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s a promising device for low-cost,
Aenvironmentally friendly, and large-

scale solar energy conversion, dye-
sensitized solar cells (DSCs) have been at-
tracting extensive interest,' 8 and high
power conversion efficiency (PCE) over
12% has been achieved.? Fabricating DSCs
with high efficiency and making the DSC
systems more practical for commercial ap-
plication are new challenges in the devel-
opment of DSCs. Flexible dye-sensitized
solar cells (FDSCs), with significant advan-
tages of device flexibility, light weight, low
production cost, suitability for roll-to-roll
processes, and broadened utilization field,
have been developed and considered as a
breakthrough in the commercial applica-
tion of the DSC system.*~® Usually, metal
sheets and conducting plastic substrates,
such as indium tin oxide (ITO)-coated
polyethylene (ITO/PET) and polyethylene
naphthalate (ITO/PEN), are employed to
replace the rigid transparent conductive
oxide (TCO) glass as substrates to fabricate
either photoanodes or counter electrodes
(CEs) for FDSCs. However, one of the prob-
lems with the plastic substrates is that
they cannot withstand high-temperature
sintering because of the thermolabile na-
ture of this kind of substrate. Therefore,
the low-temperature fabrication process
becomes the key issue.

In a DSC, the CE takes charge of transfer-
ring electrons arriving from the external
circuit back to the redox electrolyte and
catalyzing the transformation of the triio-
dide (I37) to iodide (I7). Until now, platinum
has proved the most preferred materials for
CE by virtue of its excellent electrocatalytic
activity and conductivity with a thickness of
only a few nanometers.'® Although many
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1 h of UV irradiation) for the first time. The fabrication process includes coating and
hydrolyzing the tetra-n-butyl titanate to form a Ti0,-modified layer and the photoplatiniza-
tion of the modified substrate in H,PtCl¢/2-propanol precursor solution under UV irradiation.
The obtained platinized electrodes were used as counter electrodes (CE) for flexible dye-
sensitized solar cells (FDSCs). The well-optimized platinized electrode showed high optical
transmittance, up to 76.5% between 400 and 800 nm (T,), and the charge transfer resistance
(Re) was as low as 0.66 Q cm>. A series of characterizations also demonstrated the
outstanding chemical/electrochemical durability and mechanical stability of the platinized
electrode. The FDSCs with Ti0,/Ti photoanodes and the obtained CEs achieved a power
conversion efficiency (PCE) up to 8.12% under rear-side irradiation (AM 1.5 illumination,
100 mW cm2). The obtained CEs were also employed in all-plastic bifacial DSCs. When
irradiated from the rear side, the bifacial FDSC yielded a PCE of 6.26%, which approached 90%
that of front-side irradiation (6.97%). Our study revealed that, apart from serving as a
functional layer for deposition of Pt, the thin Ti0, layer modification on ITO/PEN substrates
also played an important role in improving the transparency and the mechanical properties of
the CE. The effect of the thickness of the Ti0, layer for Pt coating on the performance of the CE

was also investigated.
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alternative materials, such as carbonaceous

materials,' ~'* conductive polymers,’>'® and
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metal compounds, have been proposed i
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platinum, which makes the CE nontranspar-
ent to visible light and also causes the
mechanical problems. A transparent CE is
essential for the operation of some special
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Scheme 1. Schematic flow diagram and mechanism for
preparation of platinized electrodes via a photoplatiniza-
tion process: (i) modification of ITO/PEN substrate by a thin
TiO, layer formed by in situ hydrolysis of TBT and (ii)
deposition of Pt on modified plastic substrates through a
photoplatinization process in H,PtCls/2-propanol precursor
solution under UV irradiation.

DSCs such as the FDSCs requiring rear-side irradia-
tion,” ™ bifacial DSCs,'®**2" and DSCs for certain prac-
tical applications, such as roof panels and windows or
various decorative installations.?*** Furthermore, for
FDSCs, shape wrenching is unavoidable during hand-
ling, transportation, or daily use, so poor adhesion of Pt
onto the substrate will result in detaching of Pt from
the substrate, leading to detrimental effects on overall
solar cell performance and long-term stability.'%%2
Therefore, excellent mechanical rigidity (adhesive
strength) and stability of the CE against abrasion or
general mechanical contact are essential requirements
of CEs for flexible devices. So far, sputtering is the most
popular technique adopted to fabricate plastic plati-
nized electrodes at low temperature.?® However, this
technique requires relatively harsh production condi-
tions and results in high Pt loading, which increases
the production cost. Chemical reduction,?”?® electro-
deposition,>?° and electrophoretic deposition®*® are
techniques that can fabricate platinized electrodes
on various conductive substrates at low temperature,
but the adhesive strength of Pt onto the substrate
remains an unsolved problem. Therefore, finding a
simple but cost-effective technique to fabricate flexible
platinized electrodes at low temperature meeting all
the requirements, including high catalytic activity and
conductivity, high transparency, low Pt loading, excel-
lent mechanical stability, and chemical/electrochemi-
cal durability, simultaneously is still a demanding,
imperative task.

