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Abstract

Pt/FTO counter electrodes were fabricated via spin-coating and thermal de-
composition of an H2PtCI6 - 6H20 precursor solution. The effects of spin-
coating/annealing cycles on the platinum loading, transmittance, and photo-
voltaic performance of assembled dye-sensitized solar cells (DSSCs) employ-
ing Pt/FTO counter electrodes were investigated. The results demonstrated
that the cell assembled with the counter electrode prepared through 5 spin-
coating/annealing cycles achieved an optimal power conversion efficiency of
6.78%, surpassing that of cells assembled with conventional magnetron sput-
tered counter electrodes. Based on the spin-coating cycles and Pt loading
of the counter electrode under optimal photovoltaic performance conditions,
the concentration and usage volume of the H2PtCl6 - 6H20 precursor solution
were further optimized. By adopting a one-step drop-coating/annealing pro-
cess, Pt/FTO counter electrodes featuring high transmittance, low Pt loading,
and high assembled cell efficiency were obtained. The cell assembled with the
Pt/FTO counter electrode prepared by this one-step method attained a power
conversion efficiency of 6.92%.
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ABSTRACT

The Pt counter electrode was prepared on fluorine-doped tin oxide (FTO) glass
by spin-coating and subsequent thermal decomposition of HyPtClg - 6H,O pre-
cursor solution. The influence of spin coating-annealing cycles on platinum load-
ing, light transmittance of the Pt/FTO counter electrode, and the photovoltaic
performance of assembled dye-sensitized solar cells (DSSCs) was investigated.
The results showed that cells assembled with counter electrodes prepared by five
spin coating-annealing cycles achieved an optimal power conversion efficiency
of 6.78%, which was higher than that of cells using conventional magnetron
sputtered counter electrodes. Based on the optimal spin coating cycles and
Pt loading for best photovoltaic performance, the concentration and volume of
the HyPtClg - 6H,O precursor solution were further optimized. By employing a
one-step drop coating-annealing process, Pt/FTO counter electrodes with high
transmittance, low Pt loading, and high cell efficiency were obtained. DSSCs
assembled with these one-step prepared counter electrodes achieved a power
conversion efficiency of 6.92%.

KEY WORDS synthesizing and processing technics, TiO, nanotube arrays, Pt
counter electrode, dye-sensitized solar cell, thermal decomposition, photovoltaic
performance

Dye-sensitized solar cells (DSSC) are thin-film solar cells that mimic the princi-
ple of photosynthesis. Since Gritzel first applied titanium oxide nanocrystalline
porous films to DSSCs in 1991, this technology has attracted significant atten-
tion due to its low cost, simple structure and fabrication process, relatively high
photoelectric conversion efficiency, and pollution-free production. In DSSCs,
dye sensitizers absorb photons and transition from ground state to excited state,
generating photoelectrons that rapidly inject into nanoporous semiconductor
materials (such as TiO,) and transport through the porous film to reach the
counter electrode via an external circuit. Meanwhile, oxidized dyes are regen-
erated by I™ in the electrolyte, and the reduction product I, diffuses to the
counter electrode where it is reduced, completing the entire cycle. The counter
electrode material collects electrons from the photoanode through the external
circuit and transfers them to the electron acceptor I;~ in the electrolyte, while
also catalyzing the redox reaction rate of the I7/I;~ couple to improve carrier
collection efficiency.
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Platinum is commonly used as counter electrode material, but as a precious
metal with limited reserves, researchers have attempted to replace it with
cheaper alternatives such as carbon, TiC, WO,, and VN. However, Pt remains
the most catalytically active material to date, and a certain thickness of
metallic Pt can also form a mirror surface that reflects unabsorbed sunlight
back for secondary utilization, thereby improving solar cell efficiency. There-
fore, developing efficient, low-Pt-loading counter electrodes through simple
processes is crucial for enhancing cell efficiency, reducing costs, and simplifying
fabrication. Several research groups have achieved promising results using
simple methods to prepare low-Pt-loading counter electrodes. Lin and He
et al. prepared Pt counter electrodes by electroless deposition, achieving
resistances comparable to or lower than conventional sputtered Pt electrodes
(1.92 Q - cm?) with significantly reduced Pt consumption and higher catalytic
activity. Bach’ s group prepared transparent Pt counter electrodes with low
resistivity and over 80% transmittance by electrodeposition, showing great
potential for flexible cells on metal substrates. Xiao et al. fabricated highly
catalytic, low-resistance Pt flexible counter electrodes with 70% transmittance
by vacuum thermal decomposition of H,PtCls-containing precursors at 100°C,
achieving cell efficiencies comparable to FTO glass-based cells under equivalent
conditions. Ma Tingli’ s group synthesized Pt ink at room temperature by
reducing HyPtCl; with NaBH, and prepared transparent counter electrodes on
flexible ITO-PEN substrates by dip-coating at 130°C, achieving a cell efficiency
of 5.18% under sunlight using TiO, nanocrystals as photoanodes. However,
research on simplifying the preparation process while maintaining cell efficiency
remains scarce.

