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Abstract

Fuel Cell is an electrochemical cell that supports clean and alternative energy that is mushrooming nowadays. Being a device
of clean energy production, highly efficient solid oxide fuel cells (SOFCs) are increasing in demands. It converts the chemical
energy into electrical energy in an environmentally-friendly way following green technology route. The SOFCs are one type of
technology that has great promise to improve energy efficiency and to provide the society with clean and abundant energy. Yttria-
stabilized zirconia (YSZ) is used as the electrolyte in SOFC wherein its synthesis with controlled properties is important to obtain
the highest energy efficiency. The overall characteristics of the YSZ thin-film electrolyte in the SOFC are determined by its
structures and morphologies. Based on these factors, a series of YSZ thin films were deposited on the sapphire wafer substrate by
the dip-coating method and sintered in the temperature range of 900 — 1500 °C. The temperature dependent structural and
morphological attributes of such thin films were determined and the prepared samples were characterized using XRD, AFM and
Raman spectroscopy. The XRD patterns of the samples revealed the change in the crystallinity and phase, with an increase in the
sintering temperatures while a tetragonal structure was observed at 1300 °C. Furthermore, the Raman spectral analyses supported
the XRD results. The AFM morphology analysis of the thin films showed an increase in the grain size from 132.25 t0995.2 nm.
The observed temperature-dependent changes in the structures and morphological attributes of these films may be useful for
achieving high ionic conductivity required for an efficient SOFC construction.
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electrical efficiencies (5). The most important part of SOFC
is electrolyte as the subject itself uses solid ceramic materials

1 Introduction
In recent years, generating highly efficient, clean, and

environmentally-friendly sources of energy, energy carrier,
and many more have become one of the biggest challenges
for researchers, engineers, and prosumers. There are a lot of
green technologies such as biomass, fuel cell and solar cell
(1-3). One of the green technologies that have gained overall
interest is fuel cell technology due to global warming that is
now well underway due to the emission of flow out gasses,
such as COx, NOx and so on (4). It is worrisome for future
nature outcomes if this continues happening unchecked (5).
Therefore, it is important to improve the properties of the
YSZ electrolyte films useful for SOFCs. A fuel cell converts
chemical energy to electrical energy in which no combustion
is required during the process (6). In this paper, one of the
fuel cell types called Solid Oxide Fuel Cell (SOFC) is
presented. SOFC has the greatest potential of any fuel
technology due to low-cost ceramic materials and high

as the electrolyte (7). Zirconia is widely used in a corrosive
environment. Usually, it can be found in pipes, steel alloys,
bricks, ceramic, and artificial gemstones. Zirconia is also
utilised for catalytic converters. In other words, zirconia
materials are very universal and widely used. Pure zirconia
(ZrO2) is chosen as the electrolyte material for SOFC
application as it has more advantages in terms of its
properties, such as mechanical, optic, hardness, strength, and
high ionic conductivity (8-10). At atmospheric pressure,
ZrO2 has three polymorphic structures between room
temperature until its melting point is reached at 2826 °C,
namely monoclinic, tetragonal, and cubic (3,11). At room
temperature, the monoclinic structureis thermody namically
stable before turning tetragonal when it reaches 1170 °C.
After that, above 2370 °C (12), a stable cubic structure is
formed. However, the tetragonal and cubic structures can be
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stabilised at room temperature either by doping with cation
covalent/trivalent as stabilisers (e.g. Y203, CaO, and MgO)
or by lowering the crystallite size so that it can fix to more
effective applications in various fields (13). In the SOFC
system, a cubic structure is the most stable structure for
electrolytes and performs the best and highest ionic
conductivity functions due to its equal number number of
vacant oxygen sites in all crystalline lattice directions.
Among all dopants used to stabilise ZrO2, the most suitable
typeis Y203 because of high oxygen ion conductivity. Yttria
has the cubic form of rare earth oxide structure by itself
according to the ordering of oxygen vacancies in the fluorite
structure, along with the directions [111] (14). ZrO>-Y20sor
Yttria-stabilised zirconia (YSZ) is the cubic solid solution
system, whereas tetragonal is also unexceptional because of
both structures’ desire to stabilise at a high temperature (15).
When increasing the value of doping, the conductivity of
YSZ will rise and reach the maximum, thus yielding many
contributions in wide-ranging applications. It offers good
properties such as high mechanical strength, good chemical
stability, high level of oxygen-ion conductivity, and low
thermal conductivity (16,17). The amount of yttriumdoping
is one of the parameters that must be controlled as it will later
influence the grain size, martensite temperature, and strength
properties. According to (11,18), 8mol% of doping yttrium
show the highest ionic conductivity performance.