Photoplatinization is a wonderful technology devel-
oped to prepare a platinum-loaded TiO, particle sus-
pension or TiO, film for photocatalytic degrada-
tion.3' 33 However, to the best of our knowledge,
scarcely any work had been reported to adopt this
technique for depositing Pt on conductive substrates
as CEs for DSCs. Herein, we report for the first time that
high-performance plastic platinized electrodes can be
fabricated on TiO, thin layer decorated ITO/PEN sub-
strates through a modified photoplatinization tech-
nique (Scheme 1). This new method is a simple and
cost-effective process that can be carried out at low
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Figure 1. AFM morphology and cross-sectional profiles of
(a) blank ITO/PEN surface and (b) TiO,-modified ITO/PEN
surface.

temperature. The obtained platinized electrode shows
high optical transmittance, low R, and excellent me-
chanical as well as chemical/electrochemical stability.
Its properties and applications in rear-side-irradiated
FDSCs and bifacial FDSCs have been investigated by
systematic measurements.

RESULTS AND DISCUSSION

Preparation of the Plastic Platinized Electrode. The plastic
platinized electrodes were fabricated on the ITO/PEN
substrate via a photoplatinization technique. The over-
all strategies of the process are illustrated in Scheme 1,
involving the step of modification of the ITO/PEN sub-
strate with a TiO, thin layer and the following deposi-
tion of Pt on the modified substrate via a photoreduc-
tion process in H,PtClg/2-propanol precursor solution
under UV irradiation. In the first step, a transparently
smooth TiO, layer was formed in situ on the ITO surface
from the tetra-n-butyl titanate (TBT) through spin-
coating followed by hydrolysis in distilled water at
100 °C. As shown in the AFM images of Figure 1, the
root-mean-square (rms) roughness of the ITO surface
dramatically decreases from 3.6 to 0.47 nm after the
TiO, (25 nm in thickness) modification. The SEM
images of Figure S1 (Supporting Information) also
reveal that the scalelike grain boundary of the ITO
surface is successfully leveled by the smooth TiO, film
and no TiO, particles with a size larger than 5 nm can
be observed on the modified surface. The TiO, pre-
pared by the hydrolysis process has been confirmed
to be anatase by our previous work and by Lee as
well 2*3% In the second step, the treated substrate was
immersed in the H,PtCls/2-propanol precursor solu-
tion and exposed to UV irradiation. Under UV irradia-
tion, electron—hole couples are generated in the thin
TiO, film according to reaction 1 and then transferred
to the TiO, surface independently. The photogener-
ated electrons increase on the surface of TiO, while the
holes are captured by the hole scavenger (here this
means 2-propanol) according to reaction 2. Then, the
Pt ions (PtClg>") adsorbed on the TiO, surface are
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reduced to neutral Pt by the photogenerated electrons
according to reactions 3 and 4.

TiO, + hv — TiO,(e- - -h) — TiOy(e ™ +h*) (1)
(CH3);CHOH 4 h™ — *(CH3),CHO + H*  (2)
PtVCIZ™ +2e~ — PY'CI2™ +2C1 3)

Pt'CIZ™ 42~ — Pt° +4Cl~ (4)

The key step for successful preparation of the
platinized electrode is the modification of the sub-
strate with TiO,, which makes the deposition of Pt
possible. The digital photograph in Figure 2a demon-
strates clearly that, after the photoplatinization pro-
cess, the modified ITO/PEN substrate became slightly
dark (right side), suggesting the growth of Pt on the
substrate, while no significant color change was ob-
served for the bare substrate (left side). This is because,
unlike TiO,, the indium tin oxide (band gap of the ITO is
between 3.5 and 4.3 eV>®) is hardly excited by the UV
light used in our experiment (350—450 nm, essentially
emitting at 365 nm); thereby, the photogenerated
electrons, which are responsible for the reduction of
Pt ions to Pt° cannot be formed. As a result, Pt ions
cannot be reduced and the Pt cannot grow on the bare
ITO/PEN substrate. Additionally, the adsorption of
noble metal precursor ions on the surface (i.e., TiO,
surface) is regarded as an indispensable step before
they can be reduced by the photogenerated electrons.
Itis well known that TiO, in alcoholic solution is usually
positively charged, which is more attractive for the
adsorption of the PtClg ™ anions. As a result, the photo-
reduction of Pt ions on the TiO, surface is more
facilitated. The X-ray photoelectron spectroscopy
(XPS) analysis revealed that the Pt deposited on the
electrode was Pt(0), as shown in Figure S2.