In this work, aqueous solutions of HyPtCly - 6H,O with specific mass fractions
were used as precursor solutions. After adding appropriate binders, Pt counter
electrodes were prepared on FTO substrates by spin-coating combined with
annealing-induced thermal decomposition of H,PtCl, - 6H,O. Based on inves-
tigating the photovoltaic performance of DSSCs assembled with counter elec-
trodes prepared under different spin coating-annealing cycles, the Pt concen-
tration in the precursor solution was further optimized, and a one-step drop
coating-annealing process was employed to prepare Pt counter electrodes with
excellent photoelectric conversion performance.

1.1 Preparation of Pt/FTO Counter Electrodes

Preparation of reaction slurry: Aqueous solution containing 5 g/L H,PtCl, -
6H,0 and 0.12 g/L ethyl cellulose was mixed with terpineol at a volume ratio of
10:3. OP emulsifier was then added at a ratio of 1 g per 2 mL of mixture, followed
by mixing and ultrasonication at room temperature to prepare the reaction
slurry. FTO conductive substrates were ultrasonically cleaned sequentially with
deionized water, acetone, ethanol, and deionized water for 10 minutes each, then
dried with a hair dryer. The reaction solution was coated onto the clean FTO
conductive surface using a KW-4A spin coater at low speed (800 rpm) and high
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speed (1300 rpm) to form a film, which was then annealed at 450°C for 15
minutes. The spin coating and annealing process was repeated with controlled
cycles to obtain counter electrode samples with different Pt loadings.

For one-step prepared Pt counter electrodes, the concentration of H,PtCly -
6H,0 aqueous solution was increased fivefold based on the optimized Pt loading.
The solution was directly drop-cast onto the FTO substrate and annealed at
450°C for 15 minutes.

1.2 Photoanode Preparation and DSSC Assembly

The photoanode consisted of TiO, nanotube arrays prepared in our laboratory.
The preparation, peeling, and cell assembly procedures followed those described
in references [13, 14]. Briefly, TiO, nanotube arrays were fabricated by elec-
trochemical anodic oxidation. After 18 h of anodization, the TiO, nanotube
arrays were peeled off using 30% hydrogen peroxide, cleaned, and adhered to
FTO glass using homemade TiO, colloid, followed by annealing at 500°C for 3
h to form crystalline TiO, nanotube arrays. The TiO, nanotube array/FTO
photoanodes were then treated in 0.04 mol/L TiCl, aqueous solution for 30
minutes and annealed at 500°C for 1 h. Subsequently, the photoanodes were
immersed in 3$x107{-4}$ mol/L N719 dye solution (with acetonitrile and tert-
butanol as solvents at 1:1 volume ratio) for 24 h. The prepared TiO, nanotube
array/FTO photoanodes were assembled with the counter electrodes into a sand-
wich structure, and electrolyte was injected to complete the DSSC assembly.
The electrolyte consisted of 0.05 mol/L Lil, 0.05 mol/L I,, 0.6 mol/L PMII
(1-butyl-1-methylimidazolium iodide), and 0.5 mol/L 4-tert-butylpyridine (with
acetonitrile and valeronitrile as solvents at 85:15 volume ratio).

