Korean J. Chem. Eng., 39(10), 2817-2825 (2022)
DOI: 10.1007/s11814-022-1170-8

PISSN: 0256-1115
eISSN: 1975-7220

Optimization of Pt loading on the counter electrode for efficient and bifacial

dye-sensitized solar cells with polymer gel electrolyte

Joo-Won Seo*, Sung-Mok Jung’, Yun-Jae Kim, and Jae-Yup Kim'

Department of Chemical Engineering, Dankook University, Yongin 16890, Korea
(Received 11 January 2022 « Revised 20 April 2022 « Accepted 10 May 2022)

Abstract—We examined the optimized conditions for preparing Pt/FTO glass counter electrodes (CEs) for the fabri-
cation of highly efficient, bifacial, and quasi-solid-state dye-sensitized solar cells (QSS-DSSCs). The Pt/FTO glass CEs
were prepared via thermal decomposition, and the molar concentration of the employed Pt precursor solution was
controlled in the range of 5-40 mM. Impedance analysis and Tafel polarization curves revealed that electrocatalytic
activity was optimized at 20 mM, whereas specular transmittance gradually decreased with increasing concentration of
the precursor solution. When the CEs were applied to bifacial QSS-DSSCs employing a polymer gel electrolyte, the
power conversion efficiency (PCE) was maximized at 20 mM under front illumination because the condition resulted
in the highest electrocatalytic activity. Meanwhile, PCE under back illumination was optimized at 10 mM because of
the larger incident light loss by the CEs at higher concentrations. Because the influence of the inferior performance
under back illumination was more dominant in bifacial operations, the average PCE under front and back illumina-
tion was optimized at 10 mM.
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INTRODUCTION

Photovoltaic power generation has attracted significant attention
as a solution to growing energy demands caused by increasing pop-
ulation and industrial growth [1]. In particular, next-generation
solar cells, such as organic [2-4], dye-sensitized [5-7], quantum dot
[8-11], and perovskite solar cells [12-14], have attracted great inter-
est as alternatives to conventional crystalline Si solar cells owing to
their low materials cost, easy fabrication process, light weight, and
flexibility [15]. Among them, dye-sensitized solar cells (DSSCs) offer
unique attractive features compared to other next-generation solar
cells, including semitransparent and colorful properties, low pro-
duction cost, and reliability [16,17]. Another well-known advan-
tage is their excellent performance under ambient light conditions,
such as indoor operation [18,19]. Because of these features, DSSCs
are often considered for window applications in building-inte-
grated photovoltaics, which harvest the ambient light from lamps
inside the building as well as incident sunlight [20-22]. Approxi-
mately 50% more electric power can be produced via this bifacial
operation of photovoltaics [23,24]. For the implementation of highly
efficient bifacial DSSCs, the incident light loss under back illumi-
nation should be reduced, as shown in Fig. 1(a). Therefore, the light
transmittance of the counter electrode (CE) must be considered.

Platinum (Pt) is typically utilized as a CE material in DSSCs be-
cause of its superior electrocatalytic activity when employed with
the commonly used iodide/triiodide redox couple (I'/I;) [25,26].
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For application in bifacial DSSCs, Pt CEs are generally coated on
fluorine-doped tin oxide (FTO) glasses by sputtering or thermal
decomposition to yield semitransparent Pt/FTO glass CEs [24,27].
To obtain a sufficiently high electrocatalytic activity of Pt/FTO glass
CEs, more than a certain amount of Pt loading is necessary. How-
ever, high Pt loading generally leads to low light transmittance of
the CEs, which is disadvantageous for back-illumination opera-
tions. Owing to this trade-off relationship, Pt loading on FTO glass
should be optimized for highly efficient bifacial DSSCs. However,
studies on the correlation between the Pt loading on CEs and the
photovoltaic performances of DSSCs in bifacial operations are scarce.