Surface and Morphology Characterization of the Platinized
Electrodes. The scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images
in Figure 2b—d show the typical surface morphology
of CE0.13 (see details in the Experimental Section).
Figure 2b depicts two morphologies of Pt on the
electrode surface: the Pt aggregates of around
100 nm and small Pt particles with a size of about
5 nm. The morphology of Pt is further confirmed by
TEM measurements. Figure 2c demonstrates the ex-
istence of Pt aggregates and small Pt particles, and
Figure 2d reveals that the Pt aggregate is the coagula-
tion of small granules with diameters of about 3—5 nm,
and many pores are formed in the aggregate due to
the packaging of the small granules. The lattice spacing
of the Pt shown in Figure 2d is 0.23 nm, which is
consistent with the most catalytically active spacing
of the Pt(1 1 1) pIane.37 The reduction-active center
induced growth mechanism will account for the
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Figure 2. (a) Digital photograph comparing the photopla-
tinized ITO/PEN substrate with (right) or without (left) TiO,
modification. (b) SEM image of the platinized electrode
(CE0.13) derived from the photoplatinization technique.
(¢, d) TEM and HRTEM images of the Pt aggregates and Pt
particles from CEO0.13, respectively.

formation of the Pt aggregates. It is reasonable that
there are some defect states on the surface of the TiO,
film. During the UV irradiation, the defect states will
trap more photogenerated electrons than other parts;
therefore, some reduction-active centers are formed
and those active centers are more competitive for the
reduction of PtClg>~ and PtCl,*>". As a result, Pt grows
more quickly on those centers and Pt aggregates are
formed. The tailored structure of the Pt aggregates will
further render the electrode with high surface area,
which is favorable for good catalytic activity. However,
the existence of the Pt aggregates on the electrodes
will also decrease the transparency of the electrode
and increase the Pt loading as well. Methods that can
quench the reduction-active centers and suppress the
growth of the Pt aggregates will be useful to fabricate
platinized electrodes with a more homogeneous Pt
dispersion.

Transparent Property of the CEs. The optical transpar-
ency of the CE is essential for the bifacial DSC or the
device requiring rear-side irradiation. Figure 3 shows
the optical transmittance spectra of CE0.13. The ob-
tained platinized electrode shows a high transparency,
ranging from 450 to 800 nm with a T, between 400
and 800 nm of 76.5%, revealing that, compared with
the blank substrate (T,y, 79.1%), only less than 3% of
the transmittance is lost after the Pt deposition.
Interestingly, Figure 3 also demonstrates that the trans-
parency of the ITO/PEN substrate, especially in the
short-wavelength range, has been improved after TiO,
modification. The T,, increases from 79.1% to 82.5%
after the substrate was modified by a thin TiO, film. It is
well known that light of shorter wavelength is relatively

ACRT A RN
VOL.6 = NO.11 = 9596-9605 = 2012 A@@L%{\)

WWwWW.acsnano.org

9598



100

S

[0}

(]

c

S

g 40/ —TiO-ITO/PEN
c — ~ Blank ITO/PEN
= 204 -... PY/TiO2-ITO/PEN

0

400 500 600 700 800
Wavelength (nm)

Figure 3. Optical transmittance of ITO/PEN, TiO,-modified
ITO/PEN (TiO,—ITO/PEN), and Pt/TiO,—ITO/PEN (CE0.13).

more easily scattered on a rough surface than that of a
longer wavelength, since the scattering efficiency of
light is proportional to 1/4*, where 4 is the wavelength
of incident light.3® Figure 1and Figure S1 demonstrate
that the scalelike grain boundary of ITO was leveled by
the smooth TiO, layer. Obviously, this enhancement of
transparency can be attributed to the improved sur-
face uniformity of the modified surface.33*° The anti-
reflection effect will contribute additionally to the
transparency of the CEs and then improve the perfor-
mance of the DSCs with rear-side irradiation or the
bifacial DSCs.

Electrocatalytic Activity of the CEs. The charge transfer
resistance (R, at the platinized electrode/electrolyte
interface was investigated by electrochemical impe-
dance spectroscopy (EIS) measurements, which were
performed on the DSCs under AM 1.5 illumination in
open-circuit voltage conditions. The equivalent circuit
of this type of cells is described in the inset of Figure 4a,
which includes the series resistance (Rs) in the high-
frequency region. The RC processes of the platinized
electrode/electrolyte interface consist of interfacial
charge transfer resistance (R.) and capacitance of the
electrical double layer (CPET) in the medium-frequency
region, and the RC processes of the TiO, electrode/
electrolyte interface consist of interfacial charge trans-
fer resistance (Rg) and capacitance of the depletion
layer of the TiO, electrode (CPE2) in the low-frequency
region. The electrocatalytic performance of the plati-
nized electrode toward triiodide reduction can be
evaluated in terms of R, which is determined by the
diameter of the semicircle presented in the medium-
frequency region of impedance spectra.’ Figure 4a
presents the Nyquist plots of the DSCs employing
CEs prepared by photoplatinization, thermal decom-
position, and electrodeposition, respectively. The R, of
the CE prepared by photoplatinization (CE0.13) is
detected to be 0.66 Q cm?, which is comparable to
that by thermal decomposition (0.59 Q cm?) and much
better than that by electrodeposition (2.54 Q cm?),
indicating the superior electrocatalytic activity of the
platinized electrode prepared by the photoplatiniza-
tion technique. To further characterize the properties
of the platinized electrodes, the electrical double-layer
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Figure 4. (a) Nyquist plots of the TiO,/Ti photoanode-based
DSCs employing three different CEs, obtained in open
circuit conditions. The inset is the equivalent circuit of DSCs.
(b) Cyclic voltammograms of the various CEs in acetonnitrile
solution containing 10 mM Lil, 1 mM I,, and 0.1 M LiClO,4;
scan rate 100 mV s~ . CE0.13, CE-TD, and CE-ED represent
the CEs prepared by photoplatinization, thermal decom-
position, and electrodeposition, respectively.

capacitance C, which is related to the surface area, was
obtained by fitting the Nyquist plots shown in
Figure 4a using the following expression, according
to our previous work.®

Zoppr = Cljw) ?

