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ARTICLE INFO ABSTRACT
Article history: A photoelectrochemical cell (PEC) is a device that converts solar energy into electrical
Received 6 February 2022 energy stored in the form of hydrogen and oxygen. The n-type semiconductor that shows
Accepted 22 July 2022 promising potential as a PEC cell device is known as ZnO. ZnO in the form of nanorods
Available online 12 August 2022 (NRs) is considered capable of increasing the conversion efficiency of PEC performance due
to the large surface area. However, in the energy conversion process, the photoactive layer
Keywords: of the PEC cell corrode easily in the electrolyte solution, reducing the stability of the current
Activation temperature produced and shortening the lifetime of the PEC cell. In this study, the stability improve-
Photoelectrochemical cell (PEC) ment using solid electrolytes in photoelectrochemical technology was studied. Yttria Sta-
Yttria Stabilized Zirconia (YSZ) bilized Zirconia is a type of solid electrolyte that has high mechanical properties and ionic
ZnO NRs conductivity. Activation of YSZ powder at various temperatures is considered very

instrumental to the efficiency of the PEC cell device. XRD, SEM-EDX, and UV—Vis charac-
terized the samples. For efficiency measurement through I-V testing, it is equipped with
photodetectors such as photoresponse of current and voltage as well as photostability. The
higher the YSZ activation temperature, several results were obtained, the larger ZnO NRs/
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YSZ particle size, the lower the thickness of the film, the higher the absorbance value, and
the smaller the band gap. In addition, sample agglomeration occurs at the temperature
with the lowest activation and sample response when irradiated enough. Finally, the ef-

ficiency of the cell increases, namely at the YSZ activation temperature of 1400 °C, where

1% is produced.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Along with the development of science, technology, and
industry, the need for electrical energy is also increasing.
Around 87% of the world's energy consumption comes from
fossils (petroleum, natural gas, and coal) which are not
renewable and naturally have a negative impact on the envi-
ronment [1]. Therefore, the use of environmentally friendly
sources needs to be considered, one of which is solar energy
[2]. Technically, solar energy can be converted into electrical
energy through photovoltaic mechanisms using solar cells [3].
In 1972, the first TiO,-based photoelectrochemical cell (PEC)
research was published and produced a current density of
0.5 mA/cm? [4]. However, even in the latest research, PEC cells
with a tandem structure recorded a current density value of
more than 15 mA/cm? [5]. The main components of PEC-based
solar cell devices consist of photoanodes, counter electrodes,
and electrolytes [6]. In contrast, the semiconductor materials
that are often used as photoanodes are ZnO, TiO,, Cu,0, WO3
and Fe,03 [7].

ZnO is an n-type semiconductor material that is often used
as a photoanode of solar cells because it has an energy band
gap of ~3.37 eV [g], high electron mobility up to 5.000 cm?/Vs
[9] and structural stability when nano [10]. Its existence is easy
to find in nature, in addition to being non-toxic, environ-
mentally friendly, and economical [11]. ZnO is widely used in
various applications such as solar cells [12], gas sensors [13],
and supercapacitors [14]. Besides being applied in bulk con-
ditions, ZnO can be utilized in one-dimensional structural
nanorods by modifying the crystal structure [15]. ZnO nanorod
has the potential to improve light absorption ability compared
to other structures [16]. In addition, ZnO nanorods have a large
surface area that is 7 times higher than the two-dimensional
thin film ZnO structure [17].

