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Abstract: In this paper, we demonstrated that platinum (Pt) counter electrodes (CEs) fabricated
using electrochemical deposition and chemical reduction can replace conventional high-temperature
thermally decomposed Pt electrodes. In this study, Pt electrodes were fabricated using thermal
decomposition, electrochemical deposition, and chemical reduction, and the influence of the different
Pt counter electrodes on the efficiency of the dye-sensitized solar cells (DSSCs) was analyzed.
The properties of the various Pt CEs were analyzed using scanning electron microscopy (SEM), surface
area analysis, X-ray diffraction (XRD), electrochemical impedance spectroscopy (EIS), and cyclic
voltammetry (CV). DSSCs with various Pt CEs were characterized using current density-voltage
(J-V), incident photo-current conversion efficiency (IPCE), and EIS measurements. The results show
that the power conversion efficiencies of these three types of DSSC devices were between 7.43% and
7.72%. The DSSCs based on the Pt electrode fabricated through electrochemical deposition exhibited
the optimal power conversion efficiency. Because the processes of electrochemical deposition and
chemical reduction do not require high-temperature sintering, these two methods are suitable for the
fabrication of Pt on flexible plastic substrates.

Keywords: dye-sensitized solar cell; counter electrode; platinum; thermal decomposition;
electrochemical deposition; chemical reduction

1. Introduction

In the twenty-first century, humans are facing energy shortage and environmental pollution
problems. The use of fossil fuels to generate energy has resulted in global warming, abnormal
climates, and environmental pollution. Thus, researchers have actively studied and developed new
alternative energy or renewable energy technologies. Solar energy is the most advantageous renewable
energy because it is inexhaustible, is not influenced by geographical location, and does not cause
environmental pollution. In 1991, a Swiss research team led by Grätzel developed a high-efficiency and
low-cost dye-sensitized solar cell (DSSC), prompting a trend of DSSC-related research [1]. Grätzel’s
team fabricated a porous thin-film electrode using TiO2 nanoparticles that have a large surface area
and used a Ru-complex dye adsorbed on the TiO2 electrode. In addition, the I−/I3

− redox couple was
adopted as the electrolyte, and a counter electrode made of a conductive glass substrate with platinum
(Pt) was used [2]. Because the dye has ideal spectral characteristics and the TiO2 nanoparticles have
a large surface area that can considerably increase the amount of dye adsorption, incident light can
be fully utilized to excite the dye molecules to produce photoelectrons. Therefore, the photoelectric
conversion efficiency of DSSCs was increased to 7.9%. This research outcome immediately attracted
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great attention and motivated researchers to actively conduct relevant studies. DSSCs have the
advantages of high efficiency, low cost, and simple fabrication and therefore have the potential to
compete with traditional silicon-based solar cells [3–12].

The DSSC device structure comprises a transparent conductive substrate, a TiO2 nanoparticle
thin film, a dye, an electrolyte, and a counter electrode [13]. The counter electrode is a crucial
part of the DSSC and provides electrons for the redox couple in the electrolyte [14–22]. Therefore,
the redox couple can transmit electrons to the dye, causing the dye to change from an excited state
to the ground state, which facilitates dye regeneration. Conventionally, the fabrication method for
a DSSC Pt counter electrode involves adopting the sputtering method to fabricate Pt thin films on
conductive glass. Alternatively, chloroplatinic acid (H2PtCl6) is used as a Pt precursor and is sintered
at 450 ◦C to facilitate thermal decomposition, forming Pt nanoparticles on the surface of the conductive
glass [23–26]. Generally, using the sputtering method to fabricate Pt requires a high-vacuum sputtering
system [27,28]. Conversely, the method of thermal decomposition requires high-temperature sintering
and is therefore unsuitable for the fabrication of Pt on flexible plastic substrates.