Another important issue in the commercialization of DSSCs is
their inferior long-term stability, which mainly results from the
evaporation and leakage of their liquid electrolyte. Therefore, many
studies have focused on replacing liquid electrolytes with solid-
state or quasi-solid-state electrolytes, such as solid hole conductors
and polymer gel electrolytes [28-32]. However, in terms of perfor-
mance, such as ionic conductivity, these electrolytes generally per-
form differently from conventional liquid electrolytes. Thus, the
optimized conditions for the fabrication of highly efficient CEs may
also be different.

In this study, we examined the optimized conditions for prepar-
ing Pt/FTO glass CEs for the fabrication of highly efficient, bifacial,
and quasi-solid-state DSSCs (QSS-DSSCs). Pt/FTO glass CEs were
prepared via simple thermal decomposition process, and the molar
concentration of the Pt precursor solution was controlled in the
range of 5-40 mM. The optical properties and electrocatalytic activ-
ities of the Pt/FTO glass CEs were examined with varying concen-
tration of the Pt precursor solution. In addition, the effect of the
optical and electrocatalytic properties of Pt/FTO glass CEs on the
photovoltaic performance of QSS-DSSCs with a polymer gel elec-



2818 J.-W. Seo et al.

(@) o

Pt layer
FTO

Quasi-Solid-State Electrolyte

PYFTO (Cathode)

FTO/TiO,/N719 (Anode)

(b)

back

Fig. 1. (a) Schematic illustration of the bifacial DSSCs with polymer gel electrolyte under front and back illumination and (b) digital photo-

graph of polymer gel electrolyte.

trolyte was examined to determine the optimal conditions for achiev-
ing a high power conversion efficiency (PCE) of QSS-DSSCs in
bifacial operations.

EXPERIMENTAL

1. Preparation of Poly (Ethylene Oxide) (PEO)-Based Gel Elec-
trolyte

The PEO-based gel electrolyte was prepared as described previ-
ously [33]. Briefly, 40 mg of TiO, nanopowder (99.5%, Aldrich) was
dispersed in 50 mL of acetonitrile (99.9%, Aldrich). Then, 100 mg
of Lil (99.9%, Aldrich) and 20 mg of I, (99.8%, Aldrich) were dis-
solved in solution, and 260 mg of PEO powder (Aldrich, MW=
2x10°) was added gradually and stirred for 24 h. The prepared
solution was then evaporated to obtain a viscous gel electrolyte, as
shown in Fig. 1(b).
2. Fabrication of Dye-sensitized Working Electrodes

Fluorine-doped tin oxide (FTO (TEC-8, Pilkington, 8 €)/sq)
glasses were cleaned in acetone (99.5%, Daejung) and ethyl alco-
hol (94.5%, Daejung) under sonication for 15 min each and dried
using a stream of air. The FTO glasses were treated with UV/O,
(UV/Ozone cleaner, Yuil Ultraviolet System) for 15 min. Onto the
surface of cleaned FTO glasses, titanium diisopropoxide-bis(acety-
lacetonate) (7.5wt%, Aldrich) in n-butanol (99%, Daejung) was
coated by spin-casting, subsequently sintered at 450 °C for 10 min.
Using doctor blade technique, a transparent TiO, paste (Ti-Nanoxide
T/SP, Solaronix) was coated on the pretreated FTO glasses, which
were then sintered in ambient air at 525 °C for 30 min. Finally, the
resulting FTO/TiO, electrodes were immersed in an ethanolic solu-
tion of 0.5 mM N719 dye (Dyesol, Australia) for 24 h.
3. Preparation of Pt CEs and Cell Assembly

To fabricate Pt CEs, Pt precursor solutions with varying molar
concentrations were prepared as follows: chloroplatinic acid hexa-
hydrate (37.5%, Aldrich) was dissolved in isopropyl alcohol (99.9%,
Daejung) at concentrations of 5-40 mM. Each Pt precursor solu-
tion was spin-coated onto the surface of the pre-cleaned FTO glass
and subsequently heated under ambient air at 400 °C for 23 min.
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To fabricate sandwich-type cells, hot-melt film (Meltonix 1170-25,
Solaronix) was attached onto the prepared Pt CEs. The polymer gel
electrolyte was then cast onto dye-sensitized working electrodes
covered by the Pt CEs. The assembled cells were fixed using a binder
clip. The active area of the cells was ~0.30 cm”. Image] software was
used to determine the precise active area of the electrodes.
4. Characterization