1.3 Sample Characterization

The crystalline properties and microstructure of samples were analyzed using a
BRUKER D8 X-ray diffractometer (XRD) and a JSM-7100 scanning electron
microscope (SEM). Optical properties of Pt counter electrodes were measured
with a UV-3600 UV-Vis-NIR spectrophotometer. Photovoltaic performance of
assembled cells was tested using a Newport Oriel solar cell I-V characterization
system. For Pt counter electrodes prepared by subsequent drop-coating, the
film thickness on FTO substrates might be non-uniform; therefore, multiple
measurement results were averaged to reduce error in evaluating Pt loading. The
Pt loading on FTO substrates was assessed by measuring the mass difference
of conductive substrates before and after experiments using a high-precision
analytical balance.

2.1 Structure and Morphology of Pt/FTO Electrodes

Pt counter electrodes were prepared by high-temperature treatment of aqueous
H,PtClg - 6H,0 solutions. H,PtClg - 6H,O is a water-soluble compound that
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partially decomposes at 110°C in humid air and begins forming metallic Pt at
150°C. The reaction equations are as follows:

H,PtCl, - 6H,0 PtCl, + 2HCI + 6H,0
PtCl, PtCl, + Cl,
PtCl, Pt + Cl,

All three reactions are reversible and proceed forward at high temperatures to
generate Pt particles. Figure 1 [Figure 1: see original paper] shows typical XRD
patterns of the prepared Pt/FTO counter electrodes. Since single spin-coating
produces very thin films with minimal Pt loading, making Pt peaks less dis-
tinct compared to the FTO substrate, a sample prepared by nine spin-coating
cycles was used for XRD measurement. In addition to characteristic FTO
peaks, diffraction peaks corresponding to face-centered cubic Pt(111), (200),
and (220) appear successively in the scanning range, confirming successful Pt
generation through thermal decomposition of HyPtCly - 6H,0O. The relatively
large full width at half maximum (FWHM) of Pt diffraction peaks indicates
small crystallite sizes in the Pt particle films prepared by this method. The
crystallite size was estimated using the Scherrer equation:

kA
D =
Bcosb

where D is the crystallite diameter, k is the shape factor, 8 is the FWHM of
the diffraction peak, A is the incident X-ray wavelength, and is the diffraction
angle. A spherical particle shape factor of k = 0.89 was used. The calculated
crystallite diameter D from the (111) diffraction peak is approximately 25.6 nm,
which is consistent with particle sizes measured in subsequent SEM observations.
This demonstrates that spin-coating H,PtCly - 6H,O solution followed by short
annealing at 450°C successfully produces Pt counter electrodes with small Pt
particle sizes. Smaller particles provide larger specific surface area and higher
catalytic activity, which is more beneficial for enhancing cell performance.

The Pt loading on FTO substrates was evaluated by measuring the mass differ-
ence before and after processing using a high-precision analytical balance. The
results show that Pt/FTO counter electrodes prepared by thermal decomposi-
tion have a Pt loading of approximately 28.57 g/cm? per spin-coating cycle,
with each cycle showing fairly consistent Pt loading increases (deviation < 7%).
Since some organic materials may not be completely removed during annealing
and trace impurities from the atmosphere may be introduced, the estimated Pt
loading is likely higher than the actual Pt loading on the FTO substrate.

