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ARTICLE INFO ABSTRACT

Keywords: Oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) are key electrochemical reactions for the
Bifunctional electrocatalyst development of rechargeable Zn-air batteries. However, due to the high cost of commercial noble metal-based
Lanthanum

catalysts and their limited bifunctionality, it is necessary the design of new electrocatalysts. In this study, sta-
ble electrocatalysts have been synthesized through a hydrothermal method and further low-temperature thermal
treatment. The materials consist of La stabilized low crystallinity Mn and Co metal (hydro-)oxides. The elec-
trocatalytic performance of these materials has been compared with counterparts calcined at higher tempera-
tures. The findings demonstrate that materials synthesized at lower temperatures and with low crystallinity
exhibit superior electrocatalytic activity for both ORR and OER. Moreover, the research highlights the favorable
influence of the lanthanum cation, which enhances changes of surface morphology and oxidation states of other
cations (Mn and Co). Additionally, the positive contribution of the carbon component to electrochemical activity
and electrical conductivity has been elucidated. The best electrocatalyst was studied in a rechargeable Zn-air
battery with a durability of up to 120 h. They exhibited better stability and performance than the commercial

Metal oxides
Rechargeable Zn-air battery

Pt/C + RuO; catalyst currently used.

1. Introduction

Increasing energy demands have led to extensive research on high-
efficiency, low-cost, and environmentally friendly alternative energy
conversion and storage technologies [1,2]. Electrocatalysts for the ox-
ygen reduction reaction (ORR) and oxygen evolution reaction (OER) are
the cornerstone of future green energy applications because they
participate in critical applications of renewable energy technologies
such as fuel cells and metal-air batteries [3,4]. Despite significant ef-
forts, producing bifunctional electrocatalysts for these two reactions
remains a major challenge. The current limitation of fuel cells is the
sluggish kinetics of ORR on the cathode side, while bifunctional
ORR/OER catalysts are required for metal-air batteries [5]. Moreover, in
polymer-electrolyte fuel cells (PEFCs), electrocatalysts represent almost
40 to 50 % of the overall cost of the fuel cell stack for automotive ap-
plications. Furthermore, a strategic analysis presented in the report by
the US Fuel Cell Technologies Office (FCTO), predicts that the cost of the
catalyst will be the largest for a single component of the PEFC stack, that
is, 41% for 500,000 automotive systems per year [6,7]. Similarly to this,
the cost and performance of Zn-air batteries are the most important
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technical issues for the target markets [8].

Noble metal-based materials are the best ORR and OER electro-
catalysts, but due to their high cost, scarcity, and ineffective bifunc-
tionality to these reactions, their implementation is impractical. Then,
researchers are looking for more effective, extremely stable, and low-
cost non-noble metal-based electrocatalysts [9] based on
earth-abundant transition metal (hydro)oxides [10,11] and
perovskite-type materials [12], among others. Some metals are active
for the reactions of interest, such as Mn, Co, Ni...[13], and other metals
do not exhibit electrocatalytic activity but provide stability to the
structure and contribute to improve the electrocatalytic activity, i. e.,
lanthanum in perovskite-type metal oxides [14]. However, a major
drawback of metal (hydro-)oxides is their poor electrical conductivity,
which impedes the fast kinetics of electron transfer processes that are
essential for driving electrochemical reactions. Carbon materials are
often used to increase the electrical conductivity and the surface area of
the electrocatalysts [15]. They also improve the transfer, diffusion and
adsorption of oxygen and intermediate products on the electrocatalyst
surface, which leads to improving the electrocatalytic activity [16-18].

On the other hand, the synthesis method is another important aspect
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to consider. The right selection of the electrocatalyst preparation
method is crucial for achieving sustainable production, both from eco-
nomic and environmental points of view. Then, parameters like tem-
perature, the nature of the precursors, the processing time, etc. must be
considered. Recently, hydrothermal and solvothermal methods, which
are environmentally friendly treatments, have been proposed as alter-
native synthesis methods of metal oxides [19].

In this work, we propose an environmentally friendly and low-cost
hydrothermal synthesis method of metal oxides. This approach has
been extremely successful in synthesizing nanomaterials of diverse
shapes and sizes with low processing temperatures. Only water is used as
solvent in a hydrothermal reaction procedure, which is performed in
steel vessels (autoclaves) at temperatures between 100 and 200 °C to
achieve water vapor saturation pressure [20,21]. This process provides a
wide range of possibilities for tuning the morphological, optical, and
structural properties of the materials by varying several experimental
parameters or conditions [22]. One of them is the addition of a surfac-
tant, which will modify the crystal growth kinetics [23], thus adjusting
their shape and avoiding particle aggregation. Therefore, through this
procedure, materials can be synthesized at low temperatures, taking
advantage of the hydrothermal effect, and avoiding the use of polluting
or expensive solvents.

In this study, we present the hydrothermal synthesis of metal oxides
followed by a thermal treatment at low temperatures. The synthesized
electrocatalysts are based on a combination of La, Mn, and Co oxides and
hydroxides mixed with carbon black for oxygen electrochemical re-
actions. This work compares the electrocatalytic activity of the materials
obtained at low temperatures using the hydrothermal approach with
those prepared after a thermal treatment at high temperature. In addi-
tion, we also analyze the effect of a metal oxide structure stabilizer such
as lanthanum in the synthesized metal (hydro-)oxides electrocatalysts
and the effect of the carbon material in the electrocatalytic activity.
Finally, the performance of the best electrocatalysts is studied in a
rechargeable Zn-air battery.

2. Experimental
2.1. Materials and reagents

The reagents used in this work included Vulcan XC-72R carbon black
(Vulcan) from Cabot Corporation, potassium hydroxide (KOH) from
VWR Chemicals (85 % purity), ethanol (CoHsOH) from Alfa Aesar (99.5
% purity), isopropanol from Acros Organics (99.5 % purity), Nafion®
5% w/w, lanthanum(IIl) nitrate hexahydrate (La(NOs)3-6H20) from
Sigma Aldrich (99.9 % purity), manganese(Il) nitrate tetrahydrate (Mn
(NO3)2-4H20) from Alfa Aesar (98 % purity), cobalt(Il) nitrate hexa-
hydrate (Co(NO3)2-6H20) from Sigma Aldrich (99.9 % purity), and
hexadecyltrimethylammonium bromide (CTAB) (CH3(CH2)15N(Br)
(CH3)3) from Sigma Aldrich (99.9 % purity). Additionally, Zn foil from
ThermoScientific was used with a purity of 99.98 %, and zinc acetate
dihydrate (Zn(O2CCHs)2-2H20) from Sigma Aldrich with a purity of 98
%. Commercial Pt/C (Sigma-Aldrich, 98 % purity) and RuO; (Thermo-
Scientific, 99.95 % purity, sub-micron powder, surface area 45-65 m2/
g) were also utilized for comparison purposes. All solutions were pre-
pared using ultrapure water (18 MQ cm, Millipore® Milli-Q® water).
The gases used, N3 (99.999 %), O3 (99.995 %), and Hj (99.999 %), were
provided by Carburos Metalicos and were used without any
pretreatment.