The UV-vis absorption, transmittance, and reflectance spectra
of the Pt CEs were measured using UV-vis spectroscopy (OPTI-
ZEN 2120 UV, KLAB). The structure and morphology of the Pt
CEs were characterized using a field-emission scanning electron
microscope (FE-SEM, S-4700, Hitachi). Elemental mapping of the
Pt CEs was performed using an SEM (CX-200, COXEM) with an
energy dispersive X-ray spectroscopy (EDX) detector. The surface
compositions and electronic states were examined using X-ray pho-
toelectron spectroscopy (XPS, K-alpha+, Thermo Fisher). Sheet resis-
tance was evaluated using a four-point probe (CMT-100S, AIT).
Current density-voltage (J-V) curves were recorded using a solar
simulator (PEC-L01, Peccell) with an AM1.5G filter under 1 sun-
light intensity (100 mW/cm®). To avoid overestimating the perfor-
mance of DSSCs, a black aperture mask was used for each cell
during J-V measurements. Incident photon-to-current conversion
efficiency (IPCE) spectra were obtained using a xenon lamp (Oriel
300 W) with a monochromator (TracQBasic 6.5, Oriel) and a NIST-
certified Si-based diode. Symmetric dummy cells with an active
area of ~1.0 cm’ were prepared by assembling two identical Pt CEs
to characterize electrocatalytic activities. The Tafel polarization curves
and electrochemical impedance spectra were achieved for dummy
cells using a potentiostat (Multi Autolab M204, Metrohm) equipped
with a frequency-response detector. For electrochemical imped-
ance spectroscopy (EIS) measurements, a sinusoidal perturbation
of £10 mV was applied with a frequency range of 10™" to 10° Hz.

RESULTS AND DISCUSSION

Fig. 2(a) shows digital photographs of the Pt/FTO glass CEs pre-
pared using different molar concentrations of the Pt precursor solu-
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Fig. 2. (a) Digital photographs, (b) specular transmittance spectra, (c) absorbance spectra, (d) reflectance spectra, and (e) sheet resistance of
Pt/FTO glass CEs depending on the molar concentration of Pt precursor solution.

tion. Evidently, the color of the precursor solution changed from
pale yellow to dark yellow as the concentration increased. More-
over, the transmittance of the prepared Pt/FTO glass CEs gradu-
ally decreased with increasing concentration of the Pt precursor
solution. In particular, the Pt/FTO glass CEs exhibited a non-uni-
form color distribution at concentrations exceeding 30 mM. Fig.
2(b)-(d) shows the UV-vis spectra of the Pt/FTO glass CEs. As
shown in Fig. 2(b), although specular transmittance gradually de-
creased with increasing concentration, all samples exhibited semi-
transparency in the whole visible range. To reduce the efficiency
loss under back-illumination operation, the transmittance at 535

nm corresponding to the absorption peak position of N-719 dye is
important for the CEs. The transmittances at this wavelength of
bare FTO glass, 5mM, 10 mM, 20 mM, 30 mM, and 40 mM are
70.98%, 69.78%, 68.51%, 68.02%, 67.80%, and 65.84%, respectively.
In addition, as shown in Fig. 2(c) and (d), the absorbances at 535
nm are 0.149, 0.156, 0.164, 0.167, 0.169, and 0.182, and the reflec-
tances at 535 nm are 14.13%, 14.62%, 15.09%, 15.28%, 15.30%, and
15.96% for 5 mM, 10 mM, 20 mM, 30 mM, and 40 mM sample,
respectively. These results imply that although both the absorbance
and reflectance gradually increase as the concentration is raised, all
samples exhibit sufficiently high transparency for application in bifa-

Fig. 3. Surface SEM images of Pt/FTO glass CEs depending on the molar concentration of Pt precursor solution. (a) 0 mM, (b) 5 mM, (c)

10 mM, (d) 20 mM, (e) 30 mM, and (f) 40 mM.
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Fig. 4. EDX results of Pt/FTO glass CEs depending on the molar concentration of Pt precursor solution. (a) 0 mM, (b) 5 mM, (c) 10 mM, (d)
20 mM, (e) 30 mM, and (f) 40 mM.

cial DSSCs.

