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Abstract

Focused Ion Beam — Scanning Electron Microscopy (FIB-SEM) was employed to investigate the
Gas Diffusion Layer (GDL), electrocatalyst, and electrolyte interface in rechargeable Zn-Air
Batteries (ZABs) using Fresh and Used samples (before and after long-term electrocatalytic activity,
respectively). The electrocatalyst was based on (hydro-)oxides of manganese, cobalt and lanthanum
and carbon material. The results reveal a loss of material compaction in the Used sample,
accompanied by the formation of pores and irregular gaps, as well as enhanced permeation of the
electrocatalyst through the GDL, as evidenced in the tomogram. Interestingly, the analysis of the
distribution of elements in the Used sample shows important differences, strongly dependent on their
chemical properties in the electrolyte used. Mn and Co, the more electroactive elements for the
oxygen-involved reactions, remain in proximity to the electrolyte interface, while La forms a
preferential region more distant and parallel to the electrolyte. XPS results indicate that the formation
of this region is associated with the generation of lanthanum acetate species, which are responsible
for the decrease in conductivity of the Used sample, as demonstrated by electrochemical impedance
spectroscopy experiments, in addition to impairing O, diffusion along the GDL. Furthermore, DFT
calculations support that the formation of lanthanum acetate species from the metal (hydro)oxides is

energetically favorable in presence of zinc acetate electrolyte in ZABs.
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1. INTRODUCTION

The search for sustainable and high-performance energy storage solutions has brought rechargeable
Zn-Air Batteries (ZABs) to the forefront of research due to their high theoretical energy density
(1084 Wh/kg) [1], environmental friendliness, and cost-effectiveness [2—5]. ZABs have emerged as
promising candidates for next-generation energy storage systems, particularly for applications
requiring long cycle life and high energy output. However, their practical implementation is
significantly hampered by various stability issues associated with the anode, electrolyte, and cathode

materials.

Zinc is widely used as the anode in Zn-based batteries due to its abundance, low cost, and good
reversibility in aqueous electrolytes [6]. However, its application is hindered by dendrite formation
during charge-discharge cycles, leading to short circuits and reduced battery lifespan [7].
Additionally, zinc corrosion in alkaline electrolytes generates passive zinc oxide layers and hydrogen
gas, which decrease efficiency and compromise safety [8,9]. Moreover, ZABs electrolytes face
stability issues. Aqueous electrolytes tend to evaporate and react with CO,, forming insoluble
carbonates (e.g., KoCOs3, KHCO3) that obstruct air diffusion in the cathode, leading to capacity
degradation [10-12].

The positive electrode (cathode during the discharge), particularly when employing metal oxides,
also presents significant stability concerns. Metal oxides are very promising electrocatalysts for their
excellent catalytic activity and structural flexibility, making them suitable for facilitating both the
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) [13—17]. However, despite
their advantages, metal oxides are susceptible to degradation under operation conditions, which
compromises their catalytic efficiency and durability. The degradation mechanisms often involve the
formation of undesirable phases, surface passivation, and structural disintegration. The morphology
of a cathode is extremely important to its electrochemical performance and, to achieve high
performance, cathode morphology optimization is required at length scales ranging from the
submicron primary particle(s) to the hundreds of micron thick electrode composite [18]. A significant
number of studies have focused on the study of surface reconstruction in metal oxides, which is the
main cause of the degradation of the ZAB performance [19-21]. However, not only is it important
to understand the changes in the intrinsic physical and chemical properties of the metal oxides during
their use, but also, since these metal oxides are loaded on a gas diffusion layer (GDL), it is essential

to unveil the interaction between the electrocatalyst and the GDL.

The GDL plays a vital role in managing the distribution of reactant gases and the removal of reaction
products, thereby influencing the electrochemical performance and stability of the cathode [22].

