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Abstract: Zinc oxide (ZnO), a direct wide band gap semiconductor (>3.30 eV), has widespread
potential for applications in energy devices and related industries. The initial physical demonstration
of ZnO in ceramic fuel cells (CFCs) gave a new view of developing high ionic conductivity for
multifunctional semiconductor technology. However, in the present work, we successfully synthe-
sized highly textured nanoparticles of ZnO using a hydrothermal method followed by sintering in a
reducing atmosphere. The resultant ZnO materials as electrolytes showed efficient ionic conductivity
(5.28 x 1072 Scm™!) and an excellent power density of 520 mW cm~2 =+ 5% at 550 °C for low-
temperature ceramic fuel cells (LT-CFCs). The achievement of enhanced ionic conductivity without
any external ions or cation doping in the CFC was anticipated, since there was a rare possibility
of vacancies in the bulk ZnO structure to conduct oxygen ions or protons. Therefore, we found
that laterally the surfaces of the ZnO nanoparticles could be textured to become oxygen-deficient
when sintered in an H, atmosphere, which suggests a special mechanism for effective ionic trans-
port. Furthermore, experimental analyses such as SEM, XPS, UV-visible, and EIS methods were
performed to analyze the changes in the structural properties and mechanism of ionic transport in
ZnO nanoparticles. The presented work provides insights into a novel approach for developing high
ionic conductivity in electrolytes in low-cost semiconductor oxides such as ZnO for energy storage
and conversion devices.

Keywords: hydrothermal method; ZnO nanoparticles; reducing atmosphere conditions; ionic trans-
port; spectroscopic studies; LT-SOFCs

1. Introduction

The development of low-cost semiconductor oxides with optimized ionic conductivity
(for oxides and protons) has attracted growing interest due to their widespread applications
in solid oxide fuel cells (SOFCs) and proton ceramic fuel cells (PCFCs) [1]. Most often, yttria-
stabilized zirconia (YSZ) is used as an electrolyte in state-of-the-art commercial SOFCs,
which shows adequate ionic conductivity only at high temperatures (>800 °C), which
creates many technical challenges in terms of material selection and long-term durability,
restricting the widespread application of SOFC technology [2]. Developing an alternative
electrolyte with good ionic conductivity at intermediate temperatures (400-700 °C) is
highly desirable [3]. Alternatively, doped barium cerates and zirconates-based perovskite
oxides have attracted considerable attention for developing high proton conductivity at
intermediate temperatures and have demonstrated high power outputs in PCFCs [4].

Crystals 2022, 12, 1519. https:/ /doi.org/10.3390/ cryst12111519

https://www.mdpi.com/journal/crystals


https://doi.org/10.3390/cryst12111519
https://doi.org/10.3390/cryst12111519
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0001-8834-3670
https://orcid.org/0000-0002-1081-9090
https://orcid.org/0000-0002-2242-9874
https://doi.org/10.3390/cryst12111519
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12111519?type=check_update&version=2

Crystals 2022, 12, 1519

20f13

However, most proton-conducting electrolytes suffer from poor chemical stability, e.g., in
COy, Hy, or H,O atmospheres. Recently, materials with dual-ion-conducting (O?~ /HY)
capabilities have been proposed as a new class of electrolytes for intermediate-temperature
fuel cells, as they exhibit low ohmic resistance without external gas humidification [5-7].

The development of a new semiconductor oxide electrolyte for SOFCs has attracted
much more interest. Compared to the traditional concept, semiconductor electrolytes
have multiple functions and transport channels for protons, oxygen ions, and electrons or
holes. The feasible application of semiconducting oxides as electrolytes has led to a new
perspective and strategy for developing low-temperature SOFCs. Therefore, a series of
semiconducting or semiconductor heterostructure electrolytes have been studied in the
past several years [8-12]. ZnO has gained a great deal of attention for its use in wide direct
energy band gap semiconductors with smaller dispersive energy bands. Following this,
Xia et al. reported a p-n heterostructure of BaCog 4Fey 4Zrg1Y(.103-5-ZnO, which exhibited
remarkable ionic conductivity performance in fuel cells operating at 450-500 °C [13]. In
our latest study, we introduced a semiconductor heterostructure consisting of p-type
SrFe »Tip sO3 and n-type ZnO. It was evaluated as an electrolyte in LT-SOFCs by achieving
a good peak power density of 650 mW cm~2 at 520 °C [14]. In another work, Xia et al.
reported high ionic conductivity and power outputs in Li-doped ZnO and La/Pr-doped
CeO7-ZnO heterostructures [15,16]. These results mentioned above indicate the potential
application of Zn electrolytes in a fuel cell that can achieve encouraging power densities
at low operating temperatures of 450-550 °C, which are comparable to those used for
thin-film SOFCs using pure ion-conducting electrolytes, e.g., YSZ.

