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ABSTRACT: Electrochemical properties of structurally modified quasi-solid-state electrolytes were examined using porous substrates
(PSs). The PS was prepared into two categories by a phase inversion method with a brominated poly(phenylene oxide) (BPPO): the
sponge and finger types. Effects of the humidification and cosolvent compositions on the morphology of the PS were analyzed by
scanning electron microscopy. In all cases of the PSs, a higher Vo was observed of about 0.1 V than that of a liquid electrolyte
owing to a suppressed back electron charge transfer. In addition, the PS prepared by the polymer solution of 1 : 4 : 1 (BPPO : N-
methyl-2-pyrrolidone : butyl alcohol) with the humidification process showed better photovoltaic properties in terms of the current
density and conversion efficiency owing to the appropriate combinations of pore size, tortuosity, and interconnectivity. Effects of the
pore structures were intensively examined using electrochemical impedance spectroscopy. The impedance results revealed that large
pores at the surface layers are advantageous for a lower Rg and Rrio,. Meanwhile, the straight inner structure is beneficial for the fac-
ile I /15~ diffusion, thus lowering Rp,. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39739.
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INTRODUCTION

Dye-sensitized solar cells (DSSCs) have been attracted consider-
able interests as an alternative to conventional silicon solar cells
since the report by Gritzel and O’Regan.' DSSCs are regarded
as one of the environmentally benign energy sources owing to
advantages such as the simple fabrication process, low produc-
tion cost, and commercially realistic energy-conversion effi-
ciency up to 12%.>"* However, there are some critical obstacles
using liquid electrolytes in terms of a perfect sealing to prevent
leakage, minimizing the volatility of electrolytes without sacri-
fice of conductivity, and ensuring safety requirements of low
flammability and toxicity. Recently, to overcome the leakage
problem, gel-type electrolytes and solid-state electrolytes have
been widely investigated.”™ In addition, quasi-solid-state
electrolytes have been studied and obtained comparably high
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efficiency to the liquid electrolyte as well as good long-term sta-
bility similarly to the gel and solid-state electrolytes.”™

There are two preparation types of porous substrates (PSs) uti-
lized for quasi-solid-state electrolytes: (1) electrospinning
method and (2) phase inversion method. High-performance
quasi-solid-state electrolytes have also been prepared using the
electrospun nanofiber mats. Priya et al.” prepared electrospun
nanofiber mat with poly(vinylidene fluoride-co-hexafluoropro-
pylene) (PVAF-HFP). By employing the nanofiber mat, the
DSSC with the quasi-solid-state electrolyte showed higher V¢
with similar Jsc to the liquid electrolyte. The physical contact of
Lewis basic polymers to the trap sites in the TiO, electrode also
seems to lower the recombination rates, showing higher V¢
values. Significance of the pore size, volume ratio, and three-
dimensional interconnectivity of PSs was discussed by Kim
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Figure 1. A polymer structure of BPPO.

et al.'® Blending of PVAF-HFP and polystyrene with blending
ratio of 3 : 1 derived higher Vp¢ and fill factor (FF)." Further-
more, Lewis basicity of BPPO polymer was compared to the
PVdF in the form of electrospun nanofiber mats for quasi-
solid-state electrolytes.'>

Kim et al."”’ prepared a PS using the phase inversion method
with a copolymer of acrylonitrile and methyl methacrylate. The
PS was immersed in a liquid electrolyte, exhibiting a transparent
gel polymer electrolyte and higher Vo than the liquid electro-
lyte. Zhang et al. prepared PSs of PVAF-HFP to examine the
effects of TiO, nanoparticles."* The PS with 30 wt % TiO, par-
ticles has fine and uniform pore sizes, which are advantageous
for a higher conductivity of the quasi-solid-state electrolyte. In
situ ultra-thin polymer membrane was also directly introduced
onto the TiO, layer by a phase inversion method."?