The values of Care 1412, 1307, and 740 uF cm 2 for CEs
prepared by photoplatinization (CE0.13), thermal
decomposition, and electrodeposition, respectively.
Compared to the C value of 10—40 uF cm ™2 for the
typical Pt electrode with ideal flat surface,*® the surface
area of CE0.13 is about 56 times higher than that of a Pt
electrode with ideal flat surface (using 25 uF cm ™2 for
the Pt electrode for the calculation). The high catalytic
surface area of the CE0.13 arises from (1) the new rough
surface of the Pt aggregates and particle layer formed
on the nanoporous TiO, film surface and (2) the riveted
construction of the Pt in the nanoporous TiO, film (as
shown in Scheme 1). The high surface area will render
the CEs with high catalytic activity. To our knowledge,
to date, this is the lowest R, value reported for a
flexible platinized electrode fabricated at low tempera-
ture with high optical transparency.5282°41

To further verify the electrocatalytic activity of the
obtained platinized electrodes, cyclic voltammograms
recorded between —0.3 and 1.3 V in the electrolyte
solution composing of 1 mM I,, 10 mM Lil, and 0.1 M
LiClO, in acetonitrile at a scan rate of 100 mV s~ are
shown in Figure 4b. In Figure 4b, two pairs of redox
peaks are observed for all three electrodes. The left
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cathodic peak corresponds to the reduction of I3~ to I~
and is of interest in this research. The CEs prepared by
photoplatinization (CE0.13) and thermal decomposi-
tion show similar high cathodic peak current density,
indicating the high electrocatalytic activity of these
two kinds of electrodes. This result is in agreement with
the EIS result.

Mechanical and Chemical/Electrochemical Stability of the
(Es. Excellent mechanical rigidity and stability of the
CE against abrasion or general mechanical contact is a
desired property of a CE of a DSC.'%% The adhesive
strength of the Pt on the substrate was estimated by
the adhesive tape test, which was carried out in terms
of a scrape peeling under a pressure of 150 psi with the
assistance of a screen printing machine (Figure S3).
For this test, platinized electrodes were covered by
adhesive tape (3M) and fixed on the platform of a
screen printing machine (ATMA TUNG YUAN M/C Ind.
(Kunshan, China) Co., Ltd.). Then, the scraper of the
machine was quickly scraped across the platinized
electrode (0.5 m/s) under a pressure of 150 psi. After
that, the adhesive tape was peeled of with a speed of
0.5 m/s under the control of the screen printing
machine. The treated CEs were used to assemble
unsealed FDSCs, and the R values were obtained by
EIS measurements. After the above measurements, the
platinized electrode was washed by ethanol and dried
in an 80 °C oven for 10 min before another adhesive
tape-scraping process was carried out. Figure 5a shows
the R values as a function of the times of the adhesive
tape tests. It reveals that the R, of CE0.13 increases
slightly after the first adhesive tape peeling and re-
mains almost unchanged for the following three cu-
mulative times, indicating that the Pt aggregates and
particles are mechanically very robust against abrasion
on the substrate. The mechanical property of the
electrode prepared by photoplatinization is as good
as that of the electrode prepared by thermal decom-
position and much better than the electrodeposited
one. SEM images (Figure S4) reveal that there are no
significant differences in the surface morphologies of
the electrodes prepared by photoplatinization and
thermal decomposition, while a large portion of the
Pt particles on the electrodeposited electrode are
detached after four cumulative adhesive tape peelings.
From the mechanism of the photoplatinization pro-
cess, it can be known that the initial photoreduction of
Pt ions to neutral Pt is occurring at the surface of TiO,,
the interfaces of individual TiO; crystals, and the inner
surface of the micropores in the TiO, layer. This makes
the Pt particle grow as a tenon by inserting part of its
body into the TiO, layer to form a riveted construction
(Scheme 1), which was confirmed by the graded dis-
tribution of Pt element shown in the SEM/EDX map-
ping photo of Figure S5. Additionally, the thin TiO,
layer formed on the substrate surface demonstrates
excellent adhesion to the ITO/PEN substrate and is very
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Figure 5. (a) Influence of R of DSCs with different CEs on
the times of adhesive tape tests applied on the CEs. (b) R, of
DSCs with different CEs over time. CE0.13, CE-TD, and CE-ED
represent the CEs prepared by photoplatinization, thermal
decomposition, and electrodeposition, respectively.

difficult to strip off without damaging the ITO layer. As
aresult, the thin TiO, layer between Pt particles and the
ITO substrate acts as a kind of solid glue and makes
the substrate and the Pt film well-integrated, leading
to the excellent mechanical stability of the platinized
electrodes.

