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Abstract: The Co-based perovskite La0.6Sr0.4CoO3 has received significant attention as a potential
electrocatalyst for its oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) due
to its abundance, facile synthesis, and high oxygen kinetics. However, research on the catalytic
performance of Ni-doped La0.6Sr0.4Co1−xNixO3 as a bifunctional cathode catalyst for Zn-air batteries
(ZABs) is still scarce. In this work, lanthanum strontium cobalt-based perovskite catalysts with
various Ni contents (La0.6Sr0.4Co1−xNixO3, x = 0, 0.2, 0.5, and 0.8) were synthesized using a simple
combustion method. The effects of Ni doping on the morphology, structure, surface oxygen-related
species, and valence states of the transition metals of the perovskite were characterized. The elec-
trochemical behaviors of the perovskite catalysts in both ORR and OER were also assessed. The
characterization results revealed that proper Ni doping can decrease particle size, increase surface oxy-
gen vacancies, and create mixed valence states of the transition metal and, thus, lead to improvement
of the electrocatalytic activity of perovskite catalysts. Among the different perovskite compositions,
La0.6Sr0.4Co0.8Ni0.2O3 exhibited the best ORR/OER activity, with a higher limiting current density,
smaller Tafel slope, higher half-wave potential, lower overpotential, and lower potential difference
than the other compositions. When La0.6Sr0.4Co0.8Ni0.2O3 was applied as the cathodic catalyst in
a primary ZAB, it delivered a peak power density of 81 mW cm−2. Additionally, in rechargeable
ZABs, the La0.6Sr0.4Co0.8Ni0.2O3 catalyst exhibited a lower voltage gap (0.94 V) and higher stability
during charge–discharge cycling than the commonly used catalyst Pt/C. These results indicate that
Ni-doped La0.6Sr0.4Co0.8Ni0.2O3 is a promising bifunctional electrocatalyst for ZAB.

Keywords: Ni doping; perovskite; bifunctional electrocatalyst; oxygen reduction and evolution
reaction; Zn-air battery

1. Introduction

With the depletion of fossil fuels and with non-renewable energy sources becoming a
pressing issue, there is an urgent need to search for new alternative energy sources and
related energy conversion and storage devices [1–3]. In recent years, green, effective, and
economical energy storage devices such as solar cells, lithium-ion batteries, and metal-air
batteries have attracted significant attention from researchers [4–6]. Of the various devices,
metal-air batteries, such as Zn-Air, Li-Air, and Al-Air batteries have been considered
potential candidates for future energy applications [7–11]. Zn-Air batteries (ZABs) are
of particular interest due to their many advantages, such as low cost, high efficiency,
environmental friendliness, safe operation, and the abundance and stability of the metal
zinc used in the anode [12–14]. The performance of ZABs is mainly determined by oxygen
reduction reactions (ORRs) and oxygen evolution reactions (OERs) that occur on the
cathode electrocatalyst. The slow reaction kinetics of the electrocatalysts have hindered
the rapid development of ZABs [10,15]. Platinum-based, iridium-based, and ruthenium-
based catalysts, which possess good catalytic performance, have been widely used as
electrocatalysts in the past few decades, but they are limited in their application due to high
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cost [16–19]. Noble metal electrocatalysts suffer from poor stability and limited performance
during the cycling process in rechargeable ZABs [20–22]. Therefore, the development of
new, inexpensive catalysts with excellent ORR/OER activity and durability is crucial for
the commercialization of ZABs. For the last few decades, significant research efforts have
been devoted to developing noble metal-free bifunctional electrocatalysts for ZABs, such
as carbon-based materials, transition metal oxides, and perovskites [23–25].