However, the effects of morphological changes of PSs for quasi-
solid-state electrolytes have yet been systematically investigated
in DSSC applications. In this study, surface layers and inner
structures of PSs were modified by controlling the solvent com-
positions and humidifying conditions. Effects of the morpho-
logical changes were examined by scanning electron microscopy
(SEM), whereas the photovoltaic properties were analyzed by J—
V curves and electrochemical impedance spectroscopy (EIS).

EXPERIMENTAL

Preparation of Porous Substrates by a Phase Inversion
Method

Two types of polymer solutions were prepared; dissolving (i) 2
g of brominated poly(phenylene oxide) (BPPO, M,, = 70,000) in
10 mL of N-methyl-2-pyrrolidone (NMP, Aldrich) (ratio, 1 : 5 :
0) and (ii) 2 g of BPPO in 8 mL of NMP and 2 mL of butyl
alcohol (BuOH, Aldrich) (ratio, 1 : 4 : 1), respectively.16 The
polymer structure of the BPPO is shown in Figure 1. Each solu-
tion was cast on a glass plate, and then the plate was promptly
soaked in deionized water; the porous substrate was obtained
without humidification (PS-WOH). To obtain a porous sub-
strate with humidification, the cast polymer on the glass plate
was stored in a humidifying container saturated with water
vapor in a nitrogen atmospheric condition at 80°C for 10 min,
and then the plate was also soaked in deionized water (PS-H).
Finally, the porous substrates were dried in an oven at 50°C for
more than 3 days.

Fabrication of Quasi-Solid-State DSSCs
To prepare electrodes, a fluorine-doped tin oxide (FTO) con-
ducting glass (8 Q/sq, Solaronix) was consecutively cleaned with
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deionized water, detergent, ethanol, and acetone. A photo-
anode was prepared by casting a TiO, paste (T20/SP, Solaronix)
using a doctor blade method (apparent surface area, 0.25 cm?).
Thickness of the layer (10 pm) was controlled by putting an
adhesive tape (3M) on the FTO glass. After the casting, a sinter-
ing process was conducted in an oven at 550°C for 30 min with
increasing heating rate of 3°C/min. Then, the TiO, electrodes at
80°C were soaked in a dye solution for 20 h under dark condi-
tion at room temperature. This dye solution consists of 0.3 mM
of N719 (Solaronix) and anhydrous ethanol. The dye-coated
electrode was rinsed with anhydrous ethanol and dried at room
temperature. Similarly, a Pt-coated cathode electrode was pre-
pared using a Pt sol (Pt-catalyst T/SP, Solaronix) by casting the
sol on a cleaned FTO glass. The Pt electrode sol casted was sin-
tered at 450°C for 30 min with increment rate of 3°C/min. The
liquid electrolyte was comprised of 0.5M Lil, 0.05M I,, 0.6M
1,2-dimethyl-3-propylimidazolium iodide (Solaronix), 0.5M 4-
tert-butylpyridine (Aldrich) in 3-methoxypropionitrile
(Aldrich).

To fabricate DSSCs, the substrate (1 cm X 1 cm) was sand-
wiched between the dye-adsorbed photo-anode and Pt-cathode
electrodes. Both electrodes were fixed using two clips, and then
the electrolyte solution was injected using a syringe between the
two electrodes by a capillary force.

Characterization

A field emission-scanning electron microscopy (FE-SEM; S-
4700, Hitachi) was used to observe surface morphologies of the
porous substrates. Porosity values of the substrates were calcu-
lated from the following equation'?:

Porosity (vol %)= <1— L) X100 (1)

p polymer

where pys and ppolymer are the densities of the porous substrate
and polymer, respectively.

EIS was conducted using an IM6eX electrochemical workstation
at an open circuit voltage with amplitude of 5 mV in the fre-
quency range between 100 kHz and 0.01 Hz.'” A cyclic voltam-
metry was conducted to obtain J-V curves and dark current
densities using the electrochemical workstation at a scan rate of
20 mV/s. The photovoltaic property of a cell was measured
under an illumination of 80 mW/cm® using a sulfur lamp
source (at least more than three samples for each case). The FF
was calculated from the following equation:

Pmax

Isc Voc

FF = (2)

where P, is the maximum electrical power density of the cell,
Isc the short-circuit current density, and Vo the open-circuit
voltage.