Metal oxides-GDL interaction also determines the redistribution of catalytic species during their use
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and, consequently, the efficiency of gas diffusion, the effectiveness of the catalytic sites, and the
overall durability of the cathode. To elucidate these interactions, we propose the application of
Focused lon Beam Scanning FElectron Microscopy (FIB-SEM) technique in ZAB. FIB-SEM
combines the capabilities of a focused ion beam milling for the precise obtention of cross-sectional
images using SEM. It allows for high-resolution, three-dimensional imaging of the cathode structure,
enabling detailed analysis of the interface between the cathode material and the GDL [23,24]. This
technique can reveal microstructural changes, phase and element distributions, and potential
degradation pathways at the nanoscale, providing critical insights into the factors affecting cathode
stability. FIB-SEM technique has been mainly applied for i) the cathode materials in Lithium-Ion
Batteries (LIBs) [25-28], ii) the Zn anode dendrite formation studies in ZABs [29-31] and iii) the
modeling of the electrolyte and binder distribution in ZAB-GDLs [32]. However, to the best of our
knowledge, this technique has not yet been employed to investigate cathode degradation in ZABs.

Therefore, this work delves into the study of the interaction between metal oxide-based cathode
materials and the GDL, aiming to elucidate the underlying mechanisms that govern cathode stability
in ZABs. Exploring the interfacial region and materials interactions through advanced
characterization techniques such as FIB-SEM, provides a comprehensive understanding that could
pave the way for the development of more robust and efficient ZABs. For this purpose, a ZAB
positive electrode (cathode) composed of La, Mn and Co metal oxides mixed with carbon material
will be used, due to its high electrochemical performance and stability reported in our previous work
[33]. To further investigate the electrocatalytic properties of the material, DFT calculations are
performed in order to study the effects of the existing metal species before and after the ZAB stability

test.

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 (99.8% purity), ethanol (C,HsOH)
from Alfa Aesar (99.5% purity), isopropanol from Acros Organics (99.5% purity), Nafion® 5% w/w,
lanthanum(IIl) nitrate hexahydrate (La(NOs3);-6H,O) from Sigma Aldrich (99.9% purity),
manganese(I]) nitrate tetrahydrate (Mn(NOs),2-4H,0) from Alfa Aesar (98% purity), cobalt(Il) nitrate
hexahydrate (Co(NO3),'6H,0) from Sigma  Aldrich (99.9% purity), and
hexadecyltrimethylammonium bromide (CTAB) (CH3(CH»)sN(Br)(CHs);) from Sigma Aldrich
(99.9% purity). Additionally, Zn foil from ThermoScientific was used with a purity of 99.98%, and
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zinc acetate dihydrate (Zn(O.CCHz3),-2H,0) from Sigma Aldrich with a purity of 98%. Commercial

20 wt.% Pt/C (Sigma-Aldrich, 98% purity) and RuO, (ThermoScientific, 99.95% purity, sub-micron
powder, surface area 45-65 m?/g) were also utilized for comparison purposes. All solutions were
prepared using ultrapure water (18 MQ cm, Millipore® Milli-Q® water). The gases used, N»
(99.999%), O (99.995%), and H» (99.999%), were provided by Carburos Metalicos and were used

without any pretreatment.

2.2. Synthesis procedure

The synthesis procedure was previously published [33]. 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. Metal hydroxides
are formed by adding drops of 6 M 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 material is washed, filtered, and dried at 100 °C. Finally, the sample is calcined
at 200 °C for 6 h in air. This calcination temperature is sufficient for complete removal of organic
components (aliphatic chains and trimethylammonium groups from CTAB surfactant) through
volatilization, as confirmed by the absence of nitrogen species in the XPS analysis of the final
products. The 6-hour duration at 200 °C in air ensures thorough oxidative decomposition of residual

surfactant without promoting sintering or phase changes in the metal hydroxides.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

After, the as-obtained sample is mixed with Vulcan by ball milling for 30 minutes and 350 rpm (1:1
in weight) to obtain the metal oxide-carbon composite named as La/Mn/Co-200-C. To simplify the

Open Access Article. Published on 14 January 2026. Downloaded on 1/14/2026 11