However, the further control of the morphology and sintering conditions to achieve
nanocrystalline semiconductor oxides has recently gained considerable attention. There-
fore, in this study, we have synthesized ZnO nanoparticles with a potentially desirable
morphology to regulate their electrical properties. The synthesis of ZnO was achieved by
following the three preparation processes: (i) co-precipitation; (ii) hydrothermal techniques;
(iii) dry freezing techniques. The as-prepared ZnO powder was studied via morphological,
chemical, and structural analyses. The “surface locking” effect for the ion transport was
introduced to explain the possible in situ defects in the ZnO surface layer upon exposure
to Hj in fuel cell conditions, which facilitates the ions” migration, followed by internal
cavity development (the accumulation and depletion region of charges). Spontaneous
ionic transportation was recorded in the developed ZnO, revealing the optimum ionic
conductivity rate (up to 5.28 x 1072 S cm~!) along with a power density of 520 mW cm 2
when operating at 550 °C. We anticipate that based on our findings, the proposed strategy
can potentially be evolved for novel materials with exceptional functionalities to fabricate
highly efficient PCFCs and SOFCs.

2. Materials and Methods
2.1. Synthesis Procedures

The nanoparticles of ZnO were synthesized by following a three-step procedure. For
this, the zinc acetate (ZnC4HgO4) was bought from Shanghai Macklin Biochemical Co., Ltd.,
Shanghai, China, at a purity level of up to 98.5%. At first, the zinc acetate was dissolved
into deionized (DI) water, and a 0.1 mol/L solution was prepared. Similarly, 0.2 moles
of NayCO3 were dissolved into 100 mL of DI water and poured drop-by-drop into the
0.1 mol/L solutions of ZnC4HgO4 while stirring continuously. The resulting product was
a milky white precipitate, which was further transferred into a Teflon autoclave for the
hydrothermal treatment and placed at 180 °C for 12 h using a vacuum oven.

Consequently, the obtained fine suspension was washed with absolute ethanol/deionized
water many times to avoid surface-adsorbed water. The obtained precursors were then
dried via the dry freezing method for 4 h to evaporate the absorbed water. Lastly, the
collected powders were calcined at 700 °C in air and afterward followed by reducing
atmosphere (Hy) at 550 °C for 4 h to obtain reduced nanoparticles of ZnO.
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2.2. Characterizations Tools and Electrochemical Measurements

The structural crystallinity of the prepared ZnO nanoparticles was analyzed via
X-ray diffraction using a Bruker D8 Advanced X-ray diffractometer (Bruker Corporation,
Ettlingen, Germany) with Cu Ko monochromator radiation at A = 1.5418 A in the 20 range
of 10-70° with a step size of 0.2°/min. At the same time, the FEI Tecnai GI F30 device,
JEOL JSM7100F high-resolution transmission electron microscope (HR-TEM), and a field
emission scanning electron microscope (FE-SEM) were employed to investigate the mi-
crostructure, crystal structure, and chemical composition of synthesized ZnO. Furthermore,
the chemical oxidation states were studied via X-ray photoelectron spectroscopy (XPS,
Physical Electronics Quantum 2000, Al K« X-ray source). The raw data were fitted using
CASA XPS software. The solar spectral absorption was measured using a UV-Vis 3600 spec-
trophotometer over a wavelength of 200-800 nm. A thermogravimetric analysis (TGA) was
performed using a 449F3 simultaneous thermal analyzer in air atmospheres at 30-800 °C.