The conversion efficiency of the cell is calculated from the fol-
lowing equation:
Prax  Isc XVoc XFF

- B SRS A 3
n P P (3)

where P, is the power input to the cell.
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Figure 2. A schematic representation of a phase inversion process. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

RESULTS AND DISCUSSION

There are several types of phase inversion methods'®: thermally
induced phase separation, air-casting of a polymer solution,
immersion precipitation, and precipitation from the vapor
phase. In the immersion precipitation method, pores are formed
when the cast polymer is immersed in a nonsolvent such as
deionized water. The organic solvent in the polymer film is rap-
idly extracted from the cast polymer because it is miscible with
water. However, the polymer is immiscible in the nonsolvent,
thus phase separation is occurred. As a result, there are two
types of regions inside the cast polymer depending on polymer
content, that is, polymer-rich and polymer-poor phases. The
two polymer regions subsequently undergo to form polymer
backbone structure and pores inside the cast substrate, respec-
tively. A schematic of a phase inversion method is shown in Fig-
ure 2. At this step, the pore structures and diameters are
determined according to the demixing kinetics of the solvent
into the nonsolvent. In case of a method of precipitation from
the vapor phase, humidifying procedure is additionally con-
ducted before immersing the polymer into a nonsolvent com-
pared to the immersion precipitation method. This vapor-
induced phase inversion has been widely conducted to form
sponge-type or comb-type porous substrates."’

Surface and cross-sectional morphologies of the PSs are shown
in Figure 3. There are significant differences in structural shapes
depending on the humidification process. When PSs were fabri-
cated without humidification (PS-WOH), finger-type structures
were observed with straight internal morphologies. It is noted
that a top surface represents the layer which directly contacts
the nonsolvent during the phase inversion process, whereas a
bottom surface faces to the supporting glass (Figure 2). At the
top surface [Figure 3(a,d)], in the magnified images, dense skin
layers were formed, showing small pores in the range of 5-10
nm. At the bottom of the substrate, relatively bigger pores in
the range of 0.2-0.5 um were observed [Figure 3(c,f)]. In cases
of PSs with the humidification process (PS-H), sponge-type
structures were observed with droplet-shaped morphologies. At
the top surface, bigger pores [Figure 3(g,j)] in the range of
about 10-30 um were observed than those in the range of about
2-5 pum at the bottom surface of the substrates [Figure3(i,1)].

The only difference is using the humidification process in the
fabrication procedures of the PS-WOH and PS-H. In the former
one, the cast polymer film was directly immersed in water as a
nonsolvent without any humidification process. The NMP sol-
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vent in the polymer solution was rapidly extracted by mixing
with water in the bath, resulting in very fast demixing kinetics
of the polymer and NMP.*® Thus, the hollow-like straight inner
morphologies were formed, which is called a finger type struc-
ture. In addition, the fast kinetics of mixing between NMP and
water is responsible for the dense skin layer with small pores at
the top surface. At the bottom layer, however, relatively bigger
pores were formed because of a slower kinetics of the phase
inversion which propagates from the top surface to the bottom.

In case of the PS-H, the polymer film was maintained for sev-
eral minutes in the container filled with a humidifying gas
before immersing in the nonsolvent bath. This humidification
process induces the slower mixing kinetics between the solvent
in the cast polymer and the nonsolvent followed by the film is
subsequently immersed in the bath for completion of the phase
inversion. The slower kinetics is mainly owing to the lower
activity of the vapor which penetrates through the polymer
film. This low diffusion of the nonsolvent resulted in symmetry
morphologies.