The chemical/electrochemical durability of the pla-
tinized electrodes was evaluated by the time-related
EIS measurements. Figure 5b shows that the increase
of R, of the DSC, utilizing the CE0.13 as CE, over time is
much less than that of the device employing an
electrodeposited CE, and the durability of CE0.13 is
even better than that of the electrode prepared by
thermal decomposition. The outstanding durability of
the as-prepared platinized electrode is, to a great
extent, attributed to the good adhesion of the Pt
particles onto the substrate, since poor adhesion of
the Pt onto the substrate can result in Pt migration,
even detaching from the substrate, leading to detri-
mental effects on overall solar cell performance and
long-term stability.'%3*

Photovoltaic Performance of the Flexible DSCs. The J—V
curves of the DSCs employing TiO,/Ti photoanodes
and different platinized CEs prepared by photoplatini-
zation, thermal decomposition, and electrodeposition,
respectively, measured under AM 1.5 simulated sun-
light (100 mW cm~?) are presented in Figure 6a; the
resultant photovoltaic parameters are summarized in
Table 1. In this study, the performance parameters,
namely R, and transparency, of the platinized CEs
were optimized to render DSCs with the best perfor-
mance. The T,, of the platinized CEs prepared by
photoplatinization, thermal decomposition, and elec-
trodeposition is 76.5%, 76%, and 72.4%, respectively, as
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Figure 6. (a) Photocurrent—voltage characteristics of the
DSCs employing a TiO,/Ti photoanode and different plati-
nized CEs prepared by photoplatinization (CE0.13), thermal
decomposition (CE-TD), and electrodeposition (CE-ED), re-
spectively. (b) Photocurrent—voltage characteristics of the
FDSCs employing a TiO,/ITO/PEN photoanode and CE0.13
under front- (solid circles) and rear-side (open circles)
irradiation measured under AM 1.5 simulated illumination
(100 mW/cm?).

TABLE 1. Photovoltaic Characteristics of DSCs with TiO,/Ti
Photoanodes and Different CEs under Rear-Side Irradiation?

e’ o' % J,,mA/cm? Voo V FF PCE, %
CE0.13 76.5 14,63 0.755 0.736 8.12
CE-TD 76 14.25 0.745 0.739 8.03
CE-ED 724 13.56 0.75 0.674 6.82

“The data in the table are the mean values of five samples, and the data were
obtained under AM 1.5 simulated sunlight (100 mW cmfz). The photoactive area is
0.2 ™ ® CEs used here were prepared by photoplatinization (CE0.13), thermal
decomposition (CE-TD), and electrodeposition (CE-ED), respectively. Average
transmittance between 400 and 800 nm.

shown in Figure S6. The flexible devices employing
CEO0.13 as CEs give a short-circuit current density (Js.) of
1463 mA cm 2 an open-circuit voltage (Vo) of
755 mV, and fill factor (FF) of 0.736, leading to a PCE
as high as 8.12% in the rear-side irradiation condition.
The PCE is even a little higher than that of the DSC
based on the CE prepared by thermal decomposition
(8.03%) and much better than that of the device with
electrodeposited CE (6.82%), owing to both the high
electrocatalytic activity and high transparency of the
CEs fabricated by the photoplatinization technique.
Furthermore, the long-term stability test performed
on the DSCs based on CE0.13 also reveals that the PCE
of the DSCs based on photoplatinized CEs maintains
93% of its initial values after 30-days storage in an air
atmosphere, and the deterioration of both J;. and PCE
appears mostly in the first 15 days after the devices
were fabricated and sealed (Figure S7).
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TABLE 2. Property Parameters of the CEs Obtained with
Various H,PtCls-6H,0 Concentrations and the Corres-
ponding J—V Characteristics of FDSCs Employing These CEs”

CEs T’ % Ry, Q cm?® Ptloading, yg/cm® JmA/am® Vo,V FF  PCE, %
9, 1

CE05 476 1.59 1035 9.10 0755 0.725 495
(E02 674 148 452 13.05 0745 0.732 7.05
CE0.13° 765 0.66 3.95 14.63 0755 0.736 8.12
CE01 788 7.97 251 15.05 0745 0491 5.49

“ All data in the table are the mean values of five samples, and the J—V/ data were
obtained under AM 1.5 simulated sunlight (100 mW cm*Z). The photoactive area is
0.2 cm?. ® Average transmittance between 400 and 800 nm.  For a comprehensive
comparison, the data of the DSCs employing CE0.13 as CEs are presented in this
table again.