2.3. Complete Fabrication of Fuel Cells

Herein, we employed a simple one-step dry pressing technique to construct the solid
fuel cell devices incorporating dense ZnO electrolytes and porous NiggCoig 15Alg 05LiO05.5
(NCAL) electrodes. In detail, the layered and structured NCAL powders acquired from
Bamo Sci. and Tech. Joint Stock Company Ltd., Tianjin, China, were mixed into C;9H;50 to
make a homogeneous slurry and painted with a brush onto porous Ni foam. Afterward,
the NCAL-painted Ni-foam was dried in an oven at 120 °C for 2 h for use as an electrode.
Finally, synthesized ZnO nanoparticles and commercially acquired ZnO powders were
pressed between two NCAL/Ni foam electrodes in a steel mold with a diameter of 13 mm
(pressure, 240 Mpa) to obtain solid fuel cell devices with a total thickness of 1.5 mm and
active area of 0.64 cm?. The performance of the as-fabricated fuel cells was determined
using the ITECHS8511dc electronic load instrument (ITECH Electrical Co., Ltd., New Taipei,
Taiwan), where Hj acts as the fuel and atmospheric air acts as the oxidant, with the flow
rates of 100-110 mL/min and 100 mL/min, respectively. The obtained I-V and I-P curves
of the measured data are presented here to show the electrochemical properties of the
fabricated FC devices. A Gamry Reference 3000 (Warminster, PA, USA) workstation was
used to measure electrochemical impedance spectroscopy (EIS) under an open-circuit
voltage (OCV) with 10 mV of DC signal over the frequency range of 0.1 to 10° Hz. The
recorded data were analyzed using ZSIMPWIN software.

3. Results
3.1. Structure and Composition Analysis

Figure 1a represents the X-ray diffraction patterns of pristine prepared ZnO nanoparti-
cles and reduced ZnO, where key diffraction peaks are at 20° positions of the 31, 34, 36, 47,
56, 62, 67, and 68, which can be identified as the (100), (002), (101), (102), (110), (103), and
(112) planes, respectively, with hexagonal wurtzite-structured ZnO [14,15]. It is evident that
there are no extra peaks in the patterns of ZnO nanoparticles rather than sharping, which
eliminates the possibility of additional phase formation after reducing into Hy, except for
the wurtzite structure phase and a very small scattering at 26° positions at 29 and 50, which
possibly could be due to an impurity in the darning experiment. Moreover, the Rietveld
refinement of the measured XRD data was achieved using Prof-Suit software for the ZnO
nanoparticles, which showed a good fit to the experimental data and confirmed that the
reduced ZnO particles had a hexagonal wurtzite structure, as shown in Figure 1b. To verify
the crystallography of the synthesized ZnO nanorods, HR-TEM was used. Figure 1c,d
shows an HR-TEM image, where the d-spacing value calculated using a digital micrograph
is 0.28 nm, which can be assigned to the (100) plane [17-19].
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Figure 1. (a) X-ray diffraction patterns of synthesized nanoparticles ZnO (b) after heating in the H,
atmosphere and (c,d) the crystal structure and d-spacing of the reduced ZnO particles measured

via HR-TEM.

Figure 2 shows SEM images of the synthesized ZnO, revealing the sophisticated and
fine surface morphology of the ZnO nanoparticles without any agglomeration. The fine
growth of the ZnO particles and the imposition of agglomerates was achieved due to
the purity of the synthesis method. Moreover, energy-dispersive spectroscopy (EDS) was
employed to assess the elemental mapping. Figure 2f shows the combined chemical distri-
bution mapping of ZnO at the particle level, revealing the uniform chemical distribution of
the Zn (green color) and O (yellow color). Further, Figure 2g,h discloses the presence of
each element (i.e., Zn and O) separately in the ZnO nanoparticles. The EDS spectra were
also obtained to assess the elemental presence revealed in the EDS mapping, as shown
in Figure 3, where overall percentages of 54.4% for Zn and 47.6% for O were observed.
Hence, based on the mentioned results, the as-prepared ZnO particles correspond to the
nano level and are well-aligned, leading towards surface area enhancements incorporating
abundant active sites, which play a key role in the efficient performance of solid fuel cell

devices [20-22].
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Figure 2. (a—e) SEM images of ZnO at different scales. (f-h) EDS element mapping of synthesized
ZnO nanoparticles.
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Figure 3. Energy-dispersive spectroscopy (EDS) spectrum of as-prepared ZnO nanoparticles.
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3.2. Electrochemical Performance Measurements

