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In this article, La; CayMnO3 (x = 0.1 ~ 0.4) of perovskite type as bi-functional catalysts for primary
and rechargeable zinc-air battery has been prepared with their structure and morphology examined by
means of XRD and SEM. Based on the polarization curves, the catalysts exhibit similar catalytic
activities for both oxygen evolution reaction and oxygen reduction reaction, but LaggCap>MnO3; shows
the best battery performance because of its high specific capacity, lowest discharge-charge voltage
gap, and lowest degradation during cycles.
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1. INTRODUCTION

With attention to the consciousness of environmental protection and renewable, people are
paying more attention to the metal-air batteries [1]. Compared with the traditional battery such as
lithium ion batteries, nickel cadmium batteries, and lead-acid batteries, metal-air batteries possess good
security and high theoretical energy density [2]. Recently, many metal-air batteries for example,
silicon-air batteries [3], sodium-air batteries [4], germanium-air batteries [5], aluminum-air batteries
[6], tungsten-air batteries [7], iron-air batteries [8], titanium-air batteries [9], lithium-air batteries [10],
and zinc-air batteries (ZABs) [11] have been reported. Among metal-air batteries, ZABs have attracted
much attention because of their high energy conversion efficiency and low emission.

Gas diffusion electrodes (GDEs) are one of the most roles of ZABs. Typical GDEs are consist
of a gas diffusion layer, a current collector [12, 13], and a catalyst layer (CL) [14, 15]. The gas
diffusion layer (GDL) is consist of carbon materials and binder (60 wt% PTFE suspensions) and act
preventing electrolyte permeation with O, diffuses into the CL. The CL is made from conductive
carbon, catalyst, and binder. The oxygen reduction and oxygen evolution mainly occur in the catalyst
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layer [16]. For ORR in alkaline condition, atmospheric O, diffuses into the CL from the GDL, where it
is reduced to OH™ at the three-phase boundary between O,, KOH aqueous solution and air electrode
[17]. The OER process is just the opposite. Thus, the structure of GDEs and the ORR or OER catalytic
activity of catalyst are emphasis for improvement performance.

Nowadays, many types of non-noble catalysts for example transition metal oxides in form of
perovskites [18-21], spinels [22-24] and their dopant [25, 26] have been reported. Especially, the
perovskite oxides were widely studied as GDEs material for ZABs, owing to its high catalytic activity
for ORR/OER and excellent stability in alkaline solution [27, 28]. For the A-site replaced by
lanthanum of large ionic radius make for oxygen adsorption [29]. For the B-site replaced by transition
metal influences the activity of sorbed oxygen [30]. Nanocrystalline perovskite of composition
LapsCap4Co03 shows excellent electrocatalytic activity for oxygen evolution/oxygen reduction in
alkaline solution [31]. The Lag7Sro3C007Fe0303 is an excellent catalyst for the rechargeable ZABs
[32]. Yuasa et al. [33] synthesized the LaMnO3, LaMnggFe 403, and Lag 4CagsMngsFep 403 perovskite
catalysts and demonstrated their durability and ORR activity.

In this work, for A-site Calcium-doped LaMnO3 perovskite oxides (Ca-subsitution, 0.1 ~ 0.4
mol) were prepared by the citrate method. They as electrocatalysts of GDESs have been investigated the
catalytic properties towards ORR and OER. And, the gas diffusion layer of GDEs has been replaced by
PTFE membrane, which simplified the production process. The performance of the samples was
evaluated for primary and rechargeable zinc-air batteries in homemade electrochemical single cell.

2. EXPERIMENTAL

2.1 Synthesis of La; \CayMnQOj3 and characterization

Ca doped LaMnO3 perovskite was synthesized by the citrate method [34]. Lanthanum nitrate
hexahydrate, calcium nitrate terahydrate, manganese nitrate terahydrate and citric acid were mixed in a
stoichiometric molar ratio of La; «Ca,MnO3 (x = 0.1 ~ 0.4) and dissolved in ethanol. After that citric
acid was added while stirring strongly. The mixture was maintained at 70 °C for 4 h to remove excess
solvents, which was dried at 100 °C overnight. The gel precursor was heated at 200 °C until it formed
ash. The collected ash was ground and then heated at 700 °C for 2 h in stagnant air furnace to form
La; xCaxMnOj3 powder.