2 Materials and Experimentals
2.1 Chemicals Materials

Chemicals acquired from Sigma Aldrich to deposit the
YSzZ films were Yttria-stabilised zirconia (IV) oxide,
ethanol, and polyethylene glycol (PEG).

2.2 Instruments

The dip-coater machine (PTL-MMO01) was used for the
preparation of thin films. The hotplate (IKA C-MAG HS 7)
and ultrasonic bath (BRANSON 3510) were also utilised.

2.3 YSZ thin films deposition

By mixing yttria-stabilised zirconia (V) oxide (Sigma
Aldrich, particle size below 100 nm) with PEG as the binder
in a certain amount of ethanol, the suspension for dip coating
was prepared. The mixture was stirred for 2 h on the hotp late
at room temperature before subjected to the ultrasonic
treatment for another 30 min. Sapphire wafer was used as the
substrate, with a dimension of 1 cm X 1 cm. The samples
were cleaned in the ultrasonic bath using ethanol followed
by acetone before they were rinsed in distilled water and kept
dry and clean before they could be used. The coating speed
was fixed at 150 mm/s as each layer of the coating was
prepared. The final process of sintering process was set for
900 °C, 1000 °C, 1300 °C, 1400 °C, and 1500 °C, resulting
in the samples labelled as YSZ9, YSZ10, YSZ13, YSZ14,
and YSZ15 respectively, based on the temperature used.

2.5 Samples Characterizations

The X-ray Diffractometer (Rigaku smartlab X-ray
Diffractometer) With Cu Ko radiation of wavelength, A =
0.154 nm) was used to analy se the structural characterization
of thin films. The pattern of X-ray diffraction (XRD) was
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recorded between 20 ° to 90 ° with the step size of 0.01°.
M eanwhile, the Atomic Force Microscope (Nanowizard® 3
Atomic Force Microscope) was utilised to analyse the
morphology, surface roughness, and thickness of the thin
films. Theimage of the AFM was recorded with a scale of 3
pum?. Raman Spectrometer (UNIDRON Micro Raman
Mapping System) was employed to measure the vibration
bond and crystal structure of the thin films.

3 Results and Discussions
3.1 X-Ray Diffraction crystal phase analysis

Figure 1 shows the XRD patterns of the synthesised YSZ
thin films with one coating layer sintered at different
temperatures. The samples sintered at 900, 1000, 1300,
1400, and 1500 °C were named as YSZ9, YSZ10, YSZ13,
YSZ14, and YSZ15, respectively. The peak appeared when
the thin films were sintered at 1300 °C and above due to grain
growth happening during the heating process. The XRD
patterns revealed the tetragonal structure for YSZ13, YSZ 14,
and YSZ 15 with the highest peak (101) corresponding to the
tetragonal structure. The peak (101) increased from YSZ13
to YSZ14 and decreased at YSZ15. The change of crysta
phase in the thin films is shown in Figure 2 by the shifting
peak at (101) and its increasing intensity. The shifting
showed that the stress and strain effect happened in the film
growth during the heating process. The highest intensity
indicated more crystallinity in the thin films accordingly (8).
The crystallite size, strain and lattice parameter were shown
in Table 1. The crystallite size was calculated by using
Scherrer Formula where the full width at half maximum
(FWHM) of the most intense diffraction peak was chosen:

D= kA
" BcosH ey

where D is Crystallite Size, k is shape factor constant, 8 is
FWHM, @ is diffraction angle (in radians) and A is
wavelength of X-ray. The lattice strain, ¢ was calculated by
Williamson-Hall relation:

__ Bcos

N @)
Inequation 2 ¢ is lattice strain. Last relation equation was

used to find the lattice parameter of tetragonal YSZ:

1 h* +k* PP

d? - a? c? (3)

where d is lattice planer sapcing, h, k, and | is the value of
miller indices for a specific Bragg refelction, while a and ¢
both s lattice parameter. A small difference was seen in the
value of a and ¢ for YSZ13 and YSZ14 compared to YSZ15,
which was reflected by the change in bond distance during
the heating process (19). Besides, the lattice parameter was
calculated after confirming the tetragonal structure
according to the existence of peak at (101), (002) and (110).
Therefore, only YSZ13, YSZ14 and YSZ15 were recorded,
whereby YSZ14 has the highest crystallite size. M oreover, a
slightly shift peak towards the right for YSZ13 and YSZ15
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was observed where YSZ14 recorded the smallest stress 1400 °Cis the most optimize temperature for preparing YSZ
value. From this analysis, it can be concluded that YSZ14 or thin film electrolyte.
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Figure 1: XRD patterns of the deposited YSZ thin films
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Figure 2: Magnified view corresponding to the high intensity peak (101) from XRD
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Figure 3: Raman spectra of the selected films
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Figure 4: a) YSZ10, b) YSZ13, c) YSZ14 and d) YSZ15 are 3-Dimensional AFM
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Table 1: Crystallite size, lattice strain and lattice parameter
of the prepared YSZ thin films

Sample C_rystalllte Lattice Lattice
Size, D .
Code Strain (nm) | Parameter
(hm)
a=3598
YSZ13 24.06 0.0054 c=5186
a=3.601
YSZ14 34.55 0.0038 c=5186
a=3532
YSZ15 31.02 0.004 c=5.068

3.2 Raman spectra

Figure 3 presents the selected Raman spectra of YSZ
films sintered at 1000 °C, 1300 °C, 1400 °C and 1500 °C,
whereby the samples are denoted as YSZ10, YSZ13, YSZ14
and YSZ15, respectively. The observed Raman peaks
showed three prominent peaks related to the Eg (1), Eq (2)
and Eg (3) symmetric vibration modes of tetragonal YSZ
crystal (20). YSZ10 and YSZ13 revealed a single peak at 500
cm'?, depicting a tetragonal YSZ with coupled Zr-O bonding
and stretching mode. Thestretching mode O-Zr-O appeared
at tetragonal YSZ of YSZ14 thin film at its peak of 281.91
cem. The three samples supported the XRD result in
identifying the structure of the film, but YSZ 15 did not show
any signal at all due to some defects occurring during high
temperature treatments.

3.3 Three-Dimensional (3D) AFM analysis

Figure 4 depicts the 3-Dimensional AFM images of the
YSZ thin films. The YSZ thin films displayed homogeneous
surfaces for YSZ10, YSZ13, YSZ14, and YSZ15, whereas
YSZ9 was neglected due to the peak absence in the XRD
pattern prior. Grain growth of the YSZ thin films could be
seen in the images. By increasing the temperature, the grain
boundaries were distinguished and small grains stuck
together to form larger grains. The grain size of the film is
calculated and shown in Table 2. It could be observed that
the grain size increased with incremental sintering
temperatures. Similarly, the root mean square roughness
(RMS) and average roughness (Ra) were important
parameters, whereby the roughness also increased as the
sintering temperature increased. Even though the roughness
for YSZ15 decreased from 181.1 nm to 129.4 nm, the grain
size was too big to be considered. This would be important
for subsequent testing and analysis, such as in terms of
electrical properties in order to achieve a high performance
of ionic conductivity.

Table 2: Grain size, RM S roughness and average roughness
of the prepared thin film samples

Sample | Grain Size | RMS Average

Code (nm) Roughness = Roughness, Ra
(nm) (nm)

YSZ10 | 132.25 16.87 20.87

YSZ13 | 209.55 25.92 42.43

YSZ14 | 232.47 133.6 181.1

YSz15 | 995.2 100.4 129.4

608

4 Conclusions

A series of YSZ electrolyte thin films were deposited
onto the c-plane of the sapphire substrate at different sintered
temperatures and the samples were characterised
accordingly. The sintering temperature variation was found
to significantly affect the structures and morphologies of
these films. The XRD analyses showed the formation of
stable crystalline structures of YSZ sintered at 1400 °C. The
Raman spectra confirmed the occurrence of two prominent
crystalline YSZ peaks at 1400 °C, thereby supporting the
XRD observation. The morphology of the samples sintered
at higher temperatures revealed highly disturbed growths
with the grains merging together, roughening of surface, and
size enlargements. It was worth the efforts to improve the
YSZ thin film structures fromtetragonal to cubic as the cubic
phase was more stable. Hence, the present findings may be
useful for the development of SOFCs to support the green
technology for industrial developments and humanity.
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