Figure 2 [Figure 2: see original paper] presents SEM surface morphologies of
clean FTO conductive substrates and Pt/FTO counter electrode samples pre-
pared by different numbers of spin coating-annealing cycles. Figure 2a shows
the SEM morphology of pure FTO substrate, where most particles have irregu-
lar shapes with a broad size distribution of 30-230 nm. Figure 2b corresponds
to a Pt/FTO sample after one spin coating-annealing cycle, where the original
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FTO substrate is covered by a film composed of small particles approximately
15 nm in diameter. These particles aggregate irregularly with gaps between
aggregates, and the boundaries of aggregates closely follow the morphology of
FTO substrate grain boundaries. Due to the small thickness of the single spin-
coated sample, Pt reduction and Cl, gas volatilization occur during annealing.
While Pt particles cover the surfaces of FTO substrate grains relatively uni-
formly, uniform coverage is difficult to achieve at grain boundaries, resulting in
the morphology shown in Figure 2b. As the cycle number increases to three,
Pt particles continue to accumulate (Figure 2¢), making it difficult to observe
clear boundaries of Pt aggregates on the substrate, though some gaps remain
visible. Further increasing to five cycles (Figure 2d) results in nearly complete
substrate coverage with clearly observable, contrast-bright spherical Pt parti-
cles approximately 20 nm in diameter and uniform in size. At seven cycles,
increased Pt loading leads to slightly larger Pt particle diameters with an av-
erage size of about 32 nm (Figure 2e), and some neighboring particles show
connection, which may contribute to the observed particle size increase in SEM.
At nine cycles, Pt particle agglomeration becomes evident with blurred parti-
cle boundaries (Figure 2f). This occurs because increased spin-coating cycles
introduce more reaction solution, and the binder in the solution cannot be com-
pletely removed during annealing, leading to Pt particle agglomeration. Such
agglomeration may hinder rapid electron transport from the external circuit
when assembled into cells, thereby affecting cell efficiency.

2.2 Photovoltaic Performance of DSSCs with Pt/FTO
Counter Electrodes

Figure 3 [Figure 3: see original paper| shows the transmittance of Pt/FTO
counter electrodes as a function of spin coating cycles. The transmittance is
high (>50%) across the 400-800 nm wavelength range, covering nearly the en-
tire visible spectrum. Since N719 dye has optimal light absorption at 515 nm,
this wavelength was used as a reference point for transmittance evaluation. As
spin coating cycles increase, the transmittance of Pt/FTO counter electrodes
decreases from 80% for one cycle to 73% (three cycles), 70% (five cycles), 66%
(seven cycles), and finally 59% for nine cycles. This is attributed to increased
Pt particle deposition and film thickness on the FTO substrate. In DSSCs oper-
ating in back-illumination mode (light entering through the counter electrode),
high-transmittance counter electrodes are typically used to minimize optical
losses. The high optical transmittance of Pt/FTO counter electrodes prepared
by thermal decomposition makes them highly suitable for solar cells that can
only operate in back-illumination mode.

To evaluate the performance of thermally prepared Pt counter electrodes in
DSSCs, TiO, nanotube arrays prepared by anodic oxidation were used as pho-
toanodes and assembled with electrolyte and counter electrodes into sandwich-
structured DSSCs. Their photovoltaic performance was tested under front-
illumination mode. Figure 4 [Figure 4: see original paper] shows J-V curves
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of DSSCs assembled with different counter electrodes, with corresponding cell
performance parameters listed in Table 1 .