This study employed the methods of electrochemical deposition and chemical reduction to
fabricate Pt counter electrodes for DSSCs and then investigated the influence of the fabricated Pt counter
electrodes on the efficiency of DSSC devices. Electrochemical deposition is an approach for depositing
metals [29]. Specifically, the metal to be deposited is placed at the cathode, and the electrolyte comprises
metal ions or complex ions. Under the current effect, the metal undergoes a reduction reaction and
deposits on the electrode surface. Factors influencing the electrochemical deposition include the
polarizability of the cathode, current intensity, electrolyte composition, conductivity, temperature,
and pH level. The method of electrochemical deposition features the following advantages: (a) the
method does not require high-temperature or high-vacuum equipment; that is, the required equipment
is simple; (b) the fabricated thin film provides uniform coverage; (c) the fabrication process is simple
and easy to control; (d) the shape of the substrate is not highly restricted, and provides a large area
for film formation; and (e) film formation occurs rapidly. This method can be widely applied to thin
films of metals, oxides, organic materials, carbides, fluorescent materials, ceramic materials, nitrides,
and polymers. In addition, it has been reported that Pt can be prepared by chemical reduction [30].
The chemical reduction reaction is used to reduce the platinum precursor H2PtCl6 to platinum using
sodium borohydride (NaBH4). Because electrochemical deposition and chemical reduction do not
require high-temperature sintering for fabricating the Pt counter electrode, Pt can be deposited on
flexible plastic substrates that cannot endure high temperatures.

2. Experimental Methods

2.1. Using Electrochemical Deposition and Chemical Reduction to Fabricate Pt Counter Electrodes

Fluorine-doped tin oxide (FTO) transparent conductive glass, which measured 2.5 cm × 2.0 cm in
size, was prepared. Two holes were drilled in the FTO glass for infusing the electrolyte. The FTO glass
substrate was placed into acetone and washed for 10 min using an ultrasonic cleanser, followed by
the successive addition of deionized water, ethanol, and deionized water for 10 min. Finally, nitrogen
was used to dry the surface of the FTO glass. This study employed a three-electrode electrochemical
deposition apparatus that comprised a working electrode, counter electrode, and reference electrode,
as shown in Figure 1a. In this study, a gold (Au) electrode was adopted as the working electrode
and placed in contact with the FTO substrate for the deposition of the metal. Pt was used as the
counter electrode, and the reference electrode was made of silver/silver chloride (Ag/AgCl). The three
electrodes were separately immersed in an electrolyte. The electrolyte solution contained 0.5 M sulfuric
acid (H2SO4) and 5 mM K2PtCl6. An electrochemical analyzer (6116D, CH Instruments, Inc., Austin,
TX, USA) was employed to apply 0.2 V to the electrolytic solution, and the Pt thin film was deposited
on the FTO substrate at 25 ◦C for 10 min. After electrochemical deposition, the excess electrolyte on the
substrate was washed off using deionized water, and the substrate surface was dried using nitrogen.
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Figure 1. (a) Three-electrode electrochemical deposition apparatus used for preparation Pt counter 
electrode and (b) the preparation process of the Pt counter electrode by chemical reduction. 
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First, a chloroplatinic acid (H2PtCl6) solution (5 mM) was prepared in isopropanol. The chloroplatinic 
acid solution was dropped on the conductive FTO substrate and sintered at 125 °C in air for 30 min. 
Then, NaBH4 (20 mM) was added to 10 mL of deionized water. The dried substrate was immersed in 
the NaBH4 solution at 40 °C for 2 h, and the substrate was finally removed and rinsed with deionized 
water to complete the preparation of the platinum counter electrode. For comparison, a traditional Pt 
counter electrode fabricated using thermal decomposition was also prepared by applying a platinum 
paste onto an FTO substrate using a doctor blade-coating method and sintering at 400 °C for 30 min. 