The perovskite morphology was examined by a scanning electron microscope (SEM), which
was attached to an energy dispersive spectrometer (EDS). The structure was carried out with an X-ray
diffractometer (XRD). La, Ca and Mn contents of the samples were performed by an inductively
coupled plasma-atomic emission spectrometry (ICP). Thermogravimetric (TGA) curves were
performed with a thermal analyzer.

2.2 Fabrication of air electrode and ZABs and testing

The air electrode composed of a GDL, a current collector, and a CL. To prepare the CL, a
mixture including La; «CayMnOj3 (x = 0.1 ~ 0.4) catalyst and acetylene black (AB) was milled for half
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hour, after that the mixture and binder (60 wt% PTFE suspension) at a weight ratio of 8:2 were
mingled, milled and dried, respectively, which was rolled into a Ni-screen. Another side was attached a
polytetrafluoroethylene membrane as a GDL.

The discharge and polarization curves were carried out using a half-cell with an
electrochemical workstation. The cathode, a home-made Hg/HgO electrode, a nickel sheet, and 7 M
KOH aqueous solution was used as the working electrode, a reference electrode, a counter electrode,
and electrolyte, respectively. A homebuilt zinc-air single cell device was prepared about ZABs testing.

3. RESULTS AND DISCUSSION

3.1 Physical characterization of La; CayMnO3;

To understand the decomposition behaviors of La; yCayMnQOj3 precursor, the TGA curve of
LaggCap2MnQO;3 precursor are shown in Fig. 1. The curve contains two processes of mass loss. The first
process between 50 °C and 180 °C indicates a small mass loss, which attributed to the elimination of
free water in sample. The second process between 180 °C and 600 °C shows a large mass loss of
48.38% manifesting that a stable perovskite crystallized completely has formed. After 600 °C, the
TGA curve has not step of weight loss and appears a relatively steady state. This result indicates that a
stable perovskite crystallized completely has formed. In order to ensure that all the samples can be
completely converted to corresponding perovskites, 700 °C was employed.
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Figure 1. TGA curve of LaggCas,MnO3 precursor
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The XRD patterns for the LaggCapsMnOs, Lag7Cap3sMnOsz, LagsgCap,MnO3; and
Lag9Cap1MnQO3 are shown in Fig. 2. All the diffraction peaks can be indexed to perovskite-type
structure with a primitive cubic cell, P»-3m (no. 221) space group, which agree well with the reported
data (PDF89-5717), and the lattice parameters are recorded in Table 1, which shows that the values a =
b = ¢ increase as content of La increases. It is well-known that La** occupies the 12-coordinated
position and Mn** takes the octahedral position in the perovskite structure, and substitution of La** for
Sr®* requires either Mn®* being oxidized to Mn*" or some of the oxygen atoms absent to maintain the
electric neutrality. This certainly changes the size of the lattice cell.
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Figure 2. XRD patterns of La;«CayMnO3

Table 1. The lattice parameters of La; CaxMnO3;

Compose LageCagsMnOs; Lag7Cap3Mn0Os3 LaggCag>,MnO; Lag9Cag1MnO3

a(A) 3.8188 3.8332 3.8378 3.8440
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Figure 3. SEM images and EDS spectra of (a, b) LagpsCapsMnO;3, (¢, d) Lag7CapsMnOs, (e, f)
LaggCap2MnO3 and (g, h) LageCag1MnQO3, respectively.

Fig. 3 (a, ¢, e and g) shows the SEM images of LapsCapsMnOs, Lag7CagsMnOsg,
LaggCap2,MnO3 and LaggCag1MnOs3, respectively, which illustrate the irregular aggregated particles
with an average diameter of 200 ~ 500 nm. It can be seen that the particles of LaggCap,MnO;3 are
smaller (100 ~ 200 nm) than LagsCap4MnO3, Lag7Cap3MnO3 and Lag gCag1MnO3. The corresponding
EDS spectrum was also shown in Fig. 3 (b, d, f and h), respectively.
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La, Ca and Mn contents of the samples were carried out by ICP. Herein, according to the
different weight ratios La; CayMnO3; (x = 0.1 ~ 0.4). The chemical formula of the materials is
Lag 62Cap.3sMn0O3, Lag 73Cap27MnO3, Lag goCap20MnO3 and Lagg1Cag09MnOs3, respectively, and is very
close to the proposed LaggCap4MnO3, Lag7Cap3sMnOs, LaggCag,MnO3 and LaggCag1MnO3 chemical
stoichiometry, respectively (see Table 1).