The TiO, photoanodes were also fabricated on the ITO/
PEN plastic substrate to make bifacial FDSCs in combi-
nation with the obtained transparent CE0.13. Figure 6b
shows the photocurrent—voltage curves of the bifacial
FDSCs corresponding to the front- and rear-side irra-
diation. When irradiated from the rear side, the bifacial
FDSC exhibits a PCE of 6.26%, which approaches 90%
that of the front-side irradiation (6.97%). The high PCE
of the bifacial FDSC under rear-side irradiation is
ascribed to the high catalytic activity and high trans-
parency of the CE, which has minimized the energy loss
in the rear-side irradiation condition. The J,. of the
device is lower for the case of rear-side irradiation than
that under the front-side irradiation because the CE
and the electrolyte absorb part of the incident light.
Owing to the similar series resistance of the device for
both cases, the FF under rear-side irradiation is slightly
higher than that under front-side irradiation because
lower J,. values usually provide high FF values.?® The
decrease of V,,. can also be attributed to the lower light
intensity cast on the dye-sensitized TiO, photoanode
under rear-side irradiation.'®*

Effect of H,PtCl; Concentration in Precursor Solution on
Performance of CEs and DSCs. The H,PtClg concentration
in the precursor solution for fabricating platinized
electrodes through the photoplatinization technique
is a key factor in the performance of CEs and thus the
DSCs under rear-side irradiation. The data listed in
Table 2 reveal that platinized electrodes derived from
a Pt precursor solution with lower H,PtClg concentra-
tion show higher transparency. The T, increases from
47.6% to 78.8% while the applied H,PtClg concentra-
tion decreases from 0.5 mM to 0.1 mM. The SEM and
SEM/EDX images, shown in Figure S8, reveal that the
electrodes derived from Pt precursor solution with
higher H,PtClg concentration show “thicker” Pt aggre-
gates and a denser distribution of small Pt particles,
which are responsible for the decreased transparency.
The Pt-loading data also confirm that more Pt is
deposited on the electrodes when a precursor solu-
tion with higher H,PtClg concentration is used. Inter-
estingly, it can be seen from Table 2 that the R
first decreases with the decreasing of the H,PtClg
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concentration, reaching the lowest value of 0.66 Q cm?
at 0.13 mM, and then increases dramatically to
7.97 Q cm? at a H,PtClg concentration of 0.1 mM. We
assume that, in the case of high H,PtCls concentration
preparation, the excess Pt particles overlapped on the
already located Pt particles have a less positive impact
on increasing the active surface and jam and enclose
the pores in the Pt film, which hinders the diffusion and
penetration of the I37. As a result, the catalytic activity
of the platinized electrodes deteriorates. This tendency
is in accordance with the reported work.>* The proper-
ties of the CEs, namely, transparency and electrocata-
lytic activity, have a direct influence on the perfor-
mance of the DSCs under rear-side irradiation. As
demonstrated in Table 2, the J;. of the FDSCs, employ-
ing TiO,/Ti photoanodes and CE0.5, CE0.2, CE0.13, and
CEO0.1 as CEs, respectively, increases dramatically from
9.10to 15.05 mA cm 2, while V. is almost unchanged.
On the other hand, all FDSCs with these platinized CEs,
except CEO.1, give high FF but a slight increase in the
order CE 0.5, CE 0.2, and CE 0.13. For the FDSCs
employing CE0.5, CE0.2, and CE0.13 as CEs, the PCE
of the devices increases from 4.95% to 8.12%. However,
when CEO0.1 is used, the positive effect of improved
optical transparency on the PCE is offset by the de-
creased FF, owing to its poor electrocatalytic activity; as
a result, the performance of the device deteriorates.
Effect of Thickness of Modified Ti0, Layer on Performance of
CEs and DSCs. The thickness of the modified TiO, layer is
very essential to achieve CEs with high transparency
and conductivity. The TiO, thickness is varied from a
few nanometers to hundreds of nanometers (i.e, 0, 8,
25, 70, and 560 nm) by altering the TBT concentration
in the titanate precursor solution (i.e., 0, 3, 10, 30, and
100 mM). From Table S1, it is clear that the T, of the
substrates first increases with increasing TiO, thick-
ness, until the highest value of 82.6% at 70 nm was
achieved, due to the antireflection effect, then it
decreases with a further increase in the TiO, thickness,
originating from the semitransparent nature of the
thick TiO; film prepared under high TBT concentration.
Meanwhile, the square resistance of the substrates
increases consecutively from 18 to 740 Q/00 and will
influence the performance of the CE as well as the DSC.
All of the CEs were prepared through the photoplati-
nization process in 0.13 mM H,PtClg precursor solution.
The detailed parameters of transparency and Pt load-
ing of the CEs are also listed in Table S1, which reveals
that the transparency decreases with an increase of the
thickness of the TiO, film, while the Pt loading in-
creases with an increase of the TiO, thickness. The
increase of the Pt loading with an increase of the
thickness of the TiO, film dominates the contribution
to the decreased transparency. Meanwhile, it also
provides further evidence to the speculation of the
riveted construction as mentioned in Scheme 1. Given
that the flat surface of the TiO, film provides a similar
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surface area for the surface-loaded Pt in all cases and
the surplus of Pt must originate from the ones inserted
into the nanopores in the TiO, film, a thicker TiO, film
can afford more pores. The photovoltaic parameters
as well as the R values of the DSCs using the CEs
prepared on the substrates with various TiO, thick-
nesses are summarized in Table S2. It reveals that the
R first decreases and achieves a lowest value of
0.66 Q cm? when the CE was prepared on the 25 nm
TiO, film modified substrate. The enhancement of the
electrocatalytic activity is attributed to the increased
Pt loading on the electrode with a thicker TiO, layer.
However, a further increase of the thickness decreases
the activity of the CEs because the thick TiO, layer will
increase the square resistance of the CEs, which hin-
ders the transfer of the electrons from the external
circuit to the catalytic layer. The Js. of DSCs using the
CE with TiO, of 8 nm thickness shows the highest
value of 15.02 mA cm 2 and slightly decreases to
1463 mA cm~2 when the CE with TiO, of 25 nm
thickness was used, owing to the slight decrease in
transparency. The Js. drops significantly when the TiO,
film is thicker than 70 nm; this can be attributed to the
decreasing of the transparency and, especially, the
poor electrocatalytic activity of the CEs. The V. of
the DSCs suffers a continual decrease with an increase
of the thickness of the TiO, layer because the TiO, layer
will obstruct the transfer of the electrons and promote
the back reaction and the recombination. The highest
PCE of 8.12% was yielded when the CE was fabricated
on the 25 nm TiO, film modified substrate; this PCE
value is slightly higher than that of the device with its
CE prepared on the substrate modified by an 8 nm TiO,
layer due to the higher FF. From Table S2, it can also be
seen that the DSCs with CE prepared on the unmodi-
fied substrate also obtain a PCE of 2.28% because the
blank substrate can physically absorb some Pt particles
formed in the reaction solution. However, the PCE
dropped sharply to 0.5% after the adhesive tape test
due to the poor adhesion of the physically absorbed
Pt particles onto the substrate.