2.2. Synthesis procedure

First, 6 mmol of each metal precursor are mixed in 30 ml of ultrapure
water (Co is always introduced in 30 % of the Mn amount), and the
surfactant CTAB is added in a 1:50 ratio with respect to the total metal
content. Several combinations are tested such as La/Mn/Co, La/Mn,
Mn/Co and Mn. Metal hydroxides are formed by adding drops of 6 M
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KOH to the solution until a pH ~ 14 is reached, and then the solution is
stirred for 18 h to ensure proper hydroxide formation. The solution is
transferred to the autoclave, which is heated in an oven at 180 °C for 48
h. Subsequently, the autoclave is cooled in an ice bath. Then, the ma-
terial is washed, filtered, and dried at 100 °C. Finally, depending on the
type of sample, it is calcined at 200 or 600 °C for 6 h. The as-obtained
samples are mixed with Vulcan by ball milling (Retsch PM 200 plane-
tary ball-mill) for 30 min and 350 rpm, because these are the optimal
conditions for ORR/OER electrocatalyst preparation, as previously re-
ported [24]. The samples are named X-Y, where X is the metal used in
the precursor and Y is the calcination temperature used after hydro-
thermal treatment; and if they are mixed with Vulcan, C letter is added:
X-Y-C. The lanthanum precursor sample studied will be the one calcined
at 200 °C after hydrothermal treatment and will be denoted "La".

2.3. Characterization techniques

X-ray diffraction (XRD) analysis was performed using a Bruker D8-
Advance diffractometer (Billerica, USA) equipped with a Goebel
mirror for non-planar samples and an X-ray generator KRISTALLOFLEX
K 760-80F (power: 3000 W, voltage: 20-60 kV, current: 5-80 mA) with
a Cu Ko radiation source. XRD measurements were conducted over the
260 range from 10 ° to 80 °, with a step size of 0.05 °. To estimate the size
of the crystallites (Dc) in the materials, the Scherrer equation (Eq. (1))
was used [25].

K
)

€8]

In this equation, the constant (k), related to the grain shape, had a
value of 0.89, and the wavelength of the radiation source (A) used was
0.15406 nm. The full width at half maximum (FWHM) of the diffraction
peak (B) and the Bragg angle (6) were also involved in the calculation. By
using a crystalline quartz pattern as a reference, the instrumental
broadening factor was subtracted from the measured FWHM value. The
corrected FWHM value of the sample was determined according to the
following equation [25]:

ﬂ%eal = ﬁzzybs - ﬁiznsl (2)

where Preq is the value obtained from the contribution of the crystallite
size, PBobs is the measured value, and i is the broadening related to the
instrument.

The X-ray photoelectron spectroscopy (XPS) experiments were per-
formed using a VG-Microtech Multilab 3000 electron spectrometer (VG
Scientific, Sussex, UK). The spectrometer was equipped with a hemi-
spherical electron analyzer featuring nine channeltrons with a passing
energy range of 2-200 eV. The XPS measurements utilized an X-ray
source emitting Al radiation (Ko 1253.6 eV). The C 1 s peak at 284.6 eV
was used as an internal standard for bond energy determination. The
XPS data were analyzed and deconvoluted using the XPSPEAK41 pro-
gram. Experimental curves were fitted using Lorentz-Gaussian func-
tions, and the background was modeled as a Shirley line.

Scanning electron microscopy (SEM) was used for the analysis of the
sample morphologies using a JEOL model ITSO0HR/LA. This micro-
scope is equipped with a field emission gun, providing high resolution
(1.5 nm at 30 kV, and 4.0 nm at 1 kV), and it can operate within a
voltage range from 0.5 to 30 kV.

The different synthesized materials were subjected to temperature
programmed reduction (TPR) analysis using a Micromeritics Pulse
Chemisorb 2705 instrument with a thermal conductivity detector
(Norcross, GA, USA). The TPR process involved exposing the materials
to a mixture of 5 vol% Hj in Ar (35 mL/min) and increasing the tem-
perature at a rate of 10 °C/min until reaching 950 °C.

The electrolyte employed in the electrochemical experiments was
analyzed using Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) with a triple quadrupole Agilent model 8900. A He flow of 5 mL/
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min was utilized, and three replicates of the sample were performed.

The electrocatalytic activity measurements were conducted using an
Autolab PGSTAT302 potentiostat (Metrohm, The Netherlands). The
electrochemical characterization involved cyclic voltammetry mea-
surements in an Ny-saturated atmosphere using a 0.1 M KOH solution at
a scan rate of 50 mV/s. A rotating ring-disk electrode (RRDE) from Pine
Research Instruments, USA, was utilized as the working electrode. This
RRDE consisted of a glassy carbon disk electrode with a diameter of 5.00
mm, along with an attached platinum ring. Inks of the different elec-
trocatalysts were prepared by sonicating a suspension containing 1 mg
of the electrocatalysts and 1 mL of a solution consisting of 0.02 vol%
Nafion® and 20 vol% isopropanol in water. Then, 100 pL of this
dispersion was deposited on the glassy carbon electrode. The counter
electrode used was made of graphite, while the reference electrode was a
reversible hydrogen electrode (RHE) immersed in the working electro-
lyte through a Luggin capillary.

Electrocatalytic activity towards the ORR (oxygen reduction reac-
tion) was investigated by linear sweep voltammetry (LSV) in an O,-
saturated 0.1 M KOH solution, scanning from 1.0 to 0.0 V (vs. RHE) at
different rotation rates, ranging from 400 to 2025 rpm, and at a scan rate
of 5 mV/s. During all experiments, the potential of the Pt ring electrode
was maintained constant at 1.5 V (vs. RHE). The quantification of the
electron transfer number was determined from the currents of the disk
and the ring electrodes using the following equation (Eq. (3)):

4|14

[ L N 3
[+ /N ®

ne

where I, represents the current measured on the ring electrode, 14 rep-
resents the current measured on the disk electrode, and N is the effi-
ciency of ring collection, which was found to be 0.26. Moving on to the
OER experiments, they were carried out using the RRDE setup and linear
sweep voltammetry (LSV) scans from 1 to 1.8 V (vs. RHE) in an No-
saturated atmosphere. The rotation rate during these experiments was
set at 1600 rpm, and the scan rate was maintained at 5 mV/s. The ex-
periments were conducted using a 0.1 M KOH solution. The ORR and
OER kinetics were evaluated using Tafel plots, = a + b log(j) where 7 is
the overpotential and j is the current density [26]. These analyses have
been conducted within a region controlled by the electron transfer re-
actions and the potential range employed in each case was chosen near
to Eonsgr, not exceeding 20 mV, until achieving a linear relationship.
Moreover, stability tests were conducted with freshly prepared elec-
trodes, for both ORR and OER, and glassy carbon was used as the sub-
strate for further XPS analysis. For the ORR stability
chronoamperometric test, a constant potential of 0.65 V vs RHE was
maintained for 3 h. On the other hand, the OER stability test involved
performing up to 2000 cycles between 1.0-1.8 V vs RHE.

