
electrolyte. However, the excess addition (15 wt %) of SnO,
NPs rather decreased the ionic conductivity, presumably due to
the phase separation between SnO, and the PEO/PEGDME
matrix, which will hinder the segmental motion of PEO
polymer chains.

To understand the increase in the ionic conductivity upon
addition of SnO,, the diffusion coefficient of I;~ in the polymer
electrolyte was measured by linear sweep voltammetry (LSV)
in the potential range of —0.5 to 0.5 V at the scan rate of 5 mV/
s (Figure 4b). The diffusion coefficients (Dapp) of I;” in
polymer electrolyte were determined by measuring the limiting
current density Jj;,, within the electrochemical cells according to
the following equation:

D, = )
app 2mFEC Jhm (2)

where n = 2 is the electron transfer number required for the
reduction of I;” to I", C, the bulk concentration of the 137, d
the thickness of the cell, and F the Faraday constant. Figure 4b
shows that the values of D,,, (I;7) for the polymer electrolyte
containing the SnO, are higher than that without SnO,. The
polymer electrolyte with 10 wt % SnO, showed the highest Dy,
(I,7) value (2.77 x 10~ cm? s™") among them, which is around
3 times larger than the value obtained for the NPs free
electrolyte. The D,,, (I;”) data show a similar trend with those
of ionic conductivity. It is meaningful to note that the addition
of 10 wt % SnO, NPs in the polymer electrolyte could enhance
the I~ diffusion as well as the ionic conductivity.

To evaluate how much the SnO, NPs could contribute to the
I;~ diffusion in practical operation of DSCs, we measured the
photocurrent transient, a well-known tool to trace the I3~
diffusion transient, and depicted this in Figure 5. The
photocurrent decay for the reference cell during the initial 10
s of light exposure indicates a diffusion limitation. This decay is
attenuated in all cases in SnO, NPs-based DSCs. SnO, NPs (10
wt %) induce the least photocurrent decay, indicating that the
relatively faster dye regeneration occurs in 10 wt % SnO, NPs-
based DSC, in good agreement with the previous results of the
ionic conductivity and the diffusion coeflicient of I;~ through
the solid polymer electrolytes.

Photovoltaic Performance. Figure 6ab shows the J—V
curves of DSCs employing the solid polymer electrolyte by
varying the SnO, content, under 1 sun illumination (AM 1.5,
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Figure S. Photocurrent transients of DSCs as a function of the
concentration of SnO, NPs in polymer electrolytes measured after 10
min under illumination condition.

100 mW/cm?) and in the dark condition, respectively. The
photovoltaic parameters such as open-circuit voltage V,, short-
circuit current J,, and fill factor FF in Figure 6a are summarized
in Table 1. Note that the solid polymer electrolyte DSCs with
SnO, display both improved V. and J,. and comparable or
slightly increased FF compared to the reference. Specifically,
V. is gradually improved up to 15 wt % SnO, and J,. up to 10
wt % SnO,. As previously remarked, the addition of SnO,
above 15 wt % derives phase separation, rendering slow I~
diffusion and consequently decreasing Jsc. The overall power
conversion efficiency of 5.33% obtained using 10 wt % SnO,
outperforms that without SnO, NPs (4.47%).

Figure 6b is indicative of the fact that the dark current
diminishes with increasing SnO, amount in the polymer
electrolyte, resulting in the increase in V,_ in SnO, NPs-based
DSCs.

Increase in V. upon SnO, Incorporation: Conduction
Band Edge Shift of TiO,. The open-circuit voltage V. is
defined by the gap between TiO, Fermi level and redox
potential.3 38 Tn other words, at a given redox energy level, the
movement of the Fermi level of the TiO, electrode arising from
the concentration of photogenerated electrons in the TiO,
determines the observed V. The TiO, CB position and the
electron recombination rate have been reported to be the main
factors determining V,. for a given system.”