Among the various kinds of catalysts, perovskites are considered promising bifunc-
tional electrocatalysts because of their low cost and high electrocatalytic activity [26–28].
Perovskite-type oxide catalysts typically have a structural composition of ABO3, where
the A site is mostly composed of alkaline-earth (or rare-earth) metals, and the B site is
occupied by transition metals. By partially replacing the A or B site cations, more oxygen
vacancies can be generated, resulting in materials with excellent catalytic properties [29–31].
Among the different perovskites, lanthanum cobaltate (LaCoO3) has been considered a
promising electrocatalyst due to its abundance, flexible crystal structure, and facile synthe-
sis [32–34]. However, the limited number of active sites, low mixed ionic and electronic
conductivity, and ordinary electrocatalytic activity of pristine LaCoO3 perovskite, in terms
of efficiency and durability, limit its application in ZABs [33,35,36]. Various methods have
been employed to enhance the electrocatalytic activity of LaCoO3 perovskites, including
partially replacing the A- or B-site cations. For example, the A-site of LaCoO3 perovskite
can be partially replaced by alkaline-earth metals (such as Ca or Ba) to increase the oxygen
vacancy concentration and enhance the bifunctional electrocatalytic activity and stability of
the perovskite oxide [36,37]. Doping Sr into LaCoO3 perovskite oxide can also improve the
oxygen diffusion performance and increase the ionic conductivity, thus improving ORR and
OER activity [38,39]. Although A-site doping perovskites, such as La0.6Sr0.4CoO3, possess
good OER activity, the catalytic performance of the ORRs is insufficient. Doping in the
B-site of perovskite may also be an effective approach. Chandrappa et al. investigated the
catalytic properties of LaCoO3 with the B-site cation occupied by Ru. The obtained catalyst
exhibited excellent bifunctional electrocatalytic activity in ZABs [35]. Wang et al. explored
the evolution of the ORR mechanism of Fe substitution into LaCoO3, and enhanced catalytic
activities and increased electron transfer numbers during the ORR were observed [40].
Vignesh et al. reported that the substitution of proper Co by Ni in LaCo0.97O3−δ porous
nanostructures can greatly alter the electrocatalytic activity and reveal superior charge and
discharge potentials in ZABs [41]. Zhang et al. found that Nb doping in La0.2Sr0.8CoO3−δ

is detrimental to OER activity but benefits cycling stability [42]. Sun et al. demonstrated
trace Ni-doped La0.6Sr0.4CoO3 perovskites were higher-performance catalysts for both
ORRs and OERs by cyclic voltammetry measurements, and they were further used as
catalysts for Li-O2 batteries using a non-aqueous electrolyte. Although various research
has been reported concerning the catalytic activity of LaCoO3-based perovskites, there are
still no comprehensive reports on the ORR and OER activity of Ni-doped La0.6Sr0.4CoO3
perovskites in alkaline solutions.

In this work, we synthesized the Ni-doped lanthanum strontium cobalt perovskite
La0.6Sr0.4Co(1−x)NixO3 (x = 0, 0.2, 0.5, and 0.8), using a simple method, to act as the
bifunctional electrocatalyst. To reveal the mechanism of Ni doping, X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and
X-ray photoelectron spectroscopy (XPS) were employed to observe the crystal structure,
surface morphology, and oxygen vacancy concentration of the perovskite oxides. The
electrocatalytic activities of the perovskites were evaluated in an alkaline medium, and the
optimal Ni doping level was determined. The perovskite catalyst with optimal Ni doping
was then applied in a ZAB to assess its bifunctional activity as a cathode catalyst. The
perovskite catalyst exhibited excellent activity and durability compared to Pt/C, suggesting
its potential application in ZABs.
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2. Results and Discussion