2.4. Rechargeable Zn-air battery

The testing of the rechargeable zinc-air battery (ZAB) used the setup
depicted in Fig. S1. The positive air electrodes consisted of the most
promising electrocatalysts developed in this study and a commercial 20
wt.% Pt/C + RuO; (1:1 weight ratio) catalyst ink (0.02 vol% Nafion®
and 20 vol% isopropanol in water). These materials were evenly applied
to a gas diffusion layer carbon paper (QUINTECH, Freudenberg H23C6)
until achieving a mass loading of 1.3 mg/cm?. The negative electrode
was a polished Zn foil (ThermoScientific, 99.98 %). The electrolyte used
was an aqueous solution comprising 6 M KOH + 0.2 M Zn(02CCHs)2. The
electrodes had a geometrical area of 2.6 cm?. Battery tests were con-
ducted using an ARBIN multi-channel SCTS battery testing potentiostat.
Polarization curves were obtained at a scan rate of 1 mA/s. Galvano-
static discharge and charge measurements were obtained with 1 mA/
cm? and 20-min charge-discharge cycle.
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3. Results and discussion
3.1. Crystal structure characterization by XRD

Fig. 1 shows the XRD patterns of the different metal oxides synthe-
sized. According to crystallographic databases, the sample obtained
with the lanthanum precursor (La sample) results in crystalline
lanthanum hydroxide (La(OH)3) (#96-403-1382). In the case of Mn-
200 sample, crystalline phases associated mainly with hausmannite
(Mn304) (#96-101-1263) and a small contribution from crystalline
MnO; phase (#96-151-4026) are obtained. The Mn-600 sample shows
different crystalline peaks than Mn-200, which can be related mainly to
the bixbyite phase (MnyO3) (#96-101-0899) as well as hausmannite.
Furthermore, Mn/Co-200 and Mn/Co-600 samples show diffractograms
typical of low crystallinity/amorphous samples due to the absence of
sharp and intense peaks. However, their crystalline diffraction peaks are
associated with the manganese-cobalt double oxide CoMnyO4
(#96-210-6724). In the case of La/Mn/Co-200 sample, a diffractogram
similar to the La sample is obtained, associated with high crystallinity of
La(OH)3 phase, as well as some low-crystallinity peaks associated with
hausmannite. The fact that additional Mn or Co-related peaks are not
observed may be due to the high crystallinity of La(OH)3, which over-
laps the contribution from low-crystallinity species. Finally, the XRD for
La/Mn/Co-600 sample is associated with the perovskite-type phase
LaMnOg (#96-154-2146). It should be emphasized that the structure of
LaMnOs is preserved in the perovskite because the amount of Co in its
structure is not sufficient to change it, although the theoretical expected
perovskite is LaMng 7Co 303 due to the ratio between manganese and
cobalt precursors; this observation is consistent with previous studies
[27]. It must be noted that the ball milling treatment with the carbon
material (La/Mn/Co-200-C and La/Mn/Co-600-C samples) does not
change the crystalline phases of the metal oxides (Fig. S2), but the
crystal size decreases (Table 1). Therefore, the obtained samples show
variable crystallinity and composition, which may greatly affect the
electrocatalytic activity.

Moreover, the La/Mn-200 and La/Mn-600 samples were also syn-
thesized to compare their behaviour with that of La/Mn/Co-200 and La/
Mn/Co-600 samples (Fig. S3). The La/Mn-200 sample contains high
crystallinity lanthanum hydroxide, as observed for La/Mn/Co-200
sample. Furthermore, XRD for La/Mn-600 and La/Mn/Co-600 samples
are associated with LaMnOj3 perovskite structure, as expected. Table 1
shows the crystal size (Dc) determined for all samples. It can be observed
that the values are close to ~30 nm for all samples except for La and
perovskite-type materials, where crystal sizes of 14 and 21 nm are ob-
tained, respectively. It is interesting to note that La/Mn/Co-200 sample

' LaMnOS - La(OH)3 ¥ MnO, 4Mn30y ° Mn203 * CoMnyOy
* a
» L3 . 4 ) 'y
La/Mn/Co-600
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172} S *
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Fig. 1. X-Ray diffraction patterns of the synthesized metal oxides.
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Table 1
Average crystallite size for the synthesized metal ox-
ides obtained from XRD patterns in Fig. 1.

Sample Dc (nm)
La 14
Mn-200 30
Mn-600 29
Mn/Co-200 30
Mn/Co-600 30
La/Mn/Co-200 29
La/Mn/Co-200-C 26
La/Mn/Co-600 21
La/Mn/Co-600-C 19
La/Mn-200 30
La/Mn-600 20

shows a similar crystal size to the other metal oxides, although its main
crystalline phase is associated with that of La sample, which has a crystal
size of 14 nm. Furthermore, a decrease in crystallite size is observed in
samples with a perovskite-type structure (La/Mn/Co-600 and La/Mn-
600) compared to calcination at 200 °C. This phenomenon is associ-
ated with the significant phase transformation occurring during the
calcination process.