Many studies have been conducted on PEC based on the
ZnO nanorod photoanodes (ZnO NRs), including H. J. Tan
(2021), resulting in a current density of up to 0.483 mA/cm?ina
0.1 M Na,SO0s; liquid electrolyte [18]. In another study, a PEC
system based on ZnO NRs/Au produced a current density of
30 A/cm?in 0.1 M Na,SO, electrolyte [19]. Unfortunately, from
these studies, they still use liquid electrolytes that cause the
photoanode to corrode easily in a long enough duration, thus
affecting the lifetime and performance of the PEC cell [20].
This problem is often encountered in PEC water splitting.
When the semiconductor-based photoanode material is
immersed in an electrolyte solution, the H" and OH™ ions will
continuously adsorb and desorb on the cell surface until they
reach dynamic equilibrium [21]. This is the reason why

corrosion can be easily found in photoanode materials. Pre-
vious research has tried to overcome corrosion by coating the
ZnO Nr PEC cells using polyaniline/Au in 0.1 M Na,SO, liquid
electrolyte. However, the current density and efficiency of
solar to hydrogen are still low, which are 10.6 uA/cm? and
0.16%, respectively (influence Au tommy 2020). Therefore, a
solution is needed so that the ZnO Nr photoanode does not
corrode easily. One solution proposed in this research is to use
solid electrolytes instead of liquid electrolytes. The solid
electrolyte used is Yttria Stabilized Zirconia (YSZ).

Yttria Stabilized Zirconia (YSZ) was chosen because it has
high ionic conductivity (>1 x 103 S/cm) [22] and is chemically
stable [23]. In previous research, the synthesis of Ni/YSZ for
fuel cell electrochemical devices succeeded in obtaining an
ionic conductivity of 2.25 x 10~* S/cm and activation energy of
0.562 eV at a sintering temperature of 600 °C [24]. In another
study, the MgO/YSZ for fuel cell electrochemical devices ob-
tained a conductivity of 0.6 S/cm and activation energy of
0.45 eV at a sintering temperature of 800 °C [25]. However,
research on PEC cells using solid electrolytes with sintering
temperatures above 800 °C is still rare. Therefore, this study
combines YSZ-based solid electrolytes with ZnO NRs films as
photoanodes in PEC cells. The variation used is the sintering
temperature of YSZ solid electrolyte (1000, 1200 and 1400 °C)
coated with ZnO NRs film with a layered arrangement is ex-
pected to reduce corrosion and improve corrosion perfor-
mance in PEC cell devices.

2. Research procedure

The ZnO nanorods were synthesized in two steps. The first
stage was the manufacture of ZnO Seed Layer. Synthesis of
ZnO solution occurs by mixing 0.88 g of Zinc Acetate Dihy-
drate and 0.24 L MEA in 20 mL of Ethanol pa using the sol gel
method. First, the ZnO seed layer deposition is carried out on
the ITO Glass substrate with the spin coating method at a
speed of 3000 rpm for 30 s, then heated at 400 °C for 2 h. The
second stage is the growth of nanorods using the hydrother-
mal method. The precursors used are 0.58 g of Zinc Nitrate
Dehydrate and 0.32 g of hexamethylenetetramine (HMTA)
with a growing temperature of 115 °C for 5 h. Finally, the ZnO
NRs are annealed at 500 °C for 2 h. This film preparation is
illustrated in Fig. 1.

The first thing to perform for the synthesis of YSZ solid
electrolyte is the sintering of the YSZ powder at the temper-
atures of 1000, 1200 and 1400 °C, then dissolve it with 300 L IPA
(Isopropyl Acohol) and 180 L HNO; to form a paste. It is then
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Fig. 1 — Preparation of ZnO seed layer and ZnO nanorods.

deposited on the ZnO film using the knife coating technique.
Finally, the sample is annealed at 150 °C for 30 min as illus-
trated in Fig. 2.

The counter electrode used in this study is Activated Car-
bon. The sol gel method was used to synthesize Activated
Carbon (AC). A total of 2 g of AC powder was mixed with 0.2 g
of PVDF, then dissolved with 5 mL of NMP, and later stirred for
24 h at 600 rpm. Activated carbon paste was deposited using
the knife coating technique on the Silicon wafer substrate.
Then it was sintered at 100 °C for 10 min. The layer structure is
shown in Fig. 3.

Then the ZnO NRs/YSZ samples were characterized by
XRD, SEM-EDX, and UV—Vis. The efficiency of the PEC cell
device is known from the I-V test on the solar simulator with
PEC-CELL software. This test determines the maximum cur-
rent efficiency produced by the film added with photodetector
testing, such as current photoresponse.