The CB shift depends among others on the net number of
negative or positive charges built up on the surface of the TiO,
layer. This movement affects the distribution of electron states
in the TiO, and consequently the equilibrium Fermi level and
Voo In particular, the accumulation of positively charged K*
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Figure 6. J—V characteristics of DSCs based on polymer electrolytes containing various amount of SnO, NPs (a) under 1 sun illumination (AM 1.5,
100 mW/cm?) and (b) in the dark condition. Active area of devices was 0.25 cm?® shaded with a 0.25 cm?® metal mask.

Table 1. Ionic Conductivity (6), Diffusion Coefficients of I,” (D

by Varying SnO, NPs in the Polymer Electrolyte

electrolytes 6 (107* S/cm) D, (I57) (1076 cm?/s)
ref 4.13 0.81
$n0O, 5% 723 1.66
SnO, 10% 9.87 2.77
Sn0O, 15% 6.67 221

app

(1;7)), and Photovoltaic Performances® of DSCs Fabricated

Vee (V) Je (mA/cm?) EF n (%)
0.69 10.0 0.65 45
073 10.6 0.66 5.1
0.74 10.8 0.66 53
0.75 103 0.67 52

“V,: open-circuit voltage; J,.: short-circuit current; FF: fill factor; and #: power conversion efficiency.

from the electrolyte will cause the TiO, CB to shift downward.
The CB shift is determined by recording, through the charge
extraction (CE) method, the relation between the accumulated
charge Q. and V,, as shown in Figure 7.4 Note that Q,

m  Ref
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Figure 7. Photoinduced charge density versus open-circuit voltage
(V) upon the addition of SnO, in polymer electrolyte.

decreases at a fixed V. with the addition of SnO, in the
polymer electrolyte. Meanwhile, referring to the trap/detrap
electron transport, the upward TiO, CB shift requires the high
energy for the electron detrapping process, slowing down
electron diffusion. In other words, electron transport will be
another clue of reflecting the CB shift. As shown in Figure S2 in
the Supporting Information, at a given photocurrent, the
electron diffusion coeflicient is gradually reduced with
increasing SnQO,.

It is well-known that K* jons dissolved in the electrolyte can
be adsorbed onto TiO, layer, leading to downward CB shift, i.e.
decrease in Fermi level. As well, we suspected that the SnO,
NPs themselves having strong Lewis acidity might be adsorbed
onto the TiO, layer, shifting the TiO, CB too. The ultraviolet
photoelectron spectroscopy (UPS) is therefore measured to
determine the dominant one between K ions and SnO, NPs

affecting on the TiO, CB level. As evidenced in Figure S3, work
function, energy gap between vacuum level and Fermi level,
have changed from 5.23 to 541 eV by the presence of KI,
whereas SnO, NPs rarely affect on the TiO, CB level. Plausible
reasons could be that the SnO, used in this work is too large in
size (<100 nm) to penetrate and to contact onto TiO, layer
and also that only point contacts at the surface of the
mesoporous layer would be possible among circular TiO, and
SnO, NPs. The upward CB shift of TiO, observed with
increasing SnO, NPs in the electrolyte may then be an
indication of a lower amount of adsorbed K* ions at the TiO,
surface. This fact may occur if K* ions are accumulated near the
anion-adsorbed SnO, nanoparticles, as a result of the
establishment of the charge neutrality near the interface. As
consequence overall free K concentration would be reduced
from electrolyte and TiO, surface.