Fig. 2(e) shows the sheet resistance of the Pt/FTO glass CE. Sheet
resistance gradually increased with increasing concentration of the
Pt precursor solution. As a result, the sheet resistance of the bare

FTO glass and 40 mM sample was 1.103 and 1.158 Q/cm’, respec-

tively. Therefore, the electrical conductivity of the coated Pt layer is
lower than that of bare FTO. The difference in conductivity may
be attributed to the remaining contaminants and the chemical states

of the coated Pt, which will be discussed later.

The surface morphology of the Pt/FTO glass CEs was examined
by FE-SEM as shown in Fig. 3. In contrast to the bare FTO glass
(Fig. 3(a)), the coated Pt particles are shown on the Pt/FTO glasses
(Fig. 3(b)-()). In addition, it is distinct that the coated Pt particles
became larger with increasing concentration of the Pt precursor
solution. However, it seems that these coated Pt did not form a
film-like structure but a discontinuous island-like structure. In the

cross-sectional FE-SEM images of the Pt/FTO glass CEs (Fig. S1),

it is difficult to find significant differences between the samples,
since the coated Pt particles are smaller than the roughness of FTO

glass.
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The increase in Pt loading on FTO glass with increasing con-
centration of the precursor solution was confirmed by an FE-SEM
instrument equipped with EDX. Fig. 4 shows the EDX spectra
obtained from the top view of the Pt/FTO glass CEs. Elements in
the FTO glass, coated Pt catalysts, and carbon contaminants were
detected. According to the EDX results, the Pt contents coated on
the FTO glass increased by approximately 1.9, 5.5, 6.1, 13.1 times
for the 10, 20, 30, and 40 mM samples, respectively, compared to
that of the 5mM sample. The amount of Pt loading on the FTO
glass gradually increased with the increasing concentration of the
Pt precursor solution. In addition, it is conjectured that the carbon
contaminants result from the incomplete combustion of organic
species, such as isopropyl alcohol.

The surface chemistry of the Pt/FTO glass CEs was investigated
by XPS measurement. Fig. S2 shows the spectra of Pt/FTO glass
CEs over a wide scan range, which exhibits the presence of Pt, C,
and Cl for all samples. The C and Cl contaminants may be attributed
to the incomplete combustion of organic species and Pt precursor
(chloroplatinic acid hexahydrate), respectively. In addition, as listed
in Table S1, the Pt content gradually increased with increasing con-
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Fig. 5. High-resolution XPS spectra of Pt 4f for Pt/FTO glass CEs depending on the molar concentration of Pt solution. (a) 5mM, (b)

10 mM, (c) 20 mM,, (d) 30 mM, (e) 40 mM.

centration, which accords well with the EDX results. In particular,
to examine the surface state of the Pt, high-resolution scans of Pt
4f were analyzed as shown in Fig. 5. These spectra can be decon-
voluted into three doublets with spin-orbit coupling of about 3.3
eV, which can be assigned to metallic Pt, Pt"", and Pt", respectively.
The binding energy (BE) values for these Pt 4f peaks were nearly
constant regardless of the concentration of the precursor solution
concentration conditions. The Pt 4f,, peak at 71.6 eV and Pt 4f;,,
peak at 74.9 eV are attributed to the metallic Pt [34,35], while the
Pt 4, peak at 73.1 €V and Pt 4f;, peak at 76.4 €V are assigned to
the Pt in PtO [36,37]. In addition, the Pt 4f,, peak at 74.5 eV
and Pt 4f;, peak at 77.8 €V can be assigned to the Pt" in PtCl,
[38]. Comparison of the peak areas revealed that the coated Pt
content mainly existed in the metallic state, and partly existed in
the form of oxide or remained in the initial chemical state of pre-
cursor (chloroplatinic acid hexahydrate). These results indicate that
the increase in sheet resistance of the Pt/FTO glass compared to
the bare FTO glass was attributed to the Pt content in the nonme-
tallic state as well as the C and Cl contaminants.