3.2. Characterization by XPS

Fig. 2 displays Mn 2p, La 3d, Co 2p and O 1 s XPS spectra of the
different metal oxides samples in presence of carbon material. Fig. 2A
shows the spectra of Mn 2p for all samples mixed with Vulcan. They
present two spin-orbit coupling signals at around 642.5 and 655.0 eV
corresponding to 2p3,2 and 2pj /5, respectively. In all samples, the Mn
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2ps3/2 peak can be deconvoluted into three peaks at 640.8, 642.2 and
644.0 eV, which correspond to Mn(II), Mn(Ill) and Mn(IV) species,
respectively [28]. Similarly, the 2p;,5 peak can be deconvoluted into
three peaks at 652.3, 653.7 and 655.5 eV, which are associated with Mn
(II), Mn(III) and Mn(IV) species, respectively. The results show the
presence of the three oxidation states at the surface of the materials, of
which Mn(IIl) is the predominant one, and the amount of the other
oxidation states depend on the sample. Mn-200-C presents a higher Mn
(II) content than Mn-600-C, in agreement with the XRD results since
Mn-200-C is associated with the Mn3Q4 structure, whereas Mn-600-C is
predominantly associated with MnyOs. Furthermore, sample
Mn/Co-200-C shows a low Mn(II) content compared with Mn-600-C and
Mn/Co-600-C, due to the larger content of Mn species with higher de-
gree of oxidation, such as Mn(IV) species; when the Mn/Co-200-C
sample undergoes a heat treatment at an elevated temperature
(Mn/Co-600-C sample), the amount of Mn(II) species increases with
respect to Mn(IV) species. Therefore, it can be stated that the addition of
Co in the hydrothermal synthesis and calcination at low temperatures
does not favor the formation of Mn(II) species in the crystalline mixed
oxide Mn3CoQy4. In addition, La/Mn/Co-200-C sample has a lower Mn
(II) content than La/Mn/Co-600-C, although it is higher than that of
Mn/Co-200-C sample. Then, thermal treatment increases the amount of
Mn(II) species and decreases the content of Mn(IV) species (La/Mn/-
Co-600-C sample). In summary, it can be confirmed that there are dif-
ferences in the oxidation states of manganese, depending on the thermal
treatment and the precursors used, which can affect the electrocatalytic
activity.

XPS of lanthanum shows a complex shape with high intensity sat-
ellite peaks which complicate deconvolution [29]. The intensity and
energy separation of the satellites relative to the main peak are highly

Mn 2p Mo' 2py,  A) O1s o) )
2pip Mn* o C-0 ADS
M1y a/Mn/Co- MLOLC o
= . 600-C La/Mn/Co- LAT
é/ W= e i |La/Mn/Co- 600-c C=O
200-C
2 Mn/Co-600-C
g La/Mn/Co-200-C
2 ﬁ
= Mn/Co-200-C 2
_A___A Mn-600-C
~ | Mn/Co-600-C
w———A-,—.——A—‘Mn-ZOO-C =
660 655 650 645 640 3
>
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La3d —3ds,cf 13.8¢eViI B ‘E
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Fig. 2. XPS spectra of A) Mn 2p, B) La 3d and C) O 1 s, for the different electrocatalysts.
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sensitive to the ligand atoms. Charge transfer from the ligand atom to
the ionized 4f° orbital of the core lanthanum atom was suggested to be
the origin of the observed complex photoelectron peak structures [30].
Fig. 2B shows the La 3d spectra, where two regions can be seen at ~836
and ~853 eV corresponding to La 3ds,, and 3ds3/, respectively. In the
case of La 3ds/y region, two peaks are observed which separation is
~3.8 eV for the La-C and La/Mn/Co-200-C samples, which is related to
the presence of La(OH)3 species [31], in agreement with the XRD results.
This region can be deconvoluted into three contributions. The peak at
~835.2 eV is associated with electron transfer to the empty 4f° orbital,
and the other two are associated with the transition of an electron from
the ligand to the anti-bonding (~837.1 eV) and bonding (~839.2 eV)
orbitals of lanthanum. In the La/Mn/Co-600-C sample, the peak sepa-
ration at La 3ds/5 is ~4.2 eV corresponds to La(III) in the perovskite-type
structure [27]. Using the La-C sample as a reference, the
La/Mn/Co-200-C sample peak is shifted to higher binding energies and
the La/Mn/Co-600-C sample peak to lower ones; these observations
reveal the differences in the environment for the lanthanum species in
the different samples. This could be related to different electronic in-
teractions between Mn and Co with La.

The O 1 s spectra for all samples mixed with Vulcan is shown in
Fig. 2C. The O 1 s spectrum can be deconvoluted into five peaks
considering the contributions from the carbon material and those from
the metal (hydro-)oxide. Several peaks are observed at ~530.0, ~531.4,
~532.3, ~532.8 and ~533.6 eV, corresponding to lattice oxygen (0%7),

Before Vulcan addition
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O—H species and adsorbed oxygen species such as O3 and 03~, C—O of
the carbon material, M-O-C species caused by the interaction between
the carbon material and the metal species, and C = O species of the
carbon material, respectively [28,32-34]. The absence of a peak at
530.0 eV corresponding to lattice oxygen in the La-C and
La/Mn/Co-200-C samples is the most significant difference between all
samples (Fig. 2C), which is consistent with the XRD results showing that
these samples are mainly associated with the La(OH)s3 crystalline phase.
The manganese and cobalt phases in La/Mn/Co-200-C are associated
with metal hydroxides. The binding energy at which lattice oxygen
appears is shifted depending on the metallic environment; for instance,
the lattice oxygen in Mn/Co-C samples appears at binding energies
similar to those in only manganese-containing samples. In all materials,
the M-O-C interaction produced by ball milling between the
metal-containing compounds and the carbon material, is observed. The
presence of the M-O-C interaction has been associated with enhanced
electrochemical activity [24,35,36], and this contribution is higher in
the La/Mn/Co-200-C sample.

Finally, Fig. S4 presents the Co 2p spectra of the Mn/Co-200-C and
Mn/Co-600 samples. The Co 2p3/5 peak can be deconvoluted into two
peaks at 780.4 and 782.4 eV, corresponding to Co(III) and Co(II) species,
respectively [37], and the Co 2p; /» peak can be deconvoluted into peaks
at 795.5 and 797.4 eV, corresponding to Co(III) and Co(II), respectively.
In both samples, a mixture of Co(IIl) and Co(II) oxidation states with a
similar contribution is obtained. Thus, there is no modification of the

After Vulcan addition
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Fig. 3. TPR-H, profiles for the electrocatalysts A) before and B) after Vulcan addition normalized per gram of oxide in order to compare the two figures.
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oxidation state of the cobalt species with the high-temperature heat
treatment, unlike in the case of manganese. Fig. S5 shows the Co 2p
spectra for La/Mn/Co-200-C and La/Mn/Co-600 samples, where two
main peaks are observed at ~781.6 and ~796.8 eV, corresponding to Co
2p3/2 and Co 2py /2, respectively [38]. However, the low amount of Co in
these last samples makes the deconvolution of the XPS peaks difficult.

3.3. Characterization by TPR

Fig. 3 shows the TPR-Hy profiles of the metal (hydro-)oxides
(Fig. 3A), and these materials after mixing with carbon black using the
ball-milling method (Fig. 3B). It is important to distinguish between
these two kinds of samples because the addition of the carbon material
strongly affect the TPR profile of the metal oxide, due to the interaction
with the carbon material. Significant differences are observed in the
metal oxides, both with and without the addition of the carbon material.
Regarding metal oxide electrocatalysts without carbon material
(Fig. 3A), the sample La shows a small reduction peak at ~570 °C, which
is associated with the reduction of La(Ill) to La(Il) [39]. Mn-200 and
Mn-600 samples show a prominent hydrogen consumption peak at
~450 °C and ~350 °C, respectively, which is associated with the
reduction of manganese species to form MnO [40,41]. The peak of the
Mn-600 sample is more intense and appears at a lower temperature due
to the higher amorphous nature of the sample [42]. Moreover, this peak
is larger due to a higher content of Mn(IV) species.