3. Results and discussion

XRD analysis was performed to determine the crystallinity
and characteristics of ZnO NRs and ZnO NRs/YSZ with
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Fig. 2 — Preparation of YSZ. Solid electrolyte.
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Fig. 3 — Arrangement of ZnO NRs/YSZ. Thin films.

different YSZ annealing treatments. Fig. 4(a) shows the ZnO
NRs as a single phase with a hexagonal crystal structure of the
Wurtzite phase, space group P6spy,c. The ZnO lattice parame-
ters are a, b = 3.250 A, and ¢ = 5.205 A [12] and they complied
with (AMCSD) No. 005203 [26]. While YSZ has a cubic crystal
structure with a space group Fm-3m [27] with YSZ lattice pa-
rameters are a, b, ¢ = 5.154 A [28]. Fig. 4(b), (c), and (d) are the
results of the refinement of ZnO NRs/YSZ with variations in
the YSZ activation temperature. The activation temperatures
given are 1000, 1200 and 1400 °C, respectively.

Sample of ZnO NRs in Fig. 4(a) show the orientation of the
characteristic peaks at 26; 31.7°, 34.4°, and 36.2° with crystal
planes (010), (002), and (011) [29]. Meanwhile, the ZnO NRs/YSZ
samples show the dominant orientation of ZnO characteris-
tics at position 26; 34.8° with the crystal plane (002) and the
YSZ peak at position 26; 30.1°, 50.3° and 59.9° with crystal
planes (111), (220) and (311). In position 26, the diffraction
pattern is in accordance with the research conducted by Ravi
Aggarwal et al. [30]. When the nucleation rate is faster, the
growth of particles with a less agglomeration is obtained, and
the formation of a perfect hexagonal rod structure is lower
[31]. In addition, the higher annealing temperature at YSZ
increases the inter-electrostatic potential and shows a higher
tendency to form larger particle sizes in accordance with the
Scherrer equation (Equation (1)). The particles size based on
the equation are 124, 129 and 134 nm along with the
increasing activated temperature.
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Fig. 4 — Diffraction pattern (a) ZnO NRs, ZnO NRs/YSZ at
several activation temperatures YSZ (b) 1000, (c) 1200 and
(d) 1400 °C.
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SEM testing was carried out with a magnification of 50,000
times to characterize the surface morphology of the ZnO NRs
and ZnO NRs/YSZ samples with variation of YSZ activation
temperature. The test results are shown in Fig. 5(a)—(d). In the
top view of the ZnO NRs sample, it can be observed that the
rods manage to form a hexagonal, which is consistent with
the XRD results. The diameters of ZnO NRs were measured
and plotted using ImageJ and Origin software, respectively.

The analysis results indicate the average rod value of 125 nm,
as seen by the distribution curve plot in Fig. 5(e). The average
diameter of this rod is in accordance with previous research
conducted by Tyona et al. [32].

In the top view of the ZnO NRs/YSZ samples with YSZ
activation temperature variations, the surfaces of all the
samples are agglomerated, as shown in Fig. 5(b)—(d). This
agglomeration is a characteristic of the YSZ ceramics mate-
rials. It is found that the higher applied activation tempera-
ture, the lower agglomeration rate became. This is due to the
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Fig. 7 — (a) Absorbance graph and (b) band gap of ZnO NRs and ZnO NRs/YSZ at several YSZ activation temperatures.

activation temperature of YSZ, which is above 1250 °C with causes more voids in the YSZ to be filled. This causes the YSZ
detention for 2 h, making the YSZ material which originally to become denser and thinner, as shown in Fig. 6.

formed coarse (becomes denser) with a low agglomeration Based on the results of the SEM cross section, it is
rate [33]. In accordance with the results of the XRD analysis, observed that the YSZ layer is clearly visible Fig. 6. The
which show the increasing of particle size, the denser YSZ thickness of the thin film is influenced by several things. The

Table 1 — Absorbance wavelength and band gap ZnO NRs/YSZ.