Symmetric dummy cells with Pt/FTO glass CEs were fabricated
to compare quantitatively the electrocatalytic activity (Fig. 6(a)).
Fig. 6(b) shows the impedance data achieved from the symmetric
dummy cells, depending on the concentration of the Pt precursor
solution. Based on these spectra, impedance parameters were eval-
uated using the equivalent circuit model shown in the inset of Fig.
6(b) and the ZView software. The equivalent circuit model is com-
posed of the series resistance (R,), finite Warburg impedance (W)
related with the diffusion of redox couples in the electrolyte, and
impedance at the interface between the electrolyte and Pt/FTO
glass CEs (R, and CPE) [39-41]. Based on the charge transfer resis-
tance (R,) between the CEs and the iodide/triiodide redox couple
in the electrolyte, the electrocatalytic activity of the CEs can be

Table 1. Parameters determined by fitting the impedance spectra of
symmetric dummy cells with Pt/FTO glass CEs depend-
ing on the molar concentration of Pt precursor solution

Concentration of R, R, Cu Rpy
Pt precursor solution (Qcm?) (Qcm®) (uF/cm®) (Q cm®)
5mM 3.953 1.677 15.702 1.634
10 mM 3.558 0.832 26.898 1.642
20 mM 3.875 0.321 33.818 1.428
30 mM 3.733 0.322 29.574 1.310
40 mM 2.965 0.401 55.398 1.461

qualitatively compared. In addition, from the CPE parameters, the
double-layer capacitance (C,) of the CEs can be evaluated. The
diffusion resistance of the electrolyte (Rp,;) was determined from
the W, values.

The fitted impedance parameters for each CE are listed in Table
1. The R, and Ry, values did not differ significantly with respect to
the different concentrations of the Pt precursor solution. The R
values were slightly varied; however, this variation can be consid-
ered as experimental error when compared to the previous stud-
ies [42,43]. Since the same substrate (FTO glass) and electrolyte were
employed for each device, it is reasonable to assume that R, and
Ry values cannot be different for each condition. Therefore, we
only focused on the R, and C,, which are strongly related to the
electrocatalytic properties of the electrodes. As listed in Table 1,
the R, considerably decreased with the increase in concentration
from 5mM to 20 mM. The R, did not change significantly at
concentration higher than 20 mM, implying that the electrocata-
Iytic activity of the iodide/triiodide redox couple was optimized at
20mM. In addition, the C, value increased at higher concentra-
tion conditions, meaning that the accessible surface area was en-

Korean J. Chem. Eng.(Vol. 39, No. 10)
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hanced by increased Pt loading,

The relative electrocatalytic activity for each CE was cross-checked
using Tafel polarization curves, as presented in Fig. 6(c). Exchange
current density (J,) was calculated from the intersection of the lin-
ear parts in the limiting diffusion zone [44,45]. The ], values for
the 5, 10, 20, 30, and 40 mM samples were 1.719, 1.726, 1.819,
1.804, and 1.783 mA/cm’, respectively. In agreement with the im-
pedance results, the 20 mM sample exhibited the highest ], that is,
the highest electrocatalytic activity. According to the impedance
and Tafel polarization curve results, the concentration of the Pt pre-
cursor solution should be at least 20 mM to achieve the optimal
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Table 2. Summary of J-V characteristics and integrated Jg. calcu-
lated from IPCE spectra for QSS-DSSCs obtained under
front illumination depending on the molar concentration

of Pt precursor solution
Concentration of Jsc Jsc APCE) V¢ n

Pt precursor solution (mA/ cm’) (mA/cm®) (mV) (%)
5mM 12.11 11.86 574 0.63 4.38
10 mM 13.06 12.26 589 0.66 5.08
20 mM 13.29 12.58 593 0.66 5.23
30 mM 13.31 12.21 588 0.65 5.05
40 mM 12.36 11.63 600 0.67 493