For effective ion-conducting electrolytic performance in a fuel cell, the electrochemical
properties of the prepared ZnO nanoparticles were compared to that of ZnO purchased
commercially. The typical current-voltage (I-V) and associated power density (I-P) char-
acteristics of fuel cells utilizing commercial ZnO and our synthesized ZnO material as an
electrolyte operating at 550 °C are shown in Figure 4a. Our synthesized ZnO electrolyte
demonstrated an OCV of 1.10 V and a maximum power density (Pmax) of 520 mW cm?,
in contrast to the Pmax of only 320 mW cm? displayed by the ZnO that was purchased
commercially, which was an appreciable improvement in electrochemical performance
when operating at 550 °C [23-25]. Additionally, as shown in Figure 4b, our prepared ZnO
electrolyte fuel cell showed excellent electrochemical performance even at low temper-
atures. At 500 °C and 450 °C, it showed peak power densities of 380 and 260 mW c¢m?,
respectively. The improved electrochemical performance of the synthetic ZnO electrolyte
over the commercially purchased ZnO particles points to the critical importance of the
synthesis process and nanostructured morphology, in which the surface layer of ZnO could
easily be reduced and could create a strong surface-oxygen-deficient layer structure to
establish the surface path for the simple transport of H* when exposed to Hj in fuel cell
conditions [20]. Due to its high surface-active area and ease of surface layer reductions, the
prepared ZnO material could help the electrochemical process by facilitating better proton
intercalation. As a result, it can be concluded from the findings that the nanostructured
stoichiometry of ZnO produced in three synthesis steps could be useful in controlling the
structural properties of the surface. In this manner, the ZnO surface’s heterolytic dissocia-
tion of Hy to form Zn-H and O-H species is kinetically favored. With the reduction of the
ZnO surface layer, the resulting Zn-H further evolves into the thermodynamically more
stable O-H species.

i
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Figure 4. Characterization of the electrochemical performances: (a) characteristics curves of the typi-
cal current-voltage utilizing our ZnO nanoparticles and commercially purchased ZnO nanoparticles
as electrolytes in fuel cells operated at 550 °C; (b) fuel cell performances using our prepared ZnO as
an electrolyte under different operating temperatures of 450-550 °C; (c) cross-sectional SEM images
of a tri-layer electrolyte-supported symmetrical fuel cell along with the prepared ZnO electrolyte
examined after the electrochemical test; (d—f) EDS mapping of the ZnO electrolyte and Ni contents in
the NCAL electrode.
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Figure 4c illustrates the cross-sectional SEM image of a ZnO-based fuel cell before and
after the operation, e.g., sintering and testing. It is evident from the SEM images that the
fabricated ZnO electrolyte layer seems dense and tightly held with the adjacent anodes,
without any cracks after the fuel cell performance operation. The adhesive and dense struc-
ture of the ZnO electrolyte could prevent gas leakage for better fuel cell performance [23,26].
Moreover, Figure 4d—f show the EDS mapping of the cross-sectional SEM images of the
zinc-oxide-based fuel cells, where the distribution of Zn in the intermediate layer and Ni
from the NCAL electrodes at the both edges of the cell can be seen.