Sample Absorbance (nm) Band gap (eV)
ZnO nanorods 380 3.15
ZnO NRs/YSZ (1000 °C) 385 3.14
ZnO NRs/YSZ (1200 °C) 392 3.14

ZnO NRs/YSZ (1400 °C) 422 3.13
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Fig. 8 — Photoresponse of ZnO NRs/YSZ.

thickness of the ZnO seed layer can be affected during the
spin coating process. Both the rpm speed and the amount of
ZnO solution that is dropped. The tendency of the YSZ layer
to thin out is caused by the decreasing level of YSZ agglom-
eration at high heating temperatures, as shown in Fig. 5. This
decrease in agglomeration makes the knife coating deposi-
tion smoother. More particles fill the pores, so the layer be-
comes denser and thinner. Meanwhile, when the YSZ with
high agglomeration is deposited, large agglomerate particles
will be harder to fill in the pores so that more agglomerates
will accumulate, resulting in a thicker YSZ layer.

Furthermore, Fig. 7(a) is a graph of the UV—Vis absorbance
data processing, which shows the light absorption properties
of ZnO NRs/YSZ measured in the wavelength range from
250 nm to 800 nm. The ZnO NRs samples and all the ZnO NRs/
YSZ samples show an absorption edge at a wavelength of
about 380 nm. It is accordance with the research conducted by
Zhanget al. [19]. Based on the frequency spectrum of light, the
absorbance wavelength range of this film is 380—422 nm. This
shows that the film is able to absorb visible light wavelength
range [18]. The absorbance value of ZnO NRs/YSZ samples
increases with increasing activation temperature. This is due
to the denser and thinner layer of YSZ leads to more absorbed
light intensity.

Fig. 7(b) shows the band gap of ZnO NRs and ZnO NRs/YSZ
with various activation temperatures. The graph shows that
the higher the activation temperature of Yttria Stabilized
Zirconia (YSZ), the smaller band gap appeared. This is because
there is an oxygen vacancy in YSZ. This oxygen vacancy in-
creases the electron potential that is localized to the vacancy
site [34]. As a result, these localized electrons form donor
levels close to the Fermi energy, so the band gap will decrease
as the activation temperature increases.

In addition, the band gap value affects photon absorption
in thin films, where the smaller the band gap, the more optical
absorption occurs. This facilitates the transfer of electrons
from the valence band to the conduction band [35]. The
absorbance and band gap values are illustrated in Table 1.

Based on the analysis, it is known that the highest
absorbance occurs in the material with the smallest band gap
energy. Thus, it is concluded that this material is consider-
ably good if applied as a solar cell device. Fig. 8 shows the
photoresponse graph of the ZnO NRs/YSZ thin film at several
YSZ activation temperatures. Testing this sample requires a
solar simulator with a light source intensity of 100 mW/cm?.
From the graph, it is known that this thin film has a fairly
good response.

It is shown that when the sample is illuminated by the
solar simulator, the photocurrent shows a rapid increase fol-
lowed by a slow increase without reaching saturation [36]. The
sharp peak current occurs because of the synchronization
process when there is a change from dark to light and vice
versa [37]. In the absence of light, the photocurrent decreases
continuously, then decreases slowly until it reaches a mini-
mum value.

Fig. 10 is a photoresponse fitting of the current ZnO NRs/
YSZ film. The graph between the current and time in light
irradiation on or off can be matched using the exponential
shown in Equation (2).

I=I,+Aexp(-t/7) 2

where Iis the current as a function of time, A is the amplitude,
t is the time, © is the relaxation time constant. This will
determine the ride time (t,) and decay time (tq).

The graph shows that the rising response time of ZnO NRs/
YSZ is shorter than the decay time shown in Fig. 9. This is
because the light hitting the ZnO NRs/YSZ film produces
electron—hole pairs. Thus, it is easier for electrons to be
excited from the valence band to the conduction band. At the
same time, the holes will oxidize the oxygen ions on the
surface. When there is no light, the reaction with oxygen ions
is difficult to release because the oxidation process takes a
long time [38].