Table 3. Summary of J-V characteristics and integrated Jg. calcu-
lated from IPCE spectra for QSS-DSSCs obtained under
back illumination depending on the molar concentration

of Pt precursor solution
Concentration of Tsc Jsc MPCE) Vg M

Pt precursor solution (mA/cm’) (mA/cm?®) (mV) (%)
5mM 8.52 7.88 578 0.66 3.24
10 mM 9.23 8.94 545 0.70 3.51
20 mM 8.75 8.52 540 0.69 3.25
30 mM 8.33 7.78 550 0.67 3.08
40 mM 7.50 7.01 557 0.71 295

electrocatalytic activity. This optimal electrocatalytic activity origi-
nated from the trade-off relation between the increase in sheet resis-
tance of the substrate and the enhanced Pt loading with increasing
concentration of the Pt precursor solution, which was confirmed
by EDX and XPS analyses.

After the prepared Pt/FTO glass CEs were applied in bifacial
QSS-DSSCs, their photovoltaic performance was examined depend-
ing on the concentration of the Pt precursor solution. Fig. 7(a)
represents the J-V curves of the QSS-DSSCs under front illumina-
tion with varying concentration of the Pt precursor solution. The
photovoltaic parameters are listed in Table 2. Compared to that of
the 5 mM sample, the photovoltaic performance of the 10 and 20
mM samples, particularly the J,. and fill factor (FF), was enhanced.
These results are attributed to the gradual increase in electrocata-
lytic activity; as discussed above. By contrast, the 40 mM sample
exhibited slightly reduced Js- and PCE compared to the 20 mM
sample. This difference may be due to decreased sheet resistance.
As a result, PCE was optimized at 20 mM, as expected from the
electrocatalytic activity results above. Fig. 7(b) presents the IPCE
results of QSS-DSSCs under front illumination. The IPCE spectra
of all QSS-DSSCs exhibited similar shapes regardless of the con-
centration of the precursor solution. Based on these spectra, the
integrated Js. was calculated using publicly available data for AM
1.5G solar irradiation [46], as listed in Table 2. These results agree
well with the J. values obtained from the J-V curves.

The photovoltaic performance was significantly different for the
back-illumination operation, as shown in Fig. 7(c) and 7(d). Fig.
7(c) shows the J-V curves of QSS-DSSCs under back illumination
with varying concentration of the Pt precursor solution. The pho-
tovoltaic parameters are listed in Table 3. In contrast to the front-
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illumination conditions, back illumination did not result in signifi-
cantly different PCE values with varying concentration of the pre-
cursor solution. Compared to that of the 5mM sample, the FF
values at higher concentration were enhanced because of increased
electrocatalytic activity. Meanwhile, V¢ values decreased because
of incident light loss by the CE and electrolyte. Js- was optimized
at 10mM and gradually decreased at higher concentration. This
trend is attributed to the trade-off between the superior electrocat-
alytic activity and increased incident light loss at high concentra-
tion. In Fig. 2(b), the transmittance of the CE decreases at high
concentration, resulting in considerable incident light loss under
back illumination. As a result, PCE was optimized at 10 mM.

Fig. 7(d) represents the IPCE results of the QSS-DSSCs under
back illumination. The shapes of the IPCE curves are evidently dif-
ferent from those obtained under front illumination. This differ-
ence is due to incident light loss by the CEs and electrolyte, par-
ticularly in the short-wavelength region. The comparison of IPCE
spectra obtained under front and back illumination (Fig. S3) indi-
cates that the discrepancy is relatively small in the long-wavelength
region, however, particularly significant in the short-wavelength
region for all samples. For example, for the 20 mM sample, the
discrepancy between IPCE values obtained under front and back
illumination was smaller than 10% in the wavelength region lon-
ger than 600 nm, while it was about 10-66% in the wavelength region
shorter than 600 nm. Given that the differences of absorbance and
reflectance are small between the bare FTO glass and the Pt/FTO
glass, and the difference of transmittance is lower than 5-6% (Fig.
2(b)-(d)), the great discrepancy in the short-wavelength region is
mainly attributed to the incident light loss by the iodide/triiodide
electrolyte. According to the previous study, the iodide/triiodide
electrolyte exhibits strong absorption in the wavelength region shorter
than 650 nm [47]. This absorption property of the iodide/triio-
dide electrolyte accords well with the IPCE data for the back illu-
mination condition. The integrated J. from the IPCE results are
listed in Table 3, and these results agree well with the Jq- achieved
from the J-V curves.