The use of BuOH as a cosolvent is known to affect a slower
demixing kinetics owing to lower miscibility between the cosol-
vent of BuOH and the nonsolvent of water, forming larger
pores.”’ In the case of PS-H of 1 : 4 : 1, larger pores at the bot-
tom layer and clearer droplet-shaped polymer structures at the
top layer were observed than those in the case of PS-H of 1 :
5 : 0. However, in cases of PS-WOH, no significant discrepancy
was found regardless of cosolvent content except the inner tilted
morphologies. Porosity values of the PS-H were 70.4 and 77.3%
for the cases of 1 : 4: 1 and 1: 5 : 0, respectively, whereas those
of PS-WOH were 74.5 and 83.0%, respectively.

Photocurrent-voltage characteristics of the quasi-solid-state
electrolytes were examined according to the contacting top
(top-TiO,) and bottom (bottom-TiO,) surfaces of substrates to
the TiO, layer, respectively (Figure 4). As shown in Figures 5(a)
and 6(a), in both cases, the cells with the quasi-solid-state elec-
trolytes showed higher Voc values between 0.71 and 0.75 V
than that of 0.62 V with the liquid electrolyte. Higher Vi val-
ues by about 0.1 V of the quasi-solid-state electrolytes are attrib-
uted to the Lewis basicity of the BPPO polymer.'>!*> The BPPO
polymer contains functional groups of ether and bromine in the
polymer structure, which are known to hard and soft bases,
respectively, in solid-state electrochemistry.*' It is explained that
the BPPO polymer contacting on the TiO, layer shifted the flat
band in TiO, at photo-anode to a negative range owing to the
basicity of the polymer.” In addition, coordination of cations in
electrolyte to the BPPO functional groups increased Voo 1222
Lower cation concentration vicinity of the TiO, layer owing to
the coordination suppresses recombination of I3~ and electron
trapping, thus increasing Voc. Dark current density values dem-
onstrate the higher Vi values of the quasi-solid-state electro-
lytes for both top and bottom surfaces of the PSs as shown in
Figures 5(b) and 6(b), respectively. Dark current represents the
backward electron charge injection from TiO, layer into I3~ in
electrolytes and it implies electron losses by electrolytes.”>**
Based on the dark current density at 0.6 V, the liquid electrolyte
showed the highest value of 2.24 mA/cm®. The quasi-solid-state
electrolytes of PS-WOH varied between 0.28 and 0.45 mA/cm?,
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Figure 3. SEM images of the porous substrates prepared by the phase inversion method depending by varying the humidification condition and cosol-

vent composition.

whereas those of PS-H varied between 0.60 and 0.68 mA/cm?
(Tables I and II). The dark current trend inversely coincides
with the Voc value trend in which the highest Vo values of
0.74 and 0.75 V were obtained with the PS-WOH and the low-
est value of 0.62 V with the liquid electrolyte. Large surface
areas of the PS-WOH having small pores seem to maximize the
coordination effects, resulting in higher Voc [Figure 3(be)].
Additionally, smaller volume of the liquid electrolyte in quasi-
solid-state electrolytes directly covering the TiO, layer reduces
the total amount of I3, thus, recombination and dark current
would be further suppressed.’
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Current density of the liquid electrolyte showed the highest cur-
rent density of 9.06 mA/cm® and conversion efficiency of
4.65%. Among the PSs, the PS-H with the ratio of 1 : 4 : 1
showed higher current density of 7.20 and 7.66 mA/cm” and
conversion efficiency of 3.60 and 3.86%, respectively, for the top
and bottom surfaces (Tables I and II). Higher current densities
of the PS-H are explained by the bigger pore sizes at both top
and bottom surfaces as well as good interconnectivity of the
tortuous pores inside the substrate."*?>” The PS-WOH of 1 :
4 : 1 also exhibited comparable conversion efficiencies of 3.58
and 3.66% with current densities of 6.48 and 6.79 mA/cm®.
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Figure 4. Schematic representations of DSSCs with the quasi-solid-state electrolytes according to the facing surface of the PS to the TiO, electrode: (a) a
top layer of a PS contacts the TiO, layer (top-TiO,) and (b) a bottom layer of a PS contacts the TiO, layer (bottom-TiO,). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Although the straight finger-type structures of PS-WOH of 1 :
4 : 1 are advantageous for diffusion of iodide species than the
tortuous structure, the dense layers with small pores at the top
surfaces prohibited diffusion of triiodide through the quasi-
solid-state electrolytes, resulting in the lower current densities
and conversion efficiencies than the PS-H of 1 : 4 : 1.