The XRD patterns shown in Figure 1 exhibited the phase structure of the as-prepared
La0.6Sr0.4Co1−xNixO3 (x = 0, 0.2, 0.5, 0.8) perovskite catalysts. For the LSC sample (x = 0),
the diffraction peaks were located at 23.2◦, 33◦, 40.7◦, 47.4◦, 59◦, and 69.4◦, which could be
indexed to a rhombohedral perovskite phase (LaSr)(CoNi)O3. When the Ni concentration
was 0.2, the diffraction peaks were the same as those of LSC, indicating that the Ni had
fully integrated into the perovskite structure to form a rhombohedral structure. However,
when the Ni content was further increased to 0.5 and above, some other phases gradually
appeared in the sample. In addition to the rhombohedral perovskite phase, a small amount
of tetragonal phase (LaSr)NiO4 and NiO were detected. This indicated that, when the Ni
content is high, the structural stability of the perovskite formed is compromised, leading to
decomposition and the formation of NiO. The produced NiO can then dissolve into the
perovskite sample to form the tetragonal phase (LaSr)NiO4. These findings were consistent
with previous results from other researchers [2,28,43].

Figure 1. XRD patterns for LSC, LSCN−0.2, LSCN−0.5, and LSCN−0.8.

The SEM images of the perovskite catalysts are presented in Figure 2, revealing that
the prepared perovskite catalysts consisted of irregular particles. The particle sizes of the
perovskite catalysts increased as the doping amount of Ni increased. For example, for the
LSC particle, the size distribution ranged from about 20 to 80 nm. When the Ni content was
0.2 (LSCN−0.2), the catalyst particle size slightly enlarged to 30 to 100 nm. With further
increases in Ni content, the catalyst particle sizes significantly increased to 80 to 200 nm
and 100 to 250 nm for LSCN−0.5 and LSCN−0.8, respectively. The larger particle sizes of
the perovskite catalysts can be attributed to the sintering aid provided by Ni. It is evident
that the primary particles further aggregated with other particles to form larger secondary
particles. The size of the secondary particles also increased with increasing Ni content.

To investigate the internal microstructure and element distribution of perovskite
catalysts, TEM characterization was performed. The TEM image for the representative
LSCN−0.2 perovskite catalyst is shown in Figure 3a, revealing that the particle size was
below 100 nm, which was consistent with Figure 2. Additionally, the small particles were
in intimate contact with other particles, which may facilitate the mass transfer rate and thus
enhance the electrocatalytic activity. The representative HRTEM image of the LSCN−0.2
perovskite catalyst is displayed in Figure 3b. The interplanar spacing of LSCN−0.2 was
0.38 nm, indexing to the (100) plane, which was also in agreement with the XRD pattern
results. The TEM-EDS elemental mapping images, as shown in Figure 3c, indicated
uniformly distributed La, Sr, Co, Ni, and O elements in LSCN−0.2, confirming that Ni was
present in the solid solution, occupying the Co position. This further demonstrated the
successful incorporation of Ni into the perovskite lattice structure.
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Figure 2. SEM micrograph of perovskite catalysts with different Ni contents: (a,b) LSC,
(c,d) LSCN−0.2, (e,f) LSCN−0.5, (g,h) LSCN−0.8.
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Figure 3. (a,b) TEM and HRTEM images of LSCN−0.2; (c) HAADF-STEM image of LSCN−0.2 and
the corresponding EDS mapping image.

XPS analysis was conducted to investigate the influence of surface oxygen species and
transition metal valence states on the ORR and OER performance of the perovskite catalysts.
The spectra are displayed in Figure 4. The full XPS spectra in Figure 4a demonstrate the
presence of La 3d, Sr 3d, Co 2p, Ni 2p, and O 1s peaks, confirming the coexistence of La, Sr,
Co, Ni, and O elements. This was consistent with the TEM-EDS results. Figure 4b displays
the O1s spectra, in which four peaks can be observed. These peaks can be attributed to
lattice oxygen (528 eV), O2

2−/O− (529.8 eV), O2/OH− (531 eV), and absorbed H2O/CO2
(532.7 eV), respectively. Oxygen vacancies are typically associated with surface O2

2−/O−

species, which are reactive species for oxygen-related reactions [44,45]. The concentration
of O2

2−/O− species was calculated for the four perovskite catalysts. For undoped LSC,
the concentration of O2