CONCLUSION

In conclusion, we have developed a novel photo-
platinization technique to fabricate flexible platinized
CE on an ITO/PEN substrate at low temperature for
DSCs. The as-prepared electrode has the following
merits simultaneously: (1) high catalytic activity and
conductivity for fast reduction of triiodide; (2) high
transparency for the requirement of rear-side irradia-
tion and bifacial DSCs; (3) excellent mechanical stability
against abrasion or general mechanical contact; (4)
outstanding chemical/electrochemical durability for
long-term service life; (5) low Pt loading (3.5 ug-cm™2)
for acceptable price-to-performance ratio. A high PCE
of 8.12% for a flexible DSC employing a TiO,/Ti
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photoanode and the obtained platinized CE was
achieved. The flexibly bifacial DSC with a plastic photo-
anode and the obtained CE exhibited similarly high
photovoltaic performance for both front- and rear-
side irradiation. The ratio of the PCE under rear- and

EXPERIMENTAL SECTION

Preparation of Platinized Counter Electrode. The plastic platinized
electrodes were fabricated through the photoplatinization
technique, which can be divided into two consecutive steps:
modification of the ITO/PEN substrate by TiO, and the
following growth of Pt on the modified substrate via photo-
platinization. The modification of the substrate was carried
out as follows: A tetra-n-butyl titanate solution with 10 mM
TBT concentration was prepared by adding a certain amount
of TBT into a mixture of 2-propanol and n-butyl alcohol (v/v =
1:1). The ITO/PEN substrates (84.2% transmittance at 550 nm)
were subject to consecutive ultrasonic cleaning in detergent
solution, distilled water, and acetone and finally dried
by blowing air before using. For TBT coating, TBT solution
(150 uL) was spread on the 3 cm x 3 c¢m substrate, using
adhesive tape as a frame, and rotated at 150 rpm at 70 °C. After
that, the treated substrates were immersed in distilled water and
kept at 120 °C for 2 h to complete the transformation of TBT to
TiO,, and then the substrates were dried at 100 °C for 30 min
to finish the modification and functionalization of sub-
strate by a TiO, thin layer. The process of growing Pt particles
on the modified substrate was described as below: 0.1 M
H,PtCls-6H,0 solution was prepared by dissolving a certain
amount of H,PtCls-6H,0 in 2-propanol. For photoplatiniza-
tion, a piece of the TiO,-modified substrate was placed on a
sample holder and immersed in 20 mL of Pt precursor
solution with a certain concentration prepared by diluting
the 0.1 M H,PtClg-6H,0 solution with 2-propanol. The TiO,-
modified surface was oriented toward the bottom of the
quartz vessel. The reaction system was first stored in dark
conditions for 30 min to reach the equilibrated adsorption of
PtCls~ ions on the surface of TiO,. Subsequently, the reaction
vessel was exposed for about 1 h to UV radiation arising from
a high-voltage mercury lamp (300 W; wavelength range:
350—450 nm, essentially emitting at 365 nm) located 15 cm
below the reaction vessel. The obtained platinized electrode
was rinsed with plenty of deionized water and ethanol
several times and then subjected to a heat treatment at
80 °C for 4 h. The platinized electrodes produced with a
H,PtCls-6H,0 concentration of 0.1, 0.13, 0.2, or 0.5 mM are
abbreviated as CE0.1, CE0.13, CE0.2, and CEQ.5, respectively.
To investigate the effect of the thickness of the TiO, layer on
the performance of the CEs and DSCs, TBT solutions with
various TBT concentrations (i.e., 0, 3, 10,30, 100 mM) were used
to deposit a TiO, film with different thicknesses on the
substrates, and a 0.13 mM H,PtCls-6H,0 precursor solution
was used for photoplatinization. For comparison, the plati-
nized FTO glass CEs were prepared by spreading drops of
0.5 mM H,PtCls-6H,0/2-propanol solution on the FTO glass
(82.1% transmittance at 550 nm) followed by a sintering at
390 °Cinairfor 15 min. The plastic CEs were also prepared on
ITO/PEN substrates by electrodeposition according to the
reported work.?® The CEs prepared by thermal decomposi-
tion and electrodeposition are abbreviated CE-TD and CE-ED,
respectively.