2.2. DSSC Device Fabrication 

The method for fabricating the counter electrode of DSSCs has been described in Section 2.1, and 
the method for fabricating the working electrode of the DSSC is as follows: the FTO conductive glass 
was first cleaned as the platinized FTO substrate, and then 3 M tape (50-μm-thick) containing a 4-mm 
diameter hole was attached. The area of the hole was 0.126 cm2, which was used as the active area for 
the device. Next, a paste of 25 nm TiO2 nanoparticles was coated on the area using the blade-coating 
method and was heated at 150 °C for 10 min. Afterwards, the conductive glass was left to cool to room 
temperature. The steps for the TiO2 coating were repeated to obtain a TiO2 working electrode with a 
thickness of 12 μm. The blade-coating method was employed to coat a layer of TiO2 paste with a particle 
size of 200 nm on top of the TiO2 working electrode to serve as the scattering layer. Subsequently, the 
test piece was put into the furnace and sintered at 500 °C for 30 min. After cooling to room temperature, 
the TiO2 working electrode was immersed in a dye solution for 24 h. For the dye solution, 0.5 mM N719 
dye was used with 0.5 mM chenodeoxycholic acid (CDCA) as the co-adsorbent, and the solvent was 
formed by mixing acetonitrile with tert-butyl alcohol at a volume ratio of 1:1. Subsequently, an 
encapsulating film, with a thickness of 60 μm, was cut to the size of 2.5 cm × 2.5 cm with an area of  
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Figure 1. (a) Three-electrode electrochemical deposition apparatus used for preparation Pt counter
electrode and (b) the preparation process of the Pt counter electrode by chemical reduction.

The preparation process of the Pt counter electrode by chemical reduction is shown in Figure 1b.
First, a chloroplatinic acid (H2PtCl6) solution (5 mM) was prepared in isopropanol. The chloroplatinic
acid solution was dropped on the conductive FTO substrate and sintered at 125 ◦C in air for 30 min.
Then, NaBH4 (20 mM) was added to 10 mL of deionized water. The dried substrate was immersed in
the NaBH4 solution at 40 ◦C for 2 h, and the substrate was finally removed and rinsed with deionized
water to complete the preparation of the platinum counter electrode. For comparison, a traditional Pt
counter electrode fabricated using thermal decomposition was also prepared by applying a platinum
paste onto an FTO substrate using a doctor blade-coating method and sintering at 400 ◦C for 30 min.

2.2. DSSC Device Fabrication

The method for fabricating the counter electrode of DSSCs has been described in Section 2.1,
and the method for fabricating the working electrode of the DSSC is as follows: the FTO conductive
glass was first cleaned as the platinized FTO substrate, and then 3 M tape (50-µm-thick) containing
a 4-mm diameter hole was attached. The area of the hole was 0.126 cm2, which was used as the
active area for the device. Next, a paste of 25 nm TiO2 nanoparticles was coated on the area using the
blade-coating method and was heated at 150 ◦C for 10 min. Afterwards, the conductive glass was left
to cool to room temperature. The steps for the TiO2 coating were repeated to obtain a TiO2 working
electrode with a thickness of 12 µm. The blade-coating method was employed to coat a layer of TiO2

paste with a particle size of 200 nm on top of the TiO2 working electrode to serve as the scattering
layer. Subsequently, the test piece was put into the furnace and sintered at 500 ◦C for 30 min. After
cooling to room temperature, the TiO2 working electrode was immersed in a dye solution for 24 h.
For the dye solution, 0.5 mM N719 dye was used with 0.5 mM chenodeoxycholic acid (CDCA) as the
co-adsorbent, and the solvent was formed by mixing acetonitrile with tert-butyl alcohol at a volume
ratio of 1:1. Subsequently, an encapsulating film, with a thickness of 60 µm, was cut to the size of
2.5 cm × 2.5 cm with an area of 0.8 cm × 0.8 cm cut out from its center. The working and counter
electrodes were assembled using the encapsulating film with a pressure of 3 kg/cm2 at a temperature
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of 130 ◦C. The pressure was applied for 3 min to ensure that the upper and lower electrodes were
closed. After the assembled device was left to cool, 5 µL of the electrolyte was infused into the device
using a micropipette. The electrolytic solution comprised 0.6 M 1-butyl-3-methylimidazolium iodide
(BMII), 0.05 M LiI, 0.03 M I2, 0.5 M 4-tert-butyloyridine, 0.1 M guanidine thiocyanate, and acetonitrile
and valeronitrile with a volume ratio of 5:1. The 0.8 cm × 0.8 cm of the encapsulating film and a glass
plate were used to seal the hole of the counter electrode at a temperature of 130 ◦C under a pressure of
3 kg/cm2 to prevent the electrolytic solution from leaking and volatilizing. Finally, the surface of the
solar cell was wiped clean using alcohol to finish the fabrication of the DSSC device.