2−/O− species was 18.1%. It increased to 26.9% for LSCN-0.2, then
decreased significantly to 12.8% for LSCN−0.5 and 11.4% for LSCN-0.8, as NiO began to
dissolve out. The relatively higher concentration of O2

2−/O− species in LSCN−0.2 may
contribute to better ORR and OER activities. The Co and Ni oxidation states were also
analyzed by XPS, as shown in Figure 4c,d. In the Co 2p spectra, the main peaks located at
around 779.9 eV and 794.9 eV could be attributed to Co 2p 3/2 and Co 2p 1/2, respectively.
Each of these peaks could be further divided into two peaks. The peaks at the binding
energies of 779.7 eV and 794.8 eV represented Co3+, and the others near 781.2 eV and
796.2 eV corresponded to Co2+. This suggested the coexistence of Co2+ and Co3+ mixed
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valence states. Due to the strong overlap of Ni 2p and La 3d peaks, quantifying the nickel
content from the Ni 2p 2/3 peak was challenging. However, it could be achieved using
the main Ni 2p 1/2, which could be deconvoluted into two peaks located at 871.7.1 eV
and 873.7 eV, corresponding to Ni2+ and Ni3+, as shown in Figure 4d. This indicated the
coexistence of Co3+, Co2+, Ni2+, and Ni3+ valence states, which may promote the generation
of oxygen vacancies and contribute to the improvement of ORR and OER activities.

Figure 4. XPS spectra of LSC, LSCN−0.2, LSCN−0.5, and LSCN−0.8: (a) survey scan; (b) O 1s; (c) Co
2p; and (d) Ni 2p.

The ORR activities of the perovskite catalysts were investigated by a three-electrode
test system with an O2-saturated 0.1 M KOH electrolyte. Figure 5 shows the LSV and
Tafel curves of the perovskite catalysts with different Ni contents. In Figure 5a, the onset
potential (the potential corresponding to the 5% limit current density) of LSC was −0.164 V
vs. Ag/AgCl. When 20% of the Co in LSC was replaced by Ni, the onset potential
shifted positively to −0.142 V vs. Ag/AgCl, which was the highest among all the samples.
For LSCN−0.5 and LSCN−0.8, the onset potential values were −0.181 V vs. Ag/AgCl
and −0.223 V vs. Ag/AgCl, respectively. The half-wave potential (E1/2) also followed
this trend. Furthermore, the limiting current densities of the perovskite catalysts ranged
between 4.95 mA cm−2 and 5.73 mA cm−2, with LSCN−0.2 exhibiting the highest limiting
current density of 5.73 mA cm−2, which was closest to that of Pt/C (6.39 mA cm−2).
LSC and LSCN−0.5 had similar limiting current densities, while LSCN−0.8, with the
highest Ni doping level, displayed the lowest limiting current density of 4.95 mA cm−2.
The corresponding Tafel slopes are shown in Figure 5b, and they followed this trend:
LSCN−0.2 > LSCN−0.5 > LSC > LSCN−0.8. Clearly, LSCN−0.2 exhibited the smallest
Tafel slope among all the samples, indicating the best ORR electrocatalytic activity. The
stability of the LSCN−0.2 and Pt/C catalyst was studied under ORR conditions by CA at
1600 rpm and −0.4 V vs. Ag/AgCl. The results are displayed in Figure 5c. As expected,
the LSCN−0.2 catalyst exhibited better long-term stability, with a 4.5% current loss for
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over 10,000 s. However, for the Pt/C catalyst, the current density rapidly declined at the
beginning of the test, and finally, a current loss of 11.3% was obtained. The above results
suggest that a moderate amount of Ni doping can enhance the ORR activity, but a high
proportion of doping may reduce the catalytic performance in terms of ORRs.

Figure 5. (a) LSV curves of ORR for LSC, LSCN−0.2, LSCN−0.5, LSCN−0.8, and Pt/C; (b) the
corresponding Tafel plots for LSC, LSCN−0.2, LSCN−0.5, LSCN−0.8, and Pt/C; (c) CA of LSCN−0.2
and Pt/C under the ORR condition maintained at −0.4 V vs. Ag/AgCl for 10,000 s.