The hydrogen consumption profiles for Mn/Co-200 and Mn/Co-600
samples exhibit two main peaks, the first one, which appears at a tem-
perature lower than 450 °C, can be associated with the reduction of the
MnO, and Mn,03 species to Mn3zO4 and Co304 to CoO; and the second
one, at temperatures higher than 500 °C, with the reduction of Mn3O4
and CoO to MnO and metallic Co, respectively [41,43]. The main dif-
ference between these two samples is that the reduction peaks appear at
a lower temperature in Mn/Co-600 sample, which could be related to
the differences in the manganese oxidation states, as reported by XPS
analysis. Moreover, significant differences are observed for
La/Mn/Co-200 and La/Mn/Co-600 samples. La/Mn/Co-200 sample
shows two main peaks at ~450 and ~620 °C which can be associated
with the reduction of the same species as the Mn/Co samples due to their
similarity in both shape and temperature range. The perovskite-type
sample La/Mn/Co-600 presents a major peak at ~800 °C which is
related to the reduction of Mn(IIl) to Mn(II) overlapped with the
reduction of Co(Il) to Co(0) [44]. Thus, the significant differences be-
tween the La/Mn/Co-200 and La/Mn/Co-600 samples in terms of
structure and reducibility of the component species can be clearly
detected from TPR-Ho.

When the materials are mixed with the carbon material important
changes occur depending on the material. Thus, the peaks are shifted to
lower temperatures for the Mn/Co-200 sample and to higher tempera-
tures for the Mn/Co-600 sample, this is related with changes in the
reducibility of the cations. The hydrogen consumption profile of the La/
Mn/Co-600 and La/Mn/Co-200 samples mixed with carbon material
shows significant changes in shape and in H, consumption after addition
of Vulcan. It is detected the appearance of a single peak at 450 °C in La/
Mn/Co-600-C sample associated with the reduction of Mn(III) to Mn(II),
as previously reported for Perovskite-Carbon composites [24,35]. The
reduction peak of Mn-600 sample is also affected by the addition of the
carbon material appearing at higher temperature, although this effect is
less pronounced than in the case of Mn/Co-600 sample. La and Mn-200
samples do not suffer significant modifications by the addition of carbon
material. Therefore, it has been observed that metal oxides prepared at
high temperatures exhibit important changes in the TPR-Hy profile
compared to those obtained at low temperatures. This is a consequence
of a different interaction with the carbon material. Thus, important
differences in the electrocatalytic activity are expected among these
materials.
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3.4. Morphological characterization

Fig. 4 presents the SEM images of the as-synthesized catalysts by the
hydrothermal method and subsequent calcination at 200 and 600 °C.
The Mn-200 samples are generally formed by irregular cuboids of length
~1 pm and other polyhedral shapes of similar size, generating sponge-
shaped nanostructures. The Mn-600 sample shows similar morpholog-
ical characteristics, although thermal treatment produces nanorods and
clusters of length ~1 um. Furthermore, the Mn/Co-200 sample differs
from the previous ones, and it consists of regular agglomerated nano-
particles of cubic structure with a size of less than ~1 um; while in the
high temperature Mn/Co-600 sample, the heat treatment causes the
particles to sinter, thus increasing their size to ~2 pm and losing their
regular structure. The large difference observed between the Mn and
Mn/Co samples is due to the introduction of Co, as it has a large effect on
the morphology of manganese and cobalt mixed oxides [45].

The La/Mn/Co-200 sample is composed of fractured nanorods of
length less than 1 um, similar to the La sample (Fig. S6). No distinct
structures associated with the manganese and cobalt species were
observed; thus, lanthanum seems to favour the formation of nanorods.
Regarding the La/Mn/Co-600 sample, it contains perovskite particles of
variable polyhedral shape. The particles have a size of less than 1 ym. In
this case, some nanorods with a length of ~4 pym are also observed,
presumably facilitated by the presence of lanthanum.

3.5. Electrochemical characterization toward ORR/OER

Fig. 5 shows the cyclic voltametric profiles obtained in nitrogen at-
mosphere in alkaline electrolyte. Fig. 5A includes the results for the
catalysts calcined at 200 °C and Fig. 5B for the materials prepared at
600 °C. The La-C sample shows a voltammogram of capacitive character
with the absence of redox processes in the potential window studied, in
agreement with the literature [46]. Moreover, the voltametric charge is
the smallest for the samples studied. For Mn-200-C sample, the vol-
tammogram shows the presence of redox peaks with the anodic wave at
1.1 V and the cathodic one at around 0.8 V, corresponding to the Mn
(ID/Mn(III) redox process [14,47]. This is also observed for the
Mn-600-C sample but with, both, higher intensity of the anodic peak and
higher irreversibility of the redox process; these differences among
samples are associated with the phase change resulting from the applied
thermal treatment. This behavior changes in La/Mn/Co-200-C sample,
where two overlapped redox peaks are observed in the anodic regions at
0.5 V and 1.0 V respectively, which agrees with the literature for
perovskite-type metal oxides [48]. These peaks are related with Mn
(ID)/Mn(I1I) redox process although the peak at ~1.0 V can also corre-
spond to the Co(Il)/Co(IIl) redox pair [49], which appears overlapped
with the latter. La/Mn/Co-600-C sample shows these two overlapping
redox processes, but the voltametric charge decreases. Regarding the
Mn/Co-200-C and Mn/Co-600-C samples, the first one shows a wide
anodic peak at higher potentials (around 1.2 V), which can correspond
to the overlapping of the manganese and cobalt redox processes, while
Mn/Co-600-C shows this peak at 1.0 V. The shift of this peak towards
higher potentials may be due to differences in the oxidation states of the
cations, as detected by XPS (lower Mn(II) content) which modifies the
electronic environment.