Increase in V,. upon SnO, Incorporation: Electron
Recombination. The concentration of photogenerated
electrons in the TiO, CB and thereby V,  are also seriously
affected by their loss through the interfacial reaction between
photoelectrons in TiO, layer and I;~ in the electrolyte (ie.,
electron recombination). The recombination follows the
relation:

jrecakrn[lg] 3)
with j.. being the recombination current, k, recombination rate
constant, n electron concentration in TiO,, and [I;7]
concentration of I;” species in electrolyte in contact with
TiO,. Herein, the recombination reaction is characterized by
electron lifetimes measured by the IMVS method. The data
obtained from the IMVS are expressed by electron lifetime (z,,)
depending on open-circuit potential. To compare the
recombination reaction at a similar number of electrons in
TiO, CB, we use following relation*"*

Ve = Voo — AEC/q 4)
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where V4, is the potential at equivalent CB position, AE the
CB shift as estimated from Figure 7, and q the elementary
charge. In Figure 8, the electron lifetime 7, is plotted as a

u Ref
O Sn0O,5%
4 Sn0,10%
- 1074 Sno, 15 %
iC
10° T T T T
0.68 0.72 0.76 0.8
Vech (V)

Figure 8. Electron lifetime (7,) as a function of potential (V) at
equivalent CB position in DSCs upon the inclusion of SnO, NPs in
polymer electrolytes.

function of V.. Upon SnO, NPs addition, log(z,) linearly
increases with V,y. Provided that the recombination kinetic
constants remain unchanged and the amount of the electrons in
TiO, CB is similar, the free I3~ concentration in electrolyte will
act as a key parameter in determining the recombination
reaction in SnO,-based DSCs. The same trend for 7, was
reconfirmed from open-circuit voltage decay (OCVD)***
measurement in Figure S3 (Supporting Information). There-
fore, it is claimed that the slow electron recombination is
possible due to the lower amount of the free I, concentration
at the interface between the nanoporous TiO, and electrolyte.
The reduction in the concentration of the free I;~ inside the
porous layer may be mostly due the adsorption of I;” on the
acidic surface of SnO, incorporated to the electrolyte.

Increase in J,. upon SnO, Incorporation: IPCE Spectra.
The short-circuit current density J;. is calculated by integrating
the incident photon to current conversion efficiency (IPCE)
spectrum, which traces the quantum yield with respect to the
exposed light wavelength.*>™*" The IPCE spectra are depicted
in Figure 9a. The quantum yield overall increases in all DSCs
incorporating SnO, NPs, and large improvement is observed
between 350 and 450 nm.

The addition of SnO, up to 10 wt % resulted in the
increment of the ionic conductivity mostly due to the increase
in the diffusion coeflicient of I;™. The higher ionic conductivity

would make the diffusion limitation lower, as demonstrated by
the photocurrent transient data (Figure S), that is, the faster
dye regeneration. Moreover, the SnO, addition in the
electrolyte enables electron lifetimes to be elongated (Figure
8), improving the charge collection to the FTO side. As
evidenced previously in Figure 2, SnO, NPs retain I;~ to some
extent, which diminishes the free ion concentration of I;~. The
increased short-circuit current density J,. may also have
contribution from the lower light absorption by the intrapore
electrolyte due to the lower I3~ concentration in the TiO,
pores. The fact that the larger IPCE increase is observed in the
region at high wavelengths (350 and 450 nm) supports this
hypothesis.

To evaluate a potential contribution to J. due to the light
scattering effects, we assembled symmetrical cells consisting of
transparent glasses filled with the PEO/PEGDME polymer
electrolyte with or without 10 wt % SnO, NPs. The cells were
spaced with 25 ym Surlyn after hot pressing. The reflectance
results are depicted in Figure 9b. Similar reflectance is observed
in both cases from 300 nm up to 450 nm, whereas at
wavelengths larger than S50 nm scatter from SnO, NPs
presents larger values than the probe sample. The results
together with IPC data in Figure 9a suggest that the light
scattering by SnO, NPs is negligible. The TiO, CB shift can
also influence J.. For instance, the upward CB shift may lead to
the decrease in both the electron injection efliciency and the
electron diffusion rate, as previously reported.>”*® In our case,
we observed that only after 15 wt % addition of SnO, into the
polymer electrolyte, the electron injection yield seems to be
reduced with the consequent drop in the overall quantum yield.