However, the PS-H of 1 : 5 : 0 showed the lowest conversion effi-
ciency of 1.10 and 0.98% although it has large pore structures at
the top surface. The lower efficiencies are mainly owing to the
lower current densities. It seems that the pores inside the PSs were
not properly interconnected, prohibiting transport of iodide spe-
cies. Thus, it is crucial to obtain both good interconnectivity of
internal structures and proper pore sizes at the interface of PSs
for better diffusion and photo-voltaic performance of a quasi-
solid-state electrolyte. In all cases of the electrolytes, comparisons
of the contacting surfaces of top and bottom the PS showed no
significant discrepancy on the photo-voltaic efficiency.

Impedance spectra of the quasi-solid-state electrolytes were
compared as shown in Figure 7. The theoretical impedance (2)
of an electrochemical system is composed of real and imaginary
components. In case of a combination of a solution resistance
(Ro) and a parallel of charge-transfer resistance (R.) and
double-layer capacitance (C4) according to the Randle equiva-
lent circuit, the real (Rrg) and imaginary (Rpy) components are
described as follows™®:

Ry +ow 12
(Cao'/2+1)* +0? C3(Ry +o~1/2)?

Zre =Ra+ (4)

wCy (Rct +aw71/2)2+aw71/2 (wl/zcda-l— 1)

Ziv = 3 3
(Cao'2+1)" +w? C3 (R +o™1/2)

(5)

where w = 2nf (fis the frequency).
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At a low frequency range, as the ®—0, the equations approach
a limiting form, showing a Warburg impedance term:

Z=Ro+Rq +aw*1/2—j(aw*1/2+202cd) (6)

At a high frequency range, as the w—o0, the Warburg imped-
ance becomes insignificant.

R wR% Cy
Z(w)=(Rg+ )—]( ct > @)
1+w?R% C? 1+w?R% C3
Z(w) = [ Ro+ ! i >~ R (8)
“\ M ora) o)

The impedance spectra are interpreted with an equivalent cir-
cuit (Figure 8).'“*** The intercept at the highest frequency is
known as a series resistance (Rs) containing resistances of the
electrolyte, conducting FTO glass, and electrical wires of the sys-
tem. The first semi-circle at a high frequency range represents a
charge-transfer resistance at the Pt/electrolyte interface (Rp,). At
an intermediate frequency range, the second semi-circle repre-
sents a charge-transfer resistance at the TiO,/electrolyte interface
(Rrjo2). The last one appearing at a low frequency is related
with a diffusion limitation of the electrolyte (Rp;g). The results
were fitted based on the equivalent circuit and the fitted results
are summarized in Table III.

Based on the quasi-solid-state electrolytes in which the top
layers of substrates are facing to the TiO, electrodes (top-TiO,),
the PS-WOH with 1 :5:0and 1 : 4 : 1 showed Rg of 9.7 and
9.6 Q, Rp; 30.4 and 26.2 Q, and Rrio, 51.1 and 44.7 Q, respec-
tively. Meanwhile, the PS-H with 1 : 5: 0 and 1 : 4 : 1 showed
slightly smaller Rs of 8.8 and 8.0 Q, significantly increased Rp,
of 96.2 and 52.9 Q, and smaller Rrjo, of 25.9 and 34.1 Q,
respectively. Higher Rs of the PS-WOH are explained by the
dense layers with small pore diameters which increased the
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Figure 5. (a) Photocurrent—voltage curves and (b) dark current curves of
DSSCs employing the liquid electrolyte and the quasi-solid-state electro-
lytes with the substrates. The top layers of the substrates are facing to the
TiO, electrode (top-TiO,). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

overall electrolyte resistances at a high frequency range. The
straight finger-type structures seem to be responsible for the
smaller Rp; owing to fast diffusion of I /I;~ species through the
quasi-solid-state electrolytes, affecting lower resistances for I3~
reduction kinetics. Similarly, higher Rp, of the PS-H are owing
to the tortuous structures inside the substrates, prohibiting dif-
fusion of I and I5 species by increasing the total length for