2.3. Characteristic Analyses of the Counter Electrodes and the DSSC Devices

This study conducted the following analyses on the Pt counter electrode: the surface
morphology and crystal structure of the Pt electrode were analyzed and observed using a scanning
electron microscope (SEM) (JSM-7000F, JEOL, Ltd., Tokyo, Japan) and X-ray diffractometer (XRD)
(D/Max-2500V, Rigaku Corp., Tokyo, Japan) with a Cu-Kα radiation source and Bragg-Brentano
geometry, respectively, and the catalytic activity of the electrode was measured by employing cyclic
voltammetry (CV) (6116D, CH Instruments, Inc., Austin, TX, USA). The Brunauer-Emmett-Teller (BET)
specific surface area of the Pt electrode was determined using a surface area analyzer (ASAP 2020,
Micromeritics Instrument Corp., Norcross, GA, USA). The electrochemical impedance spectroscopy
(EIS) measurements of the simple symmetric devices (Pt-electrolyte-Pt) were performed using
an impedance analyzer (6116D, CH Instruments, Inc., Austin, TX, USA). Subsequently, this study
used different Pt counter electrodes to fabricate DSSC devices and investigated the influence of the
different types of counter electrodes on the characteristics of the DSSC devices. Finally, the device
characteristics of the DSSCs were comprehensively analyzed using the current density-voltage (J-V),
incident photo-current conversion efficiency (IPCE), and EIS measurement. The complete details of
the measurements are described in a report of our previous work [31].

3. Results and Discussion

3.1. Characteristic Analysis of the Pt Counter Electrode

Figure 2 shows the SEM images of the Pt electrode fabricated through thermal decomposition,
electrochemical deposition, and chemical reduction. The particle size of the Pt electrode fabricated
using thermal decomposition was approximately 60 nm to 80 nm, and the Pt nanoparticles were
distributed on the substrate evenly. The Pt electrode fabricated using the electrochemical deposition
had a globular/agglomerated structure; the size of the globular/agglomerated structure ranged
from 200 nm to 800 nm; and textured Pt nanostructures were observed on the surface of the
globular/agglomerated structures. In addition, the Pt electrode fabricated using the electrochemical
deposition showed a lower distribution density of Pt globular/agglomerated structure on FTO
substrate. The Pt electrode prepared by chemical reduction had a coral-like structure; the size of the
coral-like structure was approximately 600 nm to 1200 nm; and the coral-like structure was composed
of spherical Pt with a diameter of 100 nm. The BET specific surface areas of the three Pt electrodes were
determined using a surface area analyzer, and the surface areas of the Pt electrode fabricated through
thermal decomposition, electrochemical deposition, and chemical reduction were 21.6 m2/g, 31.4 m2/g,
and 23.5 m2/g, respectively. Among the three Pt electrodes, the Pt electrode fabricated through
electrochemical deposition exhibited the largest surface area. This is attributed to the agglomeration of
the textured Pt nanostructures on the surface of the globular/agglomerated structures.

Subsequently, this study adopted XRD to analyze the Pt electrode fabricated through thermal
decomposition, electrochemical deposition, and chemical reduction, respectively. The result of the
XRD measurement is displayed in Figure 3. The XRD signal peaks for FTO conductive substrates
(SnO2:F) were found at 26.5◦, 33.8◦, 37.9◦, 51.7◦, 54.8◦, 61.7◦, and 78.4◦. The peak values of the XRD
signals corresponding to Pt were 39.7◦, 46.4◦, and 67.5◦, and the corresponding lattice planes were
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(1, 1, 1), (2, 0, 0), and (2, 2, 0). Moreover, the signal peaks for the Pt electrode fabricated through
electrochemical deposition were significantly higher than those for the Pt electrodes fabricated through
thermal decomposition and chemical reduction, indicating that the Pt electrode fabricated using
electrochemical deposition had a relatively satisfactory crystallinity. The surface morphology, structure
size, distribution density, and crystallinity of Pt electrode would affect the conductivity and catalytic
activities of the Pt CE.Coatings 2018, 8, x FOR PEER REVIEW  5 of 11 
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Figure 3. XRD spectra of various Pt CEs.