3.3. Electrochemical Impedance and Electrical Conductivity

Additionally, EIS characterizations of the cells were carried out using a synthesized
ZnO-nanoparticle-based electrolyte in an atmosphere of H, and air at 450-550 °C under
OCYV conditions. Figure 5a—c illustrates the Nyquist curves of the measured EIS spectra. The
equivalent circuit modeling of Ro-(R;-CPE;)—(R,-CPE;) was carried out using ZSIMPWIN
software; here, R, is the ohmic resistance from the electrolyte and R; and R; are the charge
transfer and mass transfer losses of the fuel cell with the ZnO electrolyte, respectively. The
EIS spectra show that the R,, of the fuel cell with ZnO significantly decreased in Hj /air
(fuel cell operating conditions) at a high temperature compared to low temperatures. For
instance, the ZnO electrolyte fuel cell showed R, values of only 0.18 Qcm? in H, /air at
550 °C and 0.78 Qcm? at 450 °C. At low operating temperatures of 500 and 450 °C, a
distinct difference in polarization loss (R and Rj) values was also noticeable. According
to these findings, its surface may be reduced when ZnO is exposed to the H, atmosphere,
and protons may move through this layer more easily. Then, as shown in Figure 5a—c, it
dissolves the accumulation layer at the electrode—electrolyte interface, lowering the fuel
cell’s charge transfer resistance (R;) and mass transport resistance (Ry). The capacitance
value may follow the decrease in mass and charge transfer values at each cell’s electrode—
electrolyte interface. (i.e., R;~C1, Ry~Cjy), where the capacitance can be determined by

G = (R‘%i)l/n, where R is the corresponding resistance and n is the frequency power
[0<n< 1]l of the Q values [11,24,25,27]. The ionic conductivity of the synthesized ZnO in
both fuel cells was evaluated using the Ro values of the fitted data. As shown in Figure 5d,
the ionic conductivity of the synthesized ZnO nanoparticles is 5.28 x 1072 S cm~!, which is
much better at this operating temperature. Since it is difficult for oxygen ions or protons to
move through bulk ZnO, the conductivity results confirm our findings that the ZnO surface
may be reduced to deficient ZnO and may support rapid protonic transport. However,
these results indicate that ZnO nanoparticles synthesized using three-step methods could

be good candidates for electrolyte applications in advanced ceramic fuel cells [20].
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Figure 5. (a—c) Impedance spectra for the fuel cell prepared with the ZnO electrolyte layer measured
in Hy/air at 450 °C-550 °C, respectively, where different colors represent the data measured at
different frequency. (d) Measured ionic conductivity of the ZnO electrolyte at 450-550 °C.

3.4. Spectroscopic Analysis

Additionally, a wide range of spectroscopic methods, including UV-visible, TGA, and
X-ray photoelectron spectroscopy methods, were used to investigate additional structural
characteristics of ZnO and reduced ZnO nanoparticle powders. The ZnO and reduced
ZnO’s UV-visible absorbance spectra are shown in Figure 6a. It is possible to see a
substantial difference in the absorbance spectra of the as-synthesized ZnO nanoparticles
and reduced ZnO nanoparticles. The variations in absorbance spectra indicate that ZnO’s
energy band gap is lower than the expected band gap (3.2 eV); this is only possible because
of the surface reduction and the creation of oxygen vacancies. This is widely reported when
a large number of oxygen vacancies are produced, which also reduce the metal oxides’

energy band gaps [21,24,25,28].
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Figure 6. (a,b) UV-visible and TGA spectra of as-synthesized ZnO and reduced ZnO powders,
respectively.

Moreover, the TGA was conducted in air at 30 to 800 °C to further investigate the
effects of the reducing atmosphere on the ZnO nanoparticles, as demonstrated in Figure 6b.
The evaporation of the absorbed water is indicated by the rapid weight loss in both samples
around 100 °C. The other rapid weight changes begin at around 300 °C for the reduced ZnO
nanoparticles, while the other rapid weight changes start at 500-600 °C to release lattice
oxygen in the form of oxygen vacancies. The reduced ZnO sample exhibits the highest
mass change, which is fully evident and supports our hypotheses. The large mass change
in reduced ZnO nanoparticles could be released easily because of the softening of the Zn-O
bands when exposed to Hp and O.