For cells using thermally prepared counter electrodes, the open-circuit voltage
(Voc) shows little variation with increasing spin coating cycles, while the short-
circuit current density (Jsc) increases from 12.17 mA « ecm~2 for one cycle to
a maximum of 15.55 mA - cm 2 for five cycles. Further increasing spin coat-
ing cycles leads to gradual decreases in Jsc to 14.88 mA « cm ™2 (seven cycles)
and 12.34 mA - cm ™2 (nine cycles). The fill factor (FF) and efficiency () follow
similar trends, increasing from 43.75% (FF) and 4.10% (') for one cycle to max-
imum values of 57.52% (FF) and 6.78% () for five cycles, then decreasing with
further cycles. At low cycle numbers, SEM results show incomplete coverage of
the FTO substrate by Pt particles, preventing rapid electron extraction at the
counter electrode and causing more severe carrier recombination, which results
in lower FF and Jsc and consequently lower efficiency. As spin coating cycles
increase, the Pt particle film becomes more complete, enabling rapid electron
extraction while preventing direct contact between electrolyte/dye and FTO,
thereby suppressing carrier recombination and enhancing catalytic reduction of
the I7/I;~ redox couple. Consequently, five-cycle samples achieve maximum
FF, Jsc, and efficiency. However, when cycles increase beyond seven, some or-
ganic impurities in the counter electrode cannot be completely removed during
annealing. Hauch et al. found that impurities in counter electrodes reduce Pt
catalytic activity and hinder electron transfer between the Pt electrode and elec-
trolyte, leading to decreased FF, Jsc, and efficiency as observed in cells with
seven and nine-cycle counter electrodes. Additionally, under front-illumination
conditions, an optimal counter electrode thickness enables multiple reflections
of incident light within the photoanode and dye, improving light utilization,
enhancing light harvesting, promoting photoelectron generation, and increasing
electron injection efficiency (positively correlated with Jsc) and cell efficiency.
However, excessively thick Pt particle films introduce more particle-particle in-
terfaces, lengthening the electron transport path to the I;~ acceptor and in-
creasing electron recombination probability, which contributes to the observed
initial increase and subsequent decrease in Jsc.

For comparison with conventional magnetron sputtered Pt counter electrodes,
cells were assembled using the same photoanodes and optimized sputtering pa-
rameters (30 s sputtering time, 125 nm film thickness, corresponding to Pt
loading of approximately 268.14 g/cm? and particle size of about 80 nm). The
J-V curve and photovoltaic parameters are also presented in Figure 4 and Table
1. The results show that under optimal conditions (five spin coating-annealing
cycles), thermally prepared Pt counter electrodes achieve slightly higher cell ef-
ficiency (6.78%) than magnetron sputtered Pt counter electrodes (6.62%). Com-
pared to sputtered Pt counter electrodes, thermally prepared ones exhibit sig-
nificantly higher Voc but lower FF. The higher Voc may be attributed to: (1)
smaller Pt particles in thermally prepared counter electrodes providing more
complete contact and higher catalytic activity, facilitating carrier conduction
and collection in the cell and promoting rapid I3~ reduction, thereby enhancing
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Voc; (2) thinner thermally prepared Pt counter electrodes resulting in shorter
carrier transport paths, which helps suppress carrier recombination with dye
and electrolyte and also benefits Voc. The higher FF of DSSCs with magnetron
sputtered Pt counter electrodes may result from better film flatness and denser
morphology. Additionally, organic impurities in thermally prepared samples
may also affect FF. Overall, thermally prepared Pt counter electrodes with five
spin coating cycles outperform conventional magnetron sputtered Pt counter
electrodes, with lower Pt consumption and simpler, less energy-intensive fabri-
cation processes.

2.3 One-step Preparation of Pt/FTO Counter Electrodes
and Their Structure and Performance

Based on the above discussion, thermal decomposition of H,PtCls - 6H,O aque-
ous solution with appropriate spin coating-annealing cycles can produce Pt
counter electrodes with low Pt loading, high transmittance, and high catalytic
activity, achieving superior DSSC efliciency compared to conventional mag-
netron sputtered Pt counter electrodes. Under optimal cell efficiency conditions,
the Pt loading is 142.85 g/cm?, significantly reducing precious metal consump-
tion. To further simplify the fabrication process, we aimed to prepare Pt counter
electrodes with similar performance through a one-step process. Therefore, the
concentrations of HyPtCly - 6H,O and ethyl cellulose in the reaction solution
were increased fivefold. To minimize solution loss during spin-coating and max-
imize Pt utilization, 40 L of the chloroplatinic acid solution was directly drop-
cast onto a 4 cm? FTO substrate, spread uniformly with a toothpick, allowed
to stand for a period, and then annealed at 450°C for 15 minutes to prepare
Pt/FTO counter electrodes by a one-step method.