A simple symmetric device was fabricated by assembling two identical Pt electrodes with the
electrolyte; this device was subjected to EIS analysis. In Figure 4, the left semicircle represents the
interface impedance between the Pt CEs and electrolyte, and the right semicircle represents the
diffusion resistance of the electrolyte. The experimental results showed that the interface impedance of
the Pt electrode fabricated using electrochemical deposition was larger than that of the Pt electrodes
fabricated through thermal decomposition and chemical reduction, indicating a larger resistance of
the Pt electrode fabricated using electrochemical deposition. The possible reasons for this result were
the agglomeration of Pt nanostructures in the electrode and the lower distribution density of the Pt
globular/agglomerated structure on the FTO substrate, which resulted in a larger electrical resistance.
In addition, the coral-like Pt electrode prepared by chemical reduction exhibited lower charge transfer
impedance between the Pt CEs and electrolyte.
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Figure 4. The EIS analytic results of simple symmetric devices (Pt-electrolyte-Pt).

This study further adopted CV to measure the three types of Pt electrodes to investigate their
electrochemical catalytic property, as shown in Figure 5. The electrochemical catalytic property of
the Pt electrodes can be determined by the magnitude of the reduction current density in the CV
diagram; the CV result showed that the reduction current density for the Pt electrode fabricated
using electrochemical deposition was larger than that of the Pt electrodes fabricated through thermal
decomposition and chemical reduction reaction. The experimental results revealed that although
agglomeration of Pt nanostructures in the electrochemically deposited Pt electrode exhibited a larger
electrical resistance, it also exhibited an increased surface area, enhancing the reduction current density
in the CV diagram. Overall, the Pt electrode fabricated through electrochemical deposition exhibited
optimal electrochemical catalytic capabilities. The high electrocatalytic activity of the Pt electrode
fabricated through electrochemical deposition is ascribed to its large surface area and good crystalline
nature, as exhibited by SEM, BET, and XRD results.
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3.2. Characteristic Analysis of the DSSC Devices

In addition, this study used different Pt counter electrodes to fabricate DSSC devices and
investigated their influence on the characteristics of the DSSC devices. Figure 6 shows the J-V
measurement results of the DSSC devices, and the obtained parameters are listed in Table 1.
The reproducibility of the device performances based on various CEs was investigated. For each CE,
five identical DSSC devices were fabricated and analyzed. The values shown in Tale 1 are averaged
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values and stand deviations of five devices made under identical conditions. According to the
experimental result, the short-circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF),
and efficiency of the DSSC using the Pt counter electrode fabricated through thermal decomposition
were 16.01 mA/cm2, 0.76 V, 0.63, and 7.66%, respectively. The JSC, VOC, FF, and efficiency of the DSSC
using the Pt counter electrode fabricated through electrochemical deposition were 17.16 mA/cm2,
0.75 V, 0.60, and 7.72%, respectively. The JSC, VOC, FF, and efficiency of the DSSC using the Pt
counter electrode fabricated through chemical reduction were 16.34 mA/cm2, 0.70 V, 0.65, and 7.43%,
respectively. The results showed that among the three Pt electrodes, DSSCs based on the Pt
electrode fabricated with electrochemical deposition exhibited the optimal power conversion efficiency.
In addition, the DSSC using the Pt electrode fabricated through electrochemical deposition had
relatively larger JSC values but smaller FF. This was because the Pt fabricated using electrochemical
deposition had the agglomeration of the textured Pt nanostructures, which provided a larger surface
area (with large active sites for I3

− reduction) and, therefore, a higher JSC. However, the agglomeration
of the Pt nanostructures and the lower distribution density of the Pt globular/agglomerated structure
on the FTO substrate also led to a larger electrical resistance, resulting in a smaller FF. Comparing
our results with the previous literature [24–26], the Pt CEs fabricated in this work exhibited higher
efficiencies. In addition, the processes of electrochemical deposition and chemical reduction do not
require high-temperature sintering; these two methods are suitable for the fabrication of Pt on flexible
plastic substrates.
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Table 1. Photovoltaic characteristics of DSSCs based on various Pt counter electrodes.