The different metal (hydro-)oxides-carbon composites have been
studied in ORR. Fig. 6 shows the LSV curves obtained in an O, saturated
solution, and Table 2 summarizes the electrochemical parameters ob-
tained from these curves. La-C sample has a low electroactivity for this
reaction, with an onset potential (Egnsgr) of 0.72 V determined at —0.10
mA/cm? [50] and, a limiting current density of —2.3 mA/cm? at 0.2 V.
Fig. 6A compares the different materials calcined at 200 °C and
La/Mn/Co-600-C sample. It can be observed that the La/Mn/Co-200-C
and Mn-200-C samples present a high Eonsgr of 0.86 V, but only
La/Mn/Co-200-C reaches a high limiting current density at 0.2 V (—4.6
mA/cm? in comparison to —3.8 mA/cm? for Mn-200-C). Mn/Co-200-C
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Fig. 4. SEM images of the metal (hydro-)oxides: A) Mn-200, B) Mn/Co-200, C) La/Mn/Co-200, D) Mn-600, E) Mn/Co-600 and F) La/Mn/Co-600.
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Fig. 5. Cyclic voltammograms in 0.1 M KOH solution in saturated N, atmosphere, v = 50 mV/s, for calcined temperatures of A) 200 °C and B) 600 °C.

sample also shows a high Egnsgr, with a value of 0.85 V and a limiting
current density similar to that of La/Mn/Co-200-C. Finally, the
La/Mn/Co-600-C perovskite-type sample, shows the lowest Egnsgr
compared to those calcined at 200 °C, and the limiting current density is
also lower at 0.2 V. Fig. 6B compares the samples calcined at 600 °C with
the La/Mn/Co-200-C sample, which shows a high Eonsgr compared to
the other materials, and all these samples show similar limiting current
densities. It can therefore be concluded that heat treatment at 200 °C
after hydrothermal treatment is more appropriate than heat treatment at
600 °C for achieving higher electrocatalytic activity for this reaction.
Mn-600-C sample shows a lower Egnsgr than its corresponding ma-
terial prepared 200 °C; this can be in agreement with the observed shift
of the Mn(III)/Mn(II) reduction peak towards lower potentials (Fig. 5),
as it has been shown that the catalytic activity is enhanced if the active
metal has redox processes in the region close to the Egnger [51,52].
Moreover, the limiting current density of the Mn-600-C sample has been
considerably improved, reaching a value of —4.6 mA/cm® The
Mn/Co-600-C sample shows a similar electrochemical activity to ORR

than Mn/Co-200-C sample.

Fig. 6C plots the number of electrons transferred determined in the
ORR. It can be observed that in all the electrocatalysts the values are
close to 4 except for Mn-200-C sample which is close to 3 (Table 2). The
La/Mn/Co-200 sample is the one that presents a reaction path closer to 4
electrons (3.6 at 0.4 V), which improves the value of La/Mn/Co-600-C
electrocatalyst (3.3 transferred electrons). Moreover, one potential
issue when using the rotating disk-ring electrode in an alkaline medium,
where the Pt ring potential is maintained at 1.5 V vs RHE, is the possible
dissolution [53] of Pt and redeposition on the working electrode,
thereby enhancing its performance. To verify that this does not affect
electrocatalytic results, the electrolyte was analyzed via ICP-MS after a
3-hour stability experiment (to be explained later), revealing no signif-
icant presence of Pt (Table S1). Additionally, an ORR experiment was
conducted with the La/Mn/Co-200-C sample on a rotating disk-ring
electrode without the ring (Fig. S7), yielding highly similar results.
This confirms that the electrocatalytic activity of the materials is not
being influenced by this aspect.
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Fig. 6. LSV for ORR in 0.1 M KOH saturated with O, at 1600 rpm for samples calcined at A) 200 °C and B) 600 °C. C) Number of electrons transferred to the ORR. D)
LSV for OER in 0.1 M KOH saturated with N, at 1600 rpm. LSV for La/Mn/Co-200, La/Mn/Co-200-C and carbon material samples for E) ORR and F) OER. Scan rate
for all the experiments: 5 mV/s.
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Table 2
ORR and OER electrochemical parameters obtained in the LSV curves for the metal (hydro-)oxides-carbon electrocatalysts.
Sample ORR OER
Eonser / V (at -0.10 ng (at j/ mA/cm (at Tafel slope Potential / V (at 1 Potential / V (at 10 Tafel slope BI/
mA/cm?) 0.4V) 0.2V) (mV/dec) mA/cm?) mA/cm?) (mV/dec) v
La-C 0.72 3.6 -2.3 66 - - - -
Mn-200-C 0.86 3.1 -3.8 100 1.70 - 177 0.84
Mn-600-C 0.83 3.6 —4.6 81 1.61 - 255 0.78
Mn/Co- 0.85 3.4 —4.5 79 1.62 1.75 125 0.77
200-C
Mn/Co-600-C 0.85 3.5 —4.6 71 1.52 1.69 172 0.67
La/Mn/Co-200-C 0.86 3.6 —4.6 73 1.60 1.78 156 0.74
La/Mn/Co-600-C 0.83 3.3 —4.6 70 1.59 1.73 153 0.76
La/Mn-200-C 0.79 2.9 -3.8 76 1.65 - 204 0.86
La/Mn-600-C 0.82 3.3 —4.3 82 1.64 - 221 0.85
La/Mn/Co-200 0.73 3.4 2.1 69 - - - -
pt/C 0.98 4.0 —-5.5 61 - - - -
RuO, - - - - 1.40 1.54 103 -

Fig. 6D contains the LSVs performed to evaluate the OER for the
different electrocatalysts in a Np-saturated atmosphere at 1600 rpm. The
results show the outstanding electrochemical activity of the Mn/Co-600-
C sample for this reaction, with an Egnggr (determined at 1 mA/cm?
[54]) of 1.52 V and a potential at 10 mA/cm? of 1.75 V. Mn/Co-200-C
sample also exhibits good electrochemical activity to OER in compari-
son to the other samples. These results can be explained considering that
these two electrocatalysts possess a higher content of Co, which is more
active for OER [55]. Manganese-containing samples, Mn-200-C and
Mn-600-C, present a low electrochemical activity for this reaction, and
do not reach 10 mA/cm? in the potential window studied. Finally, the
La/Mn/Co-200-C and La/Mn/Co-600-C samples show Egnsgr potentials
of 1.60 and 1.59 V respectively, and potentials of 1.78 and 1.73 V at 10
mA/cm?, respectively. These higher values compared to the
Mn/Co-200-C and Mn/Co-600-C materials may be due to the smaller
presence of cobalt in these materials.

Due to the outstanding bifunctional activity of the La/Mn/Co-200-C
sample, electrochemical performance of the La/Mn-200-C and La/Mn-
600-C materials was analyzed for comparison purposes (Fig. S8). In
these samples, both the ORR and the number of electrons transferred are
lower. This may be because lanthanum adequately stabilises the
manganese-cobalt mixed oxide (CoMny0y4) structure and generates the
most adequate active sites for this reaction.

Figure S9 and Table 2 display the Tafel plots for both reactions. The
Tafel analysis is a useful technique for studying processes that determine
the rate of electron transfer [56]. Generally, smaller Tafel slopes indicate
higher ORR/OER activities Then, the smaller Tafel slope value indicates
that increasing the same current density would need smaller over-
potential suggesting a faster reaction rate [26]. For the ORR, the ob-
tained values are between 81 and 69 mV/dec, except for Mn-200-C
catalyst, thus demonstrating the suitable kinetics occurring in these
electrocatalysts in the ORR. Regarding OER, the smaller values of the
Tafel slope are obtained for Mn/Co-200-C, La/Mn/Co-200-C and
La/Mn/Co-600 samples. For the other samples, the values of Tafel slope
are higher.