Figure 7a,b demonstrates high-resolution XPS spectra of the as-synthesized and re-
duced ZnO powders. The high-resolution XPS spectra were fitted using a mixture of
Lorentzian and Gaussian functions after Shirley’s background was removed. Before the
following electrochemical performance measurements, we were interested in observing
the chemical and electronic state configuration changes of the Zn-2p, Ols, and C1s spec-
tra. The XPS spectra of Zn-2p( /53/7) are shown in Figure 7a. Before exposure to the H,
atmosphere, they appear at a binding energy of 1022.32/1044.0 eV, while after exposure
to the ZnO nanoparticles they appear at a binding energy of 1021.93/1043.22 eV. These
shifts in B.E of Zn-2p(1/2,3/7) show a decrease in ZnO after exposure to Hy. The Zn-2p
structures presented an overall shift to lower binding energies, which is usually related to a
non-stoichiometric formation. Additionally, a material’s Ols spectra impact a material’s
ionic conductivity [29,30]. Lattice oxygen (Op5t) and oxygen vacancy peaks can be seen
in the Ols spectra following the fuel cell measurements, as depicted in Figure 6b. After
exposure to a reducing atmosphere, the ZnO’s Ols spectra show two partially superim-
posed peaks. Two significant excitations are present: the first involves lattice oxygen band
O1ls, while the second may be a deficient ZnO band with binding energies (B.E.) between
528 and 533.5 eV [28,29]. The oxygen lattice accounts for the low B.E. peak at 529.2 eV,
while the additional oxygen vacancies account for the high B.E. peak at 531.42 eV. Increased
oxygen vacancies, which are crucial for high fuel cell performance, are indicated by an
enhanced area percentage ratio for Op 4t /Oyac in the reduced ZnO [21,28]. Moreover, as
demonstrated in Figure 8, these findings demonstrate that an in-situ surface reduction
creates oxygen vacancies for fast proton transport. As a result, our developed method may
offer a new approach to producing high-performance LT-SOFC electrolyte materials [31].
This indicates that the ZnO seems to have more oxygen vacancies than pristine ZnO after
the fuel cell performance measurements. Figure 8 illustrates a schematic illustration of
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the process for configuring a deficient ZnO layer necessary for the mobility of oxygen and
proton ions.
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Figure 7. (a—c) X-ray photoelectron spectra of the Zn-2p, Ols, and Cls spectra of as-synthesized ZnO
powders after fuel cell performance measurements, where different colors represent various peaks of
XPS spectra.
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Figure 8. The electrochemical processes involved in the phase transition of ZnO to deficient ZnO for
ionic transport in the operation of a zinc—oxide-based fuel cell.
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Previous studies have demonstrated that ceramic fuel cells using Nig §Cop 15Alg,05LiO2
(NCAL) symmetrical electrodes exhibit good electrochemical performance in the tempera-
ture range of 450 to 600 °C. NCAL at the anode side is reduced by H; to produce Li;CO3 or
a lithium hydro-oxide (LiOH) species mixture and diffuses into the electrolyte part, which
causes high ionic conductivity throughout the electrolyte layer [31]. In this way, the LIOH
or LipCOg is produced by the NCAL after H, reduction and after diffusing the electrolyte
particles and forms a core—shell composite electrolyte. However, the partial melting and
softening of Li;CO3/LiOH in the operating temperature range of 450-500 °C could be the
main reason for the high performance of the ZnO-based fuel cell, as shown in Figure 7c (C1s
spectra). A similar mechanism is also reported for CeO,, TiO,, and ZrO; [31]. According to
the final step in Figure 8, the proton transport is associated with a layer of ZnO particles on
the surface.

4. Conclusions

We successfully combined three synthesis techniques to prepare and characterize a
ZnO-nanostructured material. Moreover, due to the hexagonal wurtzite nanostructure,
the synthetic nanostructured ZnO exhibits exceptional ionic conductivity during fuel cell
operation. The ionic conductivity was 5.28 x 1072 S cm~!, which is high. At 550 °C, the
fuel cell with the prepared ZnO as the electrolyte demonstrated a high-power density of
520 mW cm?. Additionally, we investigated the mechanism underlying the upsurge in ionic
conductivity of the reduced ZnO nanoparticles during fuel cell operation using various
microscopic and spectroscopic analyses. We noticed that the synthetic nanostructured ZnO
surfaces are quickly reduced to form an oxygen-deficient layer and to efficiently expedite
proton transport when exposed to a reduced atmosphere. Our findings and the character-
istics of the ZnO's structural changes were clearly described by the ex-situ spectroscopy
results, which included EIS, UV-visible, XPS, and TGA methods. In conclusion, this tech-
nique might be the inspiration for the formation of novel proton-conducting electrolytes
and oxides based on zinc oxide, which may benefit all energy devices and material systems.
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