Counter Electrode JSC (mA/cm2) VOC (V) Fill Factor Eff. (%)

Thermally decomposed Pt 16.01 ± 0.05 0.76 ± 0.01 0.63 7.66 ± 0.13
Electrochemically deposited Pt 17.16 ± 0.06 0.75 ± 0.01 0.60 7.72 ± 0.14

Chemically reduced Pt 16.34 ± 0.05 0.70 ± 0.01 0.65 7.43 ± 0.13

Figure 7 shows the measurement result of the IPCE of the DSSC devices using different Pt counter
electrodes. Because all DSSC devices used the N719 dye, light absorption ranged primarily between
300 nm and 750 nm. In particular, the IPCE peak near 350 nm was the absorption peak of TiO2,
and that near 530 nm was the absorption peak of the N719 dye. The IPCE peaks for the DSSCs using
the Pt electrode fabricated through thermal decomposition, electrochemical deposition, and chemical
reduction reaction were 79.3%, 88.3%, and 80.2%, respectively. The results showed that the IPCE of
the DSSC device using the Pt electrode fabricated through electrochemical deposition was superior to
that of the DSSC devices using the Pt fabricated with thermal decomposition or chemical reduction.
The result of the IPCE measurement was consistent with that of the JSC values in the J-V analysis.
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Figure 7. IPCE spectra of DSSCs based on various Pt CEs.

The EIS results of the DSSC devices using different Pt counter electrodes are displayed in Figure 8a.
During the impedance measurement, the cell was under constant AM 1.5 G, 100 mW/cm2 illumination.
The impedance of the DSSC device (cell size: 0.126 cm2) was measured by applying a bias at the VOC

of the cell and using an AC amplitude of 10 mV. The frequency range of the impedance spectra was
from 0.1 Hz to 100 kHz. The Nyquist plots of the impedance spectra had three semicircles denoting
the interface impedance of the counter electrode/electrolyte (frequency was greater than 1 kHz),
the interface impedance of the TiO2/dye/electrolyte (frequency was between 1 Hz and 1 kHz), and the
impedance in the electrolyte (frequency was between 0.1 Hz and 1 Hz).
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Figure 8. (a) EIS Nyquist plots of DSSCs based on various Pt CEs and (b) the equivalent circuit model
used to analyze the internal impedance of the DSSCs.

To extract the quantitative impedance characteristics of the DSSCs, an equivalent circuit model
(Figure 8b) was used to analyze the internal impedance of the DSSCs. The electrochemical modeling
software ZSimpWin (EChem Software, version 3.2) was used to analyze the EIS data. The extracted
quantitative impedance parameters from the EIS Nyquist plots of the devices are listed in Table 2.
The series resistance RS is associated with the contribution from the FTO and counter electrodes.
The resistance RCE is associated with the impedance at the Pt/electrolyte interface. The resistance Rct

is associated with the impedance at the TiO2/dye/electrolyte interface. WD (Warburg impedance)
corresponds to the ion diffusion resistance of the electrolyte. The left semicircle shows that the
impedance of the DSSC using the Pt electrode fabricated through electrochemical deposition was
larger than that of the DSSC devices using the Pt fabricated with thermal decomposition and
chemical reduction because of the agglomeration of the Pt nanostructures and the lower distribution
density of the Pt globular/agglomerated structure on the FTO substrate. On the other hand, at the
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TiO2/dye/electrolyte interface, the DSSC using the Pt electrode fabricated through electrochemical
deposition had the smallest impedance. This implies that the Pt electrode fabricated through
electrochemical deposition produced more photogenerated electrons because the agglomeration of Pt
nanostructures also provided a larger surface area. The improvement of JSC is attributed to the high
surface area of the Pt electrode fabricated through electrochemical deposition. The role of the Pt CE in
DSSCs is to catalyze the reduction of the I3

− ions in the electrolyte, which are produced during the
regeneration of the oxidized dyes. Therefore, an increase in the surface area of Pt CE can reduce more
I3
− ions in the electrolyte and regenerate more oxidized dyes, thereby decreasing the recombination

resistance at the TiO2/dye/electrolyte interface.