From the photoresponse graph of the current measure-
ment, it is found that the higher the activation temperature
when irradiated, the faster the response time of ZnO NRs/YSZ.
However, as evidenced by the sample, response time is still
less than 1 s. Meanwhile, even though the response is not
linearly faster when dark, the time required is still less than
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Fig. 9 — Photoresponse fitting current ZnO NRs/YSZ at several activation temperatures YSZ.

2 s. This is because as the activation temperature of YSZ in-
creases, the ionic conductivity also increases.

Ion conductivity itself is the movement of ions due to the
presence of electricity. Therefore, the movement of ions in the
ZnO NRs/YSZ samples during testing becomes faster, which
shortens the relaxation time as the activation temperature
increases. The results of photoresponse fittings are shown in
Table 2. The I-V testing of the ZnO NRs/YSZ films was
accomplished using a solar simulator and PEC-CELL software.
Based on the graph, Equations (3) and (4) are obtained to
determine the efficiency of the PEC cells [39].

Vmax X Imax

FF=—37— 3)
~ Vo x I XFF o
m= e X 100% (4)

Based on the results of the analysis that have been carried
out, the current efficiency of the ZnO NRs/YSZ samples at the

Table 2 — Photoresponse current fittings ZnO NRs/YSZ.

Sample Light on (ty4) () Light off (ta1) (s)
ZnO NRs/YSZ

1000 °C 0.74 1.15

1200 °C 0.72 1.56

1400 °C 0.46 1.72

temperatures of 1000, 1200 and 1400 °C is 0.64, 0.70 and
1.00%, respectively. The graph of the efficiency of ZnO NRs/
YSZ thin films at several YSZ activation temperatures is
shown in Fig. 10.

It can be concluded that the higher the YSZ activation
temperature, the higher the efficiency of the current gener-
ated. This is in accordance with the research conducted by
Guan et al., where the optimum YSZ activation temperature
was produced above 927 °C. This happens because, at high
temperatures, oxygen anions in YSZ are no longer retained in
the lattice. This causes delocalization, resulting in oxygen
vacancy gradually occurring in the hkl plane (112) [40]. The
parameters of the results of the ZnO NRs/YSZ sample fittings
are shown in Table 3.

4, Conclusion

The increase in the YSZ activation temperature on the ZnO
NRs/YSZ thin films causes the crystallinity of ZnO NRs/YSZ to
be higher. The highest agglomeration occurs in the sample
with the lowest activation temperature. The increase in the
YSZ activation temperature also causes oxygen vacancy in
the YSZ solid electrolyte, causing the band gap to become
smaller. This is inversely proportional to the absorbance
value of this thin film wavelength. This is because the highest
optical absorption occurs in the sample with the highest
crystallinity. In the Photodetector test, it is found that the
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Table 3 — Efficiency parameters of PEC ZnO NRs/YSZ cells.
Parameter 1000 °C 1200 °C 1400 °C Acknowledgment
R. (ohm) 10.12 14.27 10.03 ) ) o )
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Jse (MA/cm?) 0.50 0.44 0.64 Malang, Indonesia through RKIPNBP funding research for NM.
Vo (V) 2.53 3.14 3.21
Fill factor 0.39 0.39 0.50
Prax (W) 161 176 2.07 REFERENCES
Lmax (MA) 0.35 0.32 0.43
Vinax (V) 4.60 5.49 4.83
Efficiency (%) 0.64 0.70 1.00

higher the activation temperature, the faster the response of
the sample. This owes to the higher conductivity of the ions
produced. Finally, the highest efficiency of the photo-
electrochemical cell device is found in the sample with an
activation temperature of 1400 °C, which is 1%. This happens
because, at high temperatures, oxygen anions in YSZ are no
longer retained in the lattice and cause delocalization,
resulting in gradually oxygen vacancy.
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