Fig. 6E and F show the LSV for ORR and OER, respectively, for the
sample La/Mn/Co-200 with and without being mixed with Vulcan. Huge
differences are observed in the electrocatalytic activity, demonstrating
the importance of mixing metal oxides with carbon materials that pro-
vides better electrical conductivity, thus improving the electrochemical
performance by a synergistic effect [35,57].

In order to study the bifunctionality of the materials, the so-called
bifunctional index (BI) has been calculated (Table 2). This index is the
difference between the Eonsgr potentials for ORR and OER reactions.
Due to the extraordinary activity for OER of the Mn/Co-600-C sample, it
is the one that has the best BI, followed by La/Mn/Co-200-C sample. It is
remarkable the value obtained in the La/Mn/Co-200-C sample because a

heat treatment at low temperature is used for the synthesis of the ma-
terial. A possible explanation for the extraordinary bifunctional elec-
trochemical activity of both samples may be related to the crystallinity
of the material as obtained from X-ray diffraction. Mn/Co-600-C sample
shows low crystallinity (Fig. 1) and La/Mn/Co-200-C has a diffracto-
gram with peaks associated with crystalline La(OH)s and in which the
manganese and cobalt-containing species have a low crystallinity or
amorphous structure. It has been shown that the crystallinity of the
metal oxides has a strong impact on the electrocatalytic activity;
amorphous oxides present superior performance because of a higher
number of active sites formed from lattice defects and/or improved ionic
conductivity because of their abundant oxygen vacancies. Another
critical factor is the oxidation state of the active metals for ORR/OER as
determined by XPS; in general, there seems to exist a relationship be-
tween the presence of Mn (II) and an enhancement in the electro-
catalytic activity for samples calcined at low temperature. Moreover, it
is remarkable the extraordinary electrochemical activity of the La/Mn/
Co-200-C sample even with the presence of lanthanum as La(OH)s
(which does not show a good electrochemical activity); however, its
presence modifies the surface morphology, making it similar to
lanthanum hydroxide, and produced local structural changes such as the
absence of lattice oxygen as observed by XPS, an aspect that is found in
the rest of the samples except for the La sample. Another aspect that
influences the electrocatalytic activity is the interaction of the metal
(hydro-)oxides with the carbon material, represented by the M-O-C
interaction in the XPS spectra. The sample with the highest contribution
of this interaction is La/Mn/Co-200-C, which agrees with the results of
the electrocatalytic activity.

3.6. Stability of the electrocatalysts

The long-term stability tests for ORR (Fig. 7A) and OER (Fig. 7B) of
the La/Mn/Co-200-C sample, shows comparable results to the com-
mercial Pt/C catalyst for ORR and adequate stability for OER up to 500
cycles. XPS was analyzed after the stability tests for these two experi-
ments, showing significant differences in the La 3d spectra. After the
OER test (Fig. 7C), the XPS peak shifts towards lower binding energies
and there are differences in the contributions of the deconvoluted peak.
In this sense, a decrease in the bonding contribution is detected after the
OER test with respect to the initial one, which is compensated by an
increase in the contribution of the empty f orbital. This may indicate a
decrease in the interaction between lanthanum and manganese and
cobalt ions, what is in agreement with the worsening of the electro-
catalytic activity. After the ORR stability test, the XPS of the used sample
does not present well defined peaks, indicating that there is a substantial
change in the metallic environment, although it was found that the
sample is still stable (Fig. 7A). Moreover, a similar ratio is observed
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Fig. 7. A) Chronoamperometric ORR stability test for La/Mn/Co-200-C and commercial Pt/C samples. B) OER stability test for La/Mn/Co-200-C sample. C) XPS
results after ORR chronoamperometric stability test for La/Mn/Co-200-C samples. D) XPS comparison after ORR chronoamperometric stability test for La/Mn/Co-

200-C and La/Mn/Co-600-C.

between the contributions of the 3ds/» peak associated with the empty f
orbital and the bonding one, which is similar to the original perovskite
material.

To deepen into the interaction of La in the La/Mn/Co-200-C sample
in the ORR, it will be compared with the perovskite-type sample (La/
Mn/Co-600-C), because this is a stable material and has been extensively
studied. Fig. S10 shows the La 3d spectra of these samples before and
after the ORR stability test. As can be observed, the XPS does not change
so significantly for the perovskite La/Mn/Co-600-C, except for a higher
contribution of the empty f orbital in the used sample. In summary,
lanthanum chemical environment suffers a noteworthy change only in
the La/Mn/Co-200-C sample during ORR although this change does not
deteriorate the stability (Fig. 7A). Regarding the O 1 s spectrum
(Fig. S11), a decrease of the M-O-C and Oapg contributions is detected in
the La/Mn/Co-200-C sample after the stability test compared to the
initial sample; moreover, an increase of the C—O groups of the carbon
material is observed. In the La/Mn/Co-600-C sample, the main differ-
ence is the decrease in the Opar contribution in the used sample,

although comparable results are obtained.

The cyclic voltammetry before and after performing the ORR has
been studied for all samples (Fig. 8). Significant differences are detected
for the Mn-200-C and Mn-600-C samples, where the voltametric charge
decreases but the redox processes are maintained after the ORR, sug-
gesting a decrease in the number of available active sites. For the Mn/
Co-C and La/Mn/Co-C samples, the voltametric peaks remain rela-
tively stable, but the profile changes in the case of Mn/Co-600 sample in
which the two redox processes appear now as one at higher potentials.
The change in the redox peak intensities in the La/Mn/Co-600-C sample
after the ORR can be attributed to a change in the surface concentration
of the electroactive species. The peaks at 0.7 and 1.0 V are associated
with the Mn(II)/Mn(III) and Co(II)/Co(IIl) redox transitions, respec-
tively. With the use of the sample, the charge associated to Mn(II)/Mn
(I1I) decreases and that corresponding to Co(II)/Co(IIl) increases. Then,
it seems that the amount of electroactive Co increases during the ORR.
Moreover, La/Mn/Co-200-C sample essentially maintains the volta-
metric profile, thus the interaction between all the metal species seems
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to enhance the stability of the composite.