0.8

b oo
o
£
(]
<
E
2 1.0
w
[ =
Q
©
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T -15 b
5 . i\
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— PS-H(1:4:1)-Bottom-TiO, { R
Liquid electrolyte \
25 T T :
0.0 02 0.4 06 08

Voltage / V
Figure 6. (a) Photocurrent-voltage curves and (b) dark current curves of
DSSCs employing the liquid electrolyte and the quasi-solid-state electro-
lytes with the substrates. The bottom layers of the substrates are facing to
the TiO, electrode (bottom-TiO,). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

transport. In contrast, the larger Rrio, of PS-WOH than those
of PS-H are owing to the fact that both substrates have dense
layers at the interface of the TiO, layers. However, at this
moment, it is not easy to clearly demonstrate the effects of the
dense layer to the increased Rrio,. It seems that diffusion of I~
and I~ vicinity of the TiO, layer is limited by the small pores
at the intermediate frequency range, lowering dye-regeneration

Table I. Photovoltaic Properties of the Liquid Electrolyte and Quasi-Solid-State Electrolytes in Which the Top Layers of the PSs Are Facing to the TiO,

Electrode (Top-TiO,)

Without humidification

Type (top-TiO2) (PS-WOH) With humidification (PS-H) Liquid electrolyte
Ratio (polymer : NMP : BuOH) 1:5:0 1:4:1 1:5:0 1:4:1 -

Voc (V) 0.74 0.75 0.72 0.72 0.62

Jsc (mA/em?) 4.94 6.48 2.18 7.20 9.06

FF 0.59 0.59 0.56 0.56 0.67

Efficiency (%) 2.73 3.58 1.10 3.60 4.65

Jaark (MA/cm? at 0.6 V) 0.38 0.33 0.60 0.68 2.24
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Table II. Photovoltaic Properties of the Liquid Electrolyte and Quasi-Solid-State Electrolytes in Which the Bottom Layers of the PSs are Facing to the

TiO, Electrode (Bottom-TiO,)

Without humidification

Type (bottom-TiO) (PS-WOH) With humidification (PS-H) Liquid electrolyte
Ratio (polymer : NMP : BUuOH) 1:5:0 1:4:1 1:5:0 1:4:1 -
Voc (V) 0.75 0.74 0.71 0.72 0.62
Jsc (mA/em?) 528 6.79 211 7.66 9.06
FF 0.56 0.58 0.52 0.56 0.67
Efficiency (%) 2.78 3.66 0.98 3.86 4.65
Jaark (MAfcm? at 0.6 V) 0.28 0.45 0.63 0.67 2.24
50 R, CPE, CPErqo;,
® PS-WOH(1:5:0) °
B PS-WOH(1:4:1)
A PS-H(1:5:0) // //
404 * PS-H(14:1)
O  Liquid electrolyte ® R
ah A s, °
30 - - " = u"”
§ .‘ L .' 2 . Re Rrioz Z,
= “ “a . Figure 8. An equivalent circuit for the analyses of the impedance spectra
= 20 4 A ke, onEg » ® ahday 4 4 of the DSSCs using the quasi-solid-state electrolytes and a liquid
k '* ot g a 4 electrolyte.
2 it
10 4 *‘*"’** *x, 2
3 b . * The trends of impedance spectra of the top and bottom surfaces
8 % are compared in Figure 9. In all cases except the PS-H of 1: 4 :
0_0 o0i  ag  iec 80 00! 420! 140: {60/ 180 1, differences were mainly observed in Rrio, showing higher