Table 2. The extract quantitative impedance parameters from the EIS Nyquist plots of the DSSCs.

Counter Electrode RS (Ω) RCE (Ω) Rct (Ω) WD (Ω)

Thermally decomposed Pt 16.16 27.20 41.99 40.13
Electrochemically deposited Pt 15.02 59.62 35.01 28.78

Chemically reduced Pt 20.24 25.82 37.08 34.64

Figure 9 shows the EIS Bode plots of DSSCs using different Pt CEs. For the frequency range
investigated, EIS Bode plots exhibit three peak features: the one at higher frequencies corresponds to the
charge transfer at the Pt/electrolyte interface; the one at middle frequencies corresponds to the charge
transfer at the TiO2/dye/electrolyte interface; and the one at lower frequencies corresponds to the
charge transfer in the electrolyte. In the high-frequency region, the DSSCs using the Pt CEs fabricated
through electrochemical deposition exhibited a higher intensity of peak and a lower characteristic
frequency, indicating a larger charge-transfer resistance at Pt/electrolyte interface. Conversely, in the
middle frequency region, the DSSCs using the Pt CEs fabricated through electrochemical deposition
had the lowest peak intensity, which implies that the Pt CEs fabricated through electrochemical
deposition generated the most photoelectrons. The result of the Bode plots was consistent with that of
the Nyquist plots.
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4. Conclusions

In this study, Pt counter electrodes were fabricated using thermal decomposition, electrochemical
deposition, and chemical reduction, and the influence of different Pt counter electrodes on the efficiency
of the DSSC device was analyzed. According to the result of the SEM analysis, the particle size of
the Pt electrode fabricated using thermal decomposition was approximately 60 nm to 80 nm, and the
particles were distributed evenly on the substrate. The phenomenon of particle agglomeration was
observed in the Pt electrode fabricated using electrochemical deposition. The globular/agglomerated
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structures ranged between 200 nm and 800 nm in size, and textured Pt nanostructures were observed
on the surface of the globular/agglomerated structures. The Pt electrode prepared by the chemical
reduction reaction method existed as coral-like structures with sizes ranging from approximately
600 nm to 1200 nm, and the coral-like structures were composed of spherical Pt with a diameter of
100 nm. Among the three Pt electrodes, the Pt electrode fabricated through electrochemical deposition
exhibited the largest surface area. The XRD result revealed that the Pt electrode fabricated using
electrochemical deposition featured superior crystallinity, and the CV result showed that the Pt
electrode fabricated through electrochemical deposition exhibited the optimal electrochemical catalytic
capability. This study used J-V, IPCE, and EIS measurements to further analyze the characteristics of the
DSSC devices using different types of Pt counter electrodes. According to the J-V result, the efficiencies
of the three types of DSSCs were between 7.43% and 7.72%. The DSSCs based on the Pt electrode
fabricated through electrochemical deposition exhibited the optimal efficiency. Moreover, a DSSC
device fabricated through electrochemical deposition exhibited a relatively higher JSC but smaller
FF. The reason for this was that the Pt CEs fabricated using electrochemical deposition exhibited
the agglomeration of Pt nanostructures in the electrode and, therefore, exhibited a larger surface
area and larger electrical resistance. The EIS results showed that the Pt electrode fabricated through
electrochemical deposition produced more photogenerated electrons because the agglomeration of
textured Pt nanostructures provided a larger surface area. This study demonstrated that a Pt CE
fabricated using electrochemical deposition and chemical reduction can replace a Pt CE fabricated
using thermal decomposition. For electrochemical deposition, the morphology of the Pt electrode
can be controlled using the pH level of the solution, and the thickness of film can be controlled using
the voltage and current values. In addition, electrochemical deposition is a common fabrication
process in the industry and has great potential because it can be adopted to fabricate large-area
electrodes. Because the processes of electrochemical deposition and chemical reduction do not require
high-temperature sintering for the fabrication of a Pt electrode, these two methods are suitable for the
fabrication of Pt on flexible plastic substrates.
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