Table 2. Element content of the La;_x«CayMnO3 (x = 0.1 ~ 0.4).

Compose
La (mg/g) Ca (mg/g) Mn (mg/g)
Proposed Found
LageCapsMnO;3 Lag2Cag 3sMnO3 412 (422) 79.2 (745) 272 (269)
Lag7Cap3Mn0O; Lag73Cag,7Mn0O3 458 (471) 56.7 (503) 259 (255)
Lao_8Cao_2Mn03 Lao_gocao_zoMn03 500 (500) 36.1 (361) 247 (247)
Lao_gcao_anO'g, Lao_glcao_ogMn03 539 (543) 17.3 (155) 237 (236)

* Values are found (calculated according to the found compositions)

3.2 Electrocatalytic ORR and OER

The Cathodic and anodic polarization [35] were carried out for the ORR and OER,
respectively. The polarization curves of LageCapsMnOs, Lag7CapsMnOs, LagsCap,MnO;z; and
Lag 9Cap1MnO;3 are shown in Fig. 4. The air electrodes with La; «CayMnOs (x = 0.1 ~ 0.4) catalysts
were measured as the ORR and OER overpotentials, respectively. On the cathodic branch, the
overpotential was 95, 72, 53 and 87 mV, respectively (at 10 mA cm™2). The LagsCao.MnOs catalyst
operated 42, 19 and 34 mV positive potential than LageCapsMnOs, Lag7CagsMnO;z; and
Lap9Cap1MnQOs3, respectively. The LaggCag.MnO3 has the optimal property towards to ORR. On the
anodic branch, at the same current density (10 mA cm™), the overpotential was 688, 648, 619 and 706
mV, respectively. The LaggCap2MnO3 catalyst operated 69, 29 and 87 mV more negative potential
than LagsCap4MnO3, Lag;CapsMnOz; and LaggCag1MnOg3, respectively. Uniformly, LagsgCap,MnOs
has the optimal property towards to OER. The ORR/OER property was estimated by making the
difference of potentials between —10 mA cm™ and 10 mA cm™. The difference of potential of
LagsCap4MnQOs3, Lag7CapsMnOs, LagsgCag,MnOs, and LaggCap1MnO; catalysts is found to be 783,
720, 672 and 793 mV, respectively. For comparison, LagsCao2MnQOj3 as excellent bi-functional activity
catalyst was observed.
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Figure 4. ORR and OER polarization curves of the GDEs with La; yCayMnOs.

3.3 Primary zinc-air batteries tests

The ORR activity of the La; CayMnO3 (x = 0.1 ~ 0.4) perovskite powder is further evaluated
in a zinc-air cell. Polarization and power density curves of air electrodes with LaggCagsMnQOs,
Lag 7Cap3Mn0O3, LagsCap,MnO3 and Lag sCag1MnO;3 catalysts are displayed in Fig. 5. Single cell ORR
current density of 44.3, 55.2, 62.2 and 53.0 mA cm 2 was obtained at a voltage of 1.0 V, respectively.
The peak power density of LagsCay.MnOs reached to 98.0 mW cm™ (at 168.5 mA cm™2) in ZABs,
which is around 41%, 14% and 17% higher than that of Lag¢Cap4MnO3 (69.5 mW cm~2 at 116.5 mA
cm?), Lag7CagsMnO; (85.8 mW cm™ at 145.1 mA cm ) and LageCap1MnO;s (84.1 mW cm™ at