In addition to ORRs, the OER activity is also crucial for an efficient bifunctional
catalyst. Figure 6a,b present the LSV curves and Tafel slopes for OERs of perovskite
catalysts with different Ni doping levels. A lower overpotential (Ej10) typically indicates
better OER activity. Among the four perovskite catalysts, LSCN−0.2 exhibited the lowest
overpotential of 0.83 V vs. Ag/AgCl. The overpotential increased to 0.863 V, 0.845 V,
and 0.879 V vs. Ag/AgCl for LSC, LSCN−0.5, and LSCN−0.8, respectively. At 1 V vs.
Ag/AgCl, the current density followed the order: LSCN−0.2 (23.2 mA cm−2) > LSCN−0.5
(20.6 mA cm−2) > LSC (19 mA cm−2) > LSCN−0.8 (16.9 mA cm−2). The Tafel slope of
LSCN−0.2 was 209 mVdec−1, which was the smallest among the four catalysts. The
smallest Tafel slope, together with the lowest overpotential and highest current density,
indicated the superior OER activity of LSCN−0.2. Figure 6c shows the EIS measurements
conducted at 1 V vs. Ag/AgCl for all the catalysts. The electrode resistance for charge-
transfer, Rc, represented by the diameter of the semicircle, was smallest for LSCN−0.2,
indicating faster charge transfer during OERs. These results demonstrated that LSCN−0.2,
with the appropriate Ni doping ratio, exhibited the best OER activity, consistent with
the ORR results. CA measurements under OER conditions at 0.7 V vs. Ag/AgCl were
conducted to explore the stability of LSCN−0.2 and Pt/C (Figure 6d). The current retention
of LSCN−0.2 was significantly higher than that of Pt/C. To evaluate the bifunctional
activity of the perovskites, overall LSV curves of −0.8~1.0 V vs. Ag/AgCl were obtained,
as shown in Figure 6e. The potential difference calculated by ∆E = Ej10 − E1/2 is displayed
in Figure 6f. LSCN−0.2 exhibited the smallest ∆E value of 1.126 V, suggesting excellent
ORR/OER reversibility. The optimal performance of LSCN−0.2 can mainly be attributed
to the slightly higher surface oxygen vacancies caused by Ni doping, as analyzed in the
XPS results. However, when the Ni doping level was too high, the surface-precipitated
NiO hampered the transport of reaction electrons, resulting in a decrease in electrocatalytic
activity.
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Figure 6. (a) OER LSV curves of LSC, LSCN−0.2, LSCN−0.5, LSCN−0.8, and Pt/C. (b) OER Tafel plots
for LSC, LSCN−0.2, LSCN−0.5, LSCN−0.8, and Pt/C catalysts. (c) EIS plots at 1.0 V vs. Ag/AgCl.
(d) CA of LSCN−0.2 and Pt/C under OER conditions maintained at 0.7 V vs. Ag/AgCl for 10,000 s.
(e) The overall LSV curves of −0.8~1.0 V vs. Ag/AgCl. (f) The values of ∆E (∆E = Ej10 – Ej1/2).