As aresult, it is suggested that the enhancement in the IPCE
with SnO, NPs incorporated would be primarily due to the
increase in the ionic conductivity and the decrease in I3~
concentration inside the mesoporous film.

Charge-Transfer Resistance at the Pt-FTO/Electrolyte.
Electrochemical impedance spectroscopy (EIS) is quite helpful
to scrutinize the interfacial properties between counter
electrode and electrolyte. Figure 10 shows the EIS results of
a Pt—Pt symmetric cell measured in the frequency range of 1
MHz to 500 mHz at a bias voltage of 0 V under the dark
condition. The first semicircle in the electrochemical
impedance spectra obtained from the Pt—Pt symmetric cell is
referred to as charge-transfer resistance (R,) at the Pt-FTO/
electrolyte interface. In general, high R hinders charge transfer
from Pt counter electrode to electrolyte, consequently reducing
the FF of DSCs. The EIS data indicate the decrease of R, with
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Figure 9. (a) Quantum efficiencies of the DSCs and (b) reflectance spectra of the polymer electrolytes with and without 10 wt % SnO, NPs in the

wavelength range of 300—800 nm.
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Figure 10. Impedance spectra of Pt—Pt symmetric cell measured at a
bias voltage of 0 V and at an amplitude 10 mV in the dark condition.
The frequency range was 1 MHz to 500 mHz. The charge transfer
resistance (R,) is summarized in the inset table.

the addition of SnO, NPs (Figure 10). It is reasonable to think
that the increased I;~ concentration at the surface of the
platinized counter electrode associated with faster I~ transport
in the polymer electrolyte yields a lower R, at the Pt-FTO/
electrolyte interface in DSCs. Also, specific interactions of Pt
and SnO, NPs could help to increase charge transfer efficiency
at this interface.

Substitution of SnO, NPs in the Polymer Electrolyte
by TiO, NPs. To finish this work, we studied the results of
adding TiO, NPs to the polymer electrolyte, which is more
commonly used than SnO, NPs. Results summarized in Figure
S5 and Table S1 in the Supporting Information showed no
improvement in the performance of the DSCs built with
electrolytes with TiO, NPs added. The adoption of SnO, NPs
in the polymer electrolyte was much more fruitful in improving
the overall power conversion efliciency of solid-state DSCs.

B CONCLUSIONS

When SnO, nanoparticles were incorporated into the PEO/
PEGDME polymer electrolyte, the overall power conversion
efficiency of solid-state DCSs was improved to a large extent
due to the increase in both V. and J,. without sacrificing FF.
The optimal contents of SnO, NPs were found to be 10 wt %
after which performance of the cell started to decrease. The
efficiency rise was attributable to an improvement in the
physicochemical properties of the polymeric electrolyte after
addition of the SnO, NPs. The strong Lewis acidity of the
surface of SnO, NPs contributed to accumulation of a discrete
anion-rich (I;7) layer over the surface SnO, NPs producing
both a larger than 2-fold increase in the solid electrolyte
conductivity and an improved contact with ethylene oxide units
of PEO. At the same time, data indicate that concentrations of
free I;~ and K" ions inside the mesoporous film and therefore
in the TiO, surface diminished, which is the origin of the
improved V. through the observed rise of TiO, CB and
decrease of recombination. The origin of J,. was attributed to
both the increase in the ionic conductivity and the lower
competitive electrolyte light absorption by the electrolyte inside
the pores of the TiO, film. The substitution of SnO, NPs by
TiO, NPs produced no relevant changes with respect to the
reference cells, which is attributable to the neutral effect in
terms of acidity with respect to the dye-sensitized TiO, film

Therefore, it is believed that the effects of addition of SnO,
NPs in the polymer electrolyte could also be considered to be a
good avenue in designing high efficiency solid-state DSCs.

B ASSOCIATED CONTENT
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Additional XRD patterns, work functions by UPS, electron
diffusion by IMPS, electron lifetime by OCVD, and J-V
performance of the TiO,-NPs-based polymer electrolyte. This
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