144.5 mA cm) catalyst, respectively.
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Figure 5. Polarization and power density curves for ZABs with La;«CayMnOs
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To demonstrate the practical application of La;_CayMnOsz (x = 0.1 ~ 0.4) perovskite, we
prepare the air electrode and evaluate its performance in ZABs under realistic conditions. Clearly, as
shown in Fig. 6, primary zinc-air batteries made with Lag sCag4MnQO3, Lag7Cap3Mn0Os, LagsCap,MnOs
and Lag9Cag1MnO3 were original. The discharge time last for 17.6, 21.4, 23.4 and 21.1 h (at 30 mA
cm2 (Fig. 6a)), and for 12.0, 14.8, 15.0 and 12.8 h (at 50 mA cm™ (Fig. 6b)), respectively. It was
owing to the stability of La; xCayMnO3 (x = 0.1 ~ 0.4) towards ORR [36]. The specific capacity
normalized to the weight of consumed zinc [37] was 412.1, 501.2, 547.5 and 494.8 at 30 mA cm 2, or
was 469.9, 575.5, 584.1 and 501.1 mAh g™ at 50 mA cm™, respectively. These data suggest that La;_
«CaxMnO3; (x = 0.1 ~ 0.4) perovskite catalyst can provide better performance in accordance with the
polarization and the power density results (Fig. 5). The LaggCap>,MnOQOj3 is optimal for primary ZABs
because of the high specific capacity (corresponding to >700 Wh kg ™) and durability [38].
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Figure 6. Discharge curves of ZABs with La;_,Ca,MnOs; a at 30 and b at 50 mA cm ™

3.4 Rechargeable zinc-air batteries tests

Fig. 7 displays the charge/discharge polarization curves of LaggCagsMnQO3, Lag7CapsMn0Os,
LaggCapo,MnO;z and LapgCapi1MnO; catalyst loaded on Ni foam for ORR/OER electrodes in
rechargeable ZABs. The charge/discharge voltage gap at 10 mA cm™ was 1.23, 1.19, 1.15 and 1.21 V,
respectively. Clearly, the voltage gap of the battery with LaggCap,MnOj3 catalyst is much smaller than
LagsCapsMnQO3, Lag7CapsMnO3 and LaggCagi1MnO3. This test results suggest that high ORR-OER
activity of Lag gCap>2MnO3 the actually function as a replaceable bi-functional catalyst for ZABs [39].

Building on the promising half-cell performance, zinc-air battery adopting a zinc electrode was
used to evaluate the La;_xCayMnOs (x = 0.1 ~ 0.4) catalyst’s performance under realistic operating
conditions. The stability of the La; yCaxMnOg3 (x = 0.1 ~ 0.4) samples were performed by the charge-
discharge cycling. The battery was performed by discharging and charging at 10 mA cm™ (600 s in
each state). The first ten cycles displays the same discharge potential and a lower charge potential (Fig.
8). The final charge and discharge potential of LaggCa,MnO3 was almost reached at ~ 2.13 and ~ 1.13
V after 60 cycles, but the original values were ~ 2.38 and ~ 1.22 V. The difference of potentials [40]
for initial and discharge process for LagsCay,MnO;3 after 60 cycles was ~ 1.16 V compared to the
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initial ~ 1.00 V with a small difference of 0.16 V. The lower voltage gap shown by LagsCag>MnQO3,
which indicated better rechargability for rechargeable ZABs [41].
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Figure 7. Charge and discharge polarization curves ofthe ZABs with La; yCayMnO3
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Figure 8. Charge-discharge cycling of the ZABs with La; xCayMnQO3
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4. CONCLUSIONS

The La;_xCaxMnO3 (x = 0.1 ~ 0.4) powder was prepared at a low cost approach. XRD patterns
show that the La; xCayMnO3 (x = 0.1 ~ 0.4) have perovskite structure. Electrochemical estimation
indicated that the La; «CaxMnO3 (x = 0.1 ~ 0.4) are a replaceable catalyst towards to ORR and OER in
alkaline condition, especially LagpsCa,MnOs. The highest maximum power density of 98.0 mW cm™
was achieved. The smallest potential difference between charging and discharging was 1.0 V. The
battery shows 10-h charge-discharge cycling stability at 10 mA cm™. In conclusion, the optimum Ca
doped LaMnO3; was Lag gCap2MnO3 in primary and rechargeable ZABs in our study.
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