X'/ Ohm
Figure 7. Impedance spectra of DSSCs using a liquid electrolyte and the
quasi-solid-state electrolytes in which top layers of the porous substrates
are facing to the TiO, electrodes. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

and increasing the Rryio,. In all cases except the PS-H of 1 : 4 :
1, Warburg resistances were observed at low frequency ranges. It
means that diffusion of iodide species is retarded by the dense
layers of PS-WOH and many closed pores in PS-H of 1 : 5 : 0.
Although the PS-H of 1 : 5 : 0 seems to have a bigger pore size,
the closed pores significantly prohibited the diffusion, thus, the
electrolyte using the substrate obtained not only the highest Rp,
but also the lowest photocurrent density.

Rrio, values of 76.7, 70.2, and 27.3 Q, respectively, for the cases
of bottom-TiO, than those of 51.1, 44.7, and 25.9 Q, respec-
tively, for the top-TiO,. The resistance increased is explained by
the properties of pores at the interface. As shown in Figure 10,
Coster et al.’' revealed the effects of a skin layer with smaller
pore radii on resistive and capacitive characteristics in EIS; and
ion exclusion in the pores. In cases of the bottom-TiO,, the
skin layer facing to the counter electrode seems to prohibit the
reduction of I;~ owing to the smaller pores with ion exclusion
effects, further increasing the Rrio,.

CONCLUSIONS

Quasi-solid-state electrolytes were prepared using BPPO PSs
prepared by a phase inversion method for DSSC applications.
The SEM analyses confirmed variations of surface and cross-

Table III. Impedance Fitting Results of the Quasi-Solid-State Electrolytes with the Porous Substrates

1:5:0 1:4:1
Ratio Rs Rpt Rrioz Rs Rpt Rrioz
Without humidification (PS-WOH) Top-TiO2 9.7 30.4 51.1 Top-TiO2 9.6 26.2 447
Bottom-TiOo 8.3 32.7 76.7 Bottom-TiO> 11.2 26.6 70.2
Rs R+ Rrioz Rs Ret Rrio2
Humidification (PS-H) Top-TiO5 8.8 96.2 25.9 Top-TiOx 8.0 52.9 341
Bottom-TiOo 7.5 118.7 27.3 Bottom-TiO» 8.9 51.7 32.9
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Figure 9. Impedance spectra of DSSCs with quasi-solid-state electrolytes with the porous substrates prepared by the phase inversion method.

Pore

Pore

Skin layer

Sub layer

Figure 10. A schematic representation of a porous substrate in which skin
and sublayers are formed (Ref. 31). An equivalent circuit for the membrane/
electrolyte system consists of two parallel combinations of a resistance and
capacitance for the skin (C; and R;) and sub (C, and R,) layers, and two
interface electrolyte resistances (R.; and R,). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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sectional structures of the PSs according to the experimental
conditions of humidification and cosolvent compositions. In all
cases of the quasi-solid-state electrolytes, the increased V¢ val-
ues by about 0.1 V were observed compared to the conventional
liquid electrolyte. The PSs prepared by the polymer solution of
1:4:1 (NMP : BPPO : BuOH) showed higher photocurrent
densities and conversion efficiencies. Although the PS-H of 1 : 5
: 0 showed bigger pores at the surface, the inappropriately inter-
connected pore structures resulted in the lowest conversion effi-
ciency. Thus, PSs for quasi-solid-state electrolytes require both
large pore sizes and a good interconnectivity. The impedance
results revealed that surface pore structures more dominantly
affect the highest and intermediate frequency resistances of R
and Rryio,, respectively. Meanwhile, the straight inner structure
is advantageous for the diffusion of 1" /I;~ diffusion, showing
lower Rp,. Finally, the PS-H of 1 : 4 : 1 showed a lower diffu-
sion limitation owing to the good interconnectivity than other
substrates.
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