On the other hand, due to the potential hydrolysis of Si-O-X (X: Si, Al,
B) bonds in silicate-based glassware cells at elevated pH and their
consequent influence on electrocatalytic activity [58], the electrolyte
after the 3-hour chronoamperometric stability experiment of the ORR
has been analyzed using ICP-MS. The results (Table S1) reveal a negli-
gible concentration of Si (much lower than the 35 ppm value mentioned
in the literature [58]), Al, and B elements, indicating that they are not
considered to impact electrocatalytic activity. Moreover, in Table S1, it
can be observed that there is no considerable leaching of the metals
composing the electrocatalyst: La, Mn, and Co, and Fe related to the
KOH purity has not been detected. Moreover, the cyclic voltammetry of
the commercial Pt/C electrocatalyst after the stability test shows the
typical profile characteristic of this electrode (Fig. S12).

3.7. Rechargeable Zn-air battery tests

Rechargeable zinc-air batteries (ZABs) were assembled and tested at
room temperature, using the battery depicted in Fig. S1. The air cath-
odes (positive electrodes) consisted of carbon paper (gas diffusion layer)
loaded with three different materials: La/Mn/Co-200-C, Mn/Co-600-C,
and the mixture of commercial Pt/C + RuOs catalysts. Fig. 9A presents
the discharge polarization curves of the ZABs prepared with these three
samples. The Mn/Co-600-C sample displayed superior performance over
La/Mn/Co-200-C at low current densities due to a higher ohmic drop
observed in the latter. However, both materials exhibited similar
maximum power output (51.0 and 51.5 mW/cm?, respectively). While
the commercial Pt/C + RuO; catalyst demonstrated better electro-
catalytic activity during the discharge process, neither of the synthesized
materials in this work managed to surpass its activity in the discharge
polarization curve.
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Fig. 9B shows the galvanostatic discharge voltages at current den-
sities ranging from 2 to 50 mA/cm? for ZABs prepared with La/Mn/Co-
200-C and Mn/Co-600-C samples. The discharge voltages remained
stable, which is crucial for practical applications [59], and the ZAB with
La/Mn/Co-200-C exhibited higher voltages at high current densities.
Interestingly, the discharge voltage could be restored to its initial value
after reducing the current density in both samples, indicating excellent
rate capability of the electrocatalysts.

Fig. 9C illustrates the discharge polarization curves at 5 and 10 mA/
cm? for the ZAB containing La/Mn/Co-200-C, resulting in energy den-
sities of 724 and 699 mAh/g, respectively. These values were higher
than those obtained for the Mn/Co-600-C sample (Fig. S13).

The galvanostatic cycling test (Fig. 9D) was performed for La/Mn/
C0-200-C and commercial Pt/C + RuO catalyst at 1 mA/cm?, with
each charge-discharge cycle lasting 20 min. The La/Mn/Co-200-C
sample exhibited long-term durability, operating under stable condi-
tions for at least 120 h. Initially, the sample showed a charge and
discharge voltage of 1.82 V and 1.32 V, respectively, resulting in an
initial round-trip efficiency of 72.5 %. Commercial Pt/C + RuO, dis-
played a charge and discharge voltage of 2.06 V and 1.24 V, respec-
tively, leading to an initial round-trip efficiency of 60.2 %. This
demonstrates that the synthesized materials offer rechargeability for the
target reactions and perform better than the commercial Pt/C + RuO2
electrocatalyst. As the number of cycles increased, the efficiency
decreased for both ZABs. However, after 249 charge-discharge cycles,
the commercial Pt/C + RuO; catalyst loses its activity, concluding the
experiment. Meanwhile, the La/Mn/Co-200-C sample continues to
exhibit excellent performance for up to 360 cycles for 120 h, with a
round-trip efficiency of 40.9 %.

When these results are compared with other studies from the liter-
ature using metal oxides as electrocatalysts in Zn-air batteries, it can be

80
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Fig. 9. A) Discharge polarization curves and corresponding power density plots for La/Mn/Co-200-C, Mn/Co-600-C and commercial Pt/C + RuO, samples, solid
lines refer to voltage and dashed lines to power density. B) Discharge curves of the ZAB based on La/Mn/Co-200-C and Mn/Co-600-C with current densities from 2 to
50 mA/cm?. C) Galvanostatic discharge curve at 5 mA/cm? and 10 mA/cm? for La/Mn/Co-200-C sample. D) Cycling performance at 1 mA/cm? of the La/Mn/Co-200-
C-based ZAB and its comparison with commercial Pt/C + RuO,-based ZAB.
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observed that the La/Mn/Co-200-C sample exhibits a higher specific
capacity value than the published works to date [2,60-62]. Further-
more, this sample shows similar electrochemical performance in
charge-discharge experiments conducted under the same conditions, but
it displays greater long-term stability [63,64]. It is important to high-
light that this sample outperforms our previous work [24] in all aspects,
where a high-temperature calcination process was required, signifi-
cantly increasing the synthesis cost. Furthermore, the performance of
the electrocatalyst synthesized in this study has been compared with
relevant electrocatalysts of similar nature from the literature (Table S2).
Competitive power peak parameters, capacity, and stability are
observed in comparison to materials synthesized at higher temperatures.
Thus, in this study, a cost-effective electrocatalyst with excellent per-
formance and durability has been obtained. Moreover, in this work, the
study corresponding to the Zn anode has not been performed but the Zn
anode plays an essential role in deteriorating the overall performance of
these batteries due to the formation of dendrites that can occur during
plating and stripping processes. These dendrites often fracture from
their roots, causing an irreversible loss of electronic contact [65].

4. Conclusions

In this work, electrocatalysts based on La stabilized low crystallinity
metal (hydro-)oxides have been synthesized by hydrothermal synthesis
and further heat treatment at low temperature (i.e., 200 °C). The elec-
trocatalytic results of the materials obtained after mixing with carbon
black demonstrates the usefulness of this process for the development of
economical, stable, and eco-friendly bifunctional electrocatalysts for
ORR and OER.

The electrocatalysts calcined at a low temperature exhibited superior
bifunctional activities than those heated at 600 °C. Among them, the La/
Mn/Co-200-C sample stands out, which shows an extraordinary
bifunctional activity. We demonstrate the significance of having a sub-
stantial concentration of active sites in a material with a less organized
structure, as opposed to one with higher crystallinity. In addition, the
improved performance seems also to be related to the interaction be-
tween the manganese and cobalt ions and the empty f orbitals of
lanthanum. The interaction of the metal (hydro-) oxide with the carbon
material (M-O-C) is also enhanced by the presence of lanthanum in the
low-temperature calcination sample (La/Mn/Co-200-C). This work
opens the possibility of studying the stabilizing effect of other cations
with empty f orbitals and how it affects the properties of electroactive
cations.

Finally, these materials were evaluated in a real application, such the
Zn-air battery, and they showed remarkable results. Furthermore,
because no precious metals are used, the cost of the Zn-air battery using
hydrothermal-synthesized materials and calcined at low temperatures,
is significantly lower than that of Pt/C+ RuOx catalyst, highlighting its
greater economic potential.
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