For the efficient bifacial operation of solar cells, the PCE values
under both front and back illumination are important. Fig. 8(a)
and 8(b) show the dependence of Js- and PCE on the concentra-
tion of the Pt precursor solution under both front and back illumi-
nation. Under front illumination, the Js. and PCE were optimized
at 30 and 20 mM, respectively, whereas both values were optimized
at 10 mM under back illumination. As represented in Fig. 8(c), the
Jsc and PCE retention rates are lower at 20 mM compared to those
at 10 mM. These retention rates correspond to the ratios between
photovoltaic performance parameters achieved under back and front
illumination. Consequently, the average J- and PCE were optimized
at 10 mM, which means that this concentration is the best condi-
tion for the efficient bifacial operation of QSS-DSSCs. These results
indicate that in the fabrication of highly efficient and bifacial QSS-
DSSCs, the electrocatalytic activity of CEs as well as the preven-
tion of incident light loss are important. To further improve the
PCE of bifacial QSS-DSSCs, more detailed studies on the develop-
ment of new CEs and quasi-solid-state electrolytes that satisfy both
excellent performance and high transparency requirements should
be conducted.

October, 2022

CONCLUSIONS

Pt/FTO glass CEs were fabricated by a simple thermal decom-
position with varying concentration of the Pt precursor solution.
The prepared Pt/FTO glass CEs were applied to the QSS-DSSCs
using a polymer gel electrolyte. The specular transmittance of the
CEs gradually decreased with the increasing concentration of the
Pt precursor solution. The electrocatalytic activity of the iodide/
triiodide redox couple was optimized at 20 mM, as confirmed by
impedance analysis and Tafel polarization curves. Under front illu-
mination, PCE was maximized at 20 mM because the condition
yielded the best electrocatalytic activity. Meanwhile, PCE was maxi-
mized at 10 mM under back illumination because of the decreased
transmittance of CEs at concentration higher than the optimal. As
a result, the average PCE under front illumination and back illu-
mination was optimized at 10 mM, which is the best condition for
the fabrication of highly efficient and bifacial QSS-DSSCs. The
obtained results provide valuable insights into the development of
highly efficient bifacial DSSCs with long-term stability.
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Table S1. Atomic ratios measured by XPS spectra for Pt/FTO glass CEs depending on the molar concentration of Pt precursor solution

Concentration of Atomic ratio (%)
Pt precursor solution O Sn C Cl Pt
5mM 49.67 25.93 17.4 0.75 6.25
10 mM 4391 22.41 21.64 0.75 10.01
20 mM 43.03 20.47 234 1.1 10.88
30 mM 42.98 20.28 22.31 0.84 11.89
40 mM 38.84 17.49 24.97 1.25 15.17

Fig. S1. Cross-sectional FE-SEM images of Pt/FTO glass CEs depending on the molar concentration of Pt precursor solution. (a) 0 mM, (b)
5mM, (c) 10 mM, (d) 20 mM, (e) 30 mM, and (f) 40 mM.
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Fig. S2. Survey XPS spectra for Pt/FTO glass CEs depending on the molar concentrations of Pt precursor solution.
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Fig. S3. Comparison of IPCE spectra of QSS-DSSCs obtained under front and back illumination depending on the molar concentration of
Pt precursor solution. (a) 5 mM, (b) 10 mM, (c) 20 mM, (d) 30 mM, (e) 40 mM.