Figure 5a [Figure 5: see original paper] shows the XRD pattern of the Pt/FTO
counter electrode. In addition to FTO substrate peaks, Pt(111), (200), and
(220) diffraction peaks are clearly observed, confirming that one-step annealing
treatment of H,PtCl; - 6H,O solution effectively reduces Pt ions to form Pt
counter electrodes. Figure 5b shows the transmittance of the Pt/FTO counter
electrode, which reaches 72%—slightly higher than that of the five-cycle spin
coating-annealed counter electrode that achieved optimal efficiency—indicating
that the one-step prepared electrode may be slightly thinner. The mass dif-
ference of FTO substrates before and after processing was measured using a
high-precision analytical balance, yielding a Pt loading of approximately 124.28
g/cm? for the one-step prepared Pt/FTO counter electrode, slightly lower than
that of the five-cycle sample, consistent with the transmittance results. This
may be because the drop-cast solution contained less terpineol than the total
amount used in five spin-coating cycles, resulting in less organic residue after an-
nealing and consequently lower measured Pt loading. In fact, ignoring solution
loss during preparation and assuming complete reduction of Pt from H,PtCly -
6H,0 on the FTO substrate, the Pt content can be roughly estimated from
the solution volume and concentration as 72.16 g/cm?, which is about 58%
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of the mass difference measured before and after substrate processing. This
indicates that the substrate still contains considerable residual organics or par-
tially unreduced PtCl, and PtCl,. The Pt consumption is only 27% of that for
magnetron sputtered Pt counter electrodes. Figure 5c shows the J-V curve of
DSSCs assembled with this Pt counter electrode and the same TiO, nanotube
photoanode. The short-circuit current (Jsc = 15.60 mA - cm~2) and open-circuit
voltage (Voc = 0.76 V) are essentially equivalent to those of DSSCs assembled
with five-cycle spin coating-annealed counter electrodes. The fill factor (FF
= 58.52%) and efficiency ( = 6.92%) of cells with one-step prepared counter
electrodes are slightly higher than those of the five-cycle sample, possibly due
to cell-to-cell variations. Figure 5d shows the SEM image of the one-step pre-
pared Pt/FTO counter electrode, revealing nearly complete substrate coverage
by uniform Pt particles approximately 20 nm in diameter, consistent with the
five-cycle spin-coated electrode. Despite some agglomeration due to organic
residue during annealing, the particle boundaries remain clear, enabling good
photovoltaic performance in assembled cells.

3 Conclusion

Thermal decomposition of H,PtCl,; - 6H,O aqueous solution through cyclic spin
coating-annealing can produce Pt counter electrodes with low Pt loading, high
transmittance, high catalytic activity, and high DSSC energy conversion ef-
ficiency. Under five spin coating-annealing cycles, DSSCs based on TiO, nan-
otube array photoanodes achieved an efficiency of 6.78%, surpassing that of cells
with conventional magnetron sputtered Pt counter electrodes (6.62%). Based on
the mass difference before and after processing, the Pt loading is 142.85 g/cm?,
significantly reducing precious metal consumption. To further simplify the pro-
cess, the HyPtClg - 6H,O concentration was increased fivefold, and a one-step
drop coating-annealing process was used to prepare Pt counter electrodes with
similar performance. The resulting electrodes exhibited uniform particle cover-
age, consistent particle size (~20 nm), 72% transmittance, and Pt loading of only
27% of conventional magnetron sputtered counter electrodes, while achieving a
DSSC photoelectric conversion efficiency of 6.92%. The drop coating-annealing
method for preparing Pt counter electrodes not only greatly simplifies the fab-
rication process and reduces energy consumption but also minimizes precious
metal consumption while improving assembled cell performance.
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