Based on the analysis of the ORR and OER performance, the LSCN−0.2 catalyst
exhibited the best overall performance. To further assess its practicality, we applied it as the
cathode catalyst in a homemade ZAB, with the Pt/C catalyst as the benchmark. Figure 7a
represents the I-V-P curves of the prepared primary batteries. The peak power density of
the primary battery using LSCN−0.2 as the cathode catalyst was 81 mW/cm2, which was
lower than the Pt/C catalyst (111 mW cm−2). This suggested that, although the LSCN−0.2
catalyst demonstrated superior electrocatalytic activity among the perovskite catalysts,
its discharge performance still needs improvement compared to precious metal catalysts
like Pt/C. However, the LSCN−0.2 catalyst exhibited better durability compared to Pt/C.
Figure 7b displays the cycling performance of the batteries evaluated at 10 mA cm−2, with
each cycle lasting for ten minutes. During the first cycle, the LSCN−0.2 electrode exhibited
a lower discharge voltage of ~1.16 V and a charge voltage of ~2.10 V. In comparison, the
discharge voltage and charge voltage for Pt/C were 1.23 V and 2.3 V, respectively. This
resulted in a voltage gap of 0.94 V for LSCN−0.2 and 1.07 V for Pt/C. Additionally, the
LSCN−0.2 catalyst displayed better durability compared to Pt/C, with stable charge and
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discharge voltages for over 80 cycles. On the other hand, the discharge voltage of the
Pt/C catalyst rapidly decreased after 20 cycles. Overall, the LSCN−0.2 catalyst showed
promise as a candidate for rechargeable ZABs. Although its discharge performance needs
improvement compared to Pt/C, it exhibited better durability and cycling stability. Further
optimization and refinement of the LSCN−0.2 catalyst could enhance its performance and
make it a viable alternative to precious metal catalysts in ZAB applications.

Figure 7. (a) I-V-P curves of the prepared primary ZABs with LSCN−0.2 and Pt/C as the cathode
catalyst. (b) Charge and discharge curves of rechargeable ZABs with LSCN−0.2 and Pt/C as the
cathode catalyst.

3. Conclusions

In summary, we synthesized a series of lanthanum strontium cobalt-based perovskites
with different levels of Ni doping. We characterized the morphology, surface oxygen-related
species, and valence states of the transition metal in the catalysts, and we evaluated their
electrochemical performance for both ORRs and OERs. Our electrochemical measurements
showed that La0.6Sr0.4Co0.8Ni0.2O3 exhibited superior electrocatalytic activity compared to
the other perovskite catalysts. It had a higher limiting current density, smaller Tafel slope,
higher half-wave potential, lower overpotential, and smaller electrode resistance. The po-
tential difference between the overpotential and half-wave potential was also the smallest
for this catalyst. The enhanced electrocatalytic activity of La0.6Sr0.4Co0.8Ni0.2O3 may be
attributed to the slightly higher number of surface oxygen vacancies caused by appropriate
Ni doping. This catalyst was further tested in a homemade primary zinc–air battery (ZAB)
as the cathode catalyst and delivered a peak power density of approximately 81 mWcm−2.
Moreover, when used as the catalyst in a rechargeable ZAB, La0.6Sr0.4Co0.8Ni0.2O3 demon-
strated better cycling stability and a lower voltage gap. These promising results indicate
that proper Ni doping in lanthanum strontium cobalt-based perovskites is an effective
strategy for producing efficient and durable bifunctional catalysts for rechargeable ZABs.

4. Experiments
4.1. Preparation of the Perovskite Catalyst

La0.6Sr0.4Co1−xNixO3 (x = 0, 0.2, 0.5, and 0.8) perovskites, denoted as LSC, LSCN-0.2,
LSCN-0.5, and LSCN-0.8, were synthesized by a combustion method. Firstly, we dissolved
an appropriate amount of La(NO3)3, Sr(NO3)2, Co(NO3)2·6H2O, and Ni(NO3)2·6H2O as the
raw materials in 100 mL of DI water. Then, citric acid and glycine were added as combustion
fuel to the metal nitrate solution. The mole ratio of metal ions/citric acid/glycine was
maintained at 1:2:1. The pH of the mixed solution was adjusted to approximately 8.00 by
adding an appropriate amount of ammonia. After that, the solution was stirred for 1 h to
ensure proper mixing. Then, we heated the solution gradually until combustion occurred
and collected the black precursor. Finally, the black precursor was sintered at 900 ◦C for 4 h
in a furnace to obtain the desired perovskite powder.
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4.2. Characterization of Perovskite Catalysts