DSC Fabrication. Before TiO, coating, a Ti sheet (0.1 mm
thickness) was subjected to treatment in 0.5 M hydrofluoric
acid aqueous solution for 2 min and subsequently ultraso-
nically cleaned in distilled water and acetone, respectively. A
viscous TiO, paste (particle size: 12 nm) was screen-printed
(200 T mesh) on the Ti sheet with three layers, giving films
with a thickness of ~16 um. The printed films were dried in
air for 30 min and then sintered at 500 °C for 30 min in air. The
plastic photoanodes with 12 um TiO, film were fabricated by

FU ET AL.

front-side irradiation (PCEg/PCEg) is up to 0.90. Further-
more, the photoplatinization technique presented here
can also be used to deposit Pt or other noble metals on
various substrates without any shape limitation for DSCs
or other devices with special geometrical configurations.

coating three layers of TiO, paste composed of a mixture of
20 and 100 nm diameter TiO; particles with a weight ratio of
7 to 3 on the ITO/PEN substrate followed by a mechanical
compression at 100 MPa according to the reported work.’
The two kinds of TiO, electrodes at about 80 °C were
immersed in 5 mM N3 dye (Ru (dcbpy),(NCS), (dcbpy: 2,2’-
bipyridine-4,4’-dicarboxylic acid) absolute ethanol solution
for 24 h to complete the dye sensitizing. The dye-sensitized
working electrodes and the platinized CEs were assembled
to form sandwich-type DSCs by filling with a liquid electro-
lyte, which was composed of 0.5 M Lil, 0.02 M |, 0.3 M
1-methyl-3-hexylimidazolium iodide, and 0.5 M 4-tert-butyl-
pyridine in 3-methoxypropionitrile, in the inner space be-
tween the two electrodes. The active area of the cells was
0.2 cm?.

Characterization of the Platinized Electrodes and the DSCs. The
surface morphology of the platinized electrodes was investi-
gated by a scanning electron microscope equipped with an
energy-dispersive X-ray analyzing system (SEM/EDX, Hitachi
S-4800, 15 k V) and a high-resolution transmission electron
microscope (TEM, JEM 2011, Japan; 200 kV). Optical transmit-
tance spectra were recorded by a Hitachi U-3010 spectrophot-
ometer. Platinum was dissolved off the platinized electrodes by
aqua regia, and its content was determined by atomic emission
spectroscopy with an axial view inductively coupled plasma
spectrometer (SPECTRO Analytical Instruments GmbH). X-ray
photoelectron spectroscopy analysis was carried out using a VG
Scientific Escatab 220i-XL spectrometer with standard Al Ko
radiation, and the working pressure is <3 x 10~° mbar. Cyclic
voltammograms (CVs) were performed on a Solartron SI 1287
electrochemical interface system at a scan rate of 100 mV s~
The electrolyte was an acetonitrile solution containing 10 mM
Lil, 1 mM |, and 0.1 M LiCIO,. The electrochemical cell consisted
of the platinized electrode as working electrode, a Pt wire as
counter electrode, and an Ag/AgCl as reference electrode.
Electrochemical impedance spectroscopy was used to obtain
the charge transfer resistance (R.) data of the platinized
electrodes. The measurements were performed on the DSCs
under AM 1.5 illumination with a Solartron 1255B frequency
response analyzer and a Solartron SI 1287 electrochemical
interface system at open-circuit voltage. The frequency
range was from 100 kHz down to 0.1 Hz, and the amplitude
of the ac voltage was 10 mV. The photocurrent—voltage
performance of the DSCs was measured employing a com-
puter-programmed Keithley 2611 SourceMeter under illu-
mination with simulated sunlight (AM 1.5, 100 mW cm™2)
supplied by a solar simulator (Oriel, 91160-1000 91192,
Perccell Technologies). The incident light was calibrated
with a power meter (model 350) and a detector (model
262). The active area was 0.2 cm?.
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