The phase structure and composition of the synthesized perovskite catalysts were
analyzed using the XRD technique (Rigaku SmartLab SE, Tokyo, Japan). The morphology
and element distribution of the perovskite catalysts were characterized using both SEM
(ZEISS VO-MA10, Oberkochen, Germany) and TEM (FEI Talos F200s, Hillsboro, OR,
USA). Additionally, an energy dispersive X-ray spectroscopy (EDS) device was used in
combination with SEM and TEM to assess the distribution of elements on the catalysts’
surfaces. To analyze the surface active sites of the perovskite catalysts, the XPS technique
was used (Thermo Scientific K-Alpha, Waltham, MA, USA). XPS provides information
about the chemical state of elements present on the catalysts’ surfaces.

4.3. Electrochemical Measurements

The ORR and OER activities of the perovskite catalysts were measured using a three-
electrode test device attached to an electrochemical station (CHI 760). The three-electrode
test device consisted of a counter electrode (platinum foil), a reference electrode (saturated
Ag/AgCl), and a working electrode (glass-carbon). The working electrode was prepared as
follows: perovskite catalyst (2.5 mg) and conductive Vulcan-XC72 carbon (Birmingham,
AL, USA) (2.5 mg) were first distributed in 0.25 mL isopropanol; then, 0.05 mL of 5 wt.%
Nafion solution was added to the mixed solution as a binder. The mixture was then treated
with an ultrasound for 1 h to obtain a uniform ink. Using a pipette gun, a certain amount
of the catalyst ink was removed and coated onto the glass-carbon electrode. The electrode
was then dried naturally in ambient air to form a homogeneous film. The effective area
of the film was 0.196 cm2, and the catalyst loading amount was 0.2 mg cm−2. Meanwhile,
commercial Pt/C (20 wt.%, Aladdin Corp. Bay City, MI, USA) catalyst ink was also
prepared to evaluate the ORR and OER activities. Before the measurement, pure oxygen
was bubbled directly into the electrolytic cell containing a 0.1 M KOH solution as the
electrolyte for more than 30 min. Throughout the tests, oxygen was continuously vented
into the electrolyte solution. Linear sweep voltammetry (LSV) experiments were performed
at a rotating speed of 1600 rpm and a scan rate of 10 mV/s. Electrochemical impedance
spectroscopy (EIS) analysis was conducted at a frequency range from 0.1 Hz to 105 Hz,
with an amplitude of 10 mV, at a potential of 1 V versus the Ag/AgCl reference electrode.
Finally, stability tests were conducted at fixed potentials and rotation speeds of 1600 rpm
by using chronoamperometry (CA) measurements.

4.4. Preparation and Tests of the Zn-Air Battery

The optimal Ni doping perovskite catalyst was applied as the cathode catalyst on a
homemade ZAB to evaluate its practicality as a bifunctional electrocatalyst. To prepare
the cathode catalyst, 5 mg of perovskite powder, 10 mg of Vulcan-XC72 carbon, and
0.1 mL of 5 wt.% Nafion solution were mixed in 1 mL of ethanol. The catalyst mixture
was continuously magnetically stirred for 2 h, and then it was painted onto carbon paper
using an airbrush. The coated carbon paper was dried in an oven for ten minutes. The
painting process was repeated several times to achieve a loading amount of 2 mg cm−2

of the catalysts on the carbon paper. Then, a gas diffusion layer and a current collection
layer, together with the catalyst layer, formed the cathode electrode. In addition to the
three-layer cathode structure, a piece of Zn plate and a 6 M KOH solution were used
as the anode and electrolyte, respectively, for the homemade ZAB. For comparison, a
ZAB with a Pt/C catalyst as the cathode catalyst was also assembled. The discharge and
cycling performance of the ZABs were evaluated using a CHI 760 electrochemical station
(CH Instruments, Austin, TX, USA) and Neware BTS7.6 battery (Neware Technology Ltd.,
Shenzhen, China) evaluation system. Charge and discharge cycling measurements were
conducted at the current density of 10 mA cm−2, with a fixed time interval of 5 min for
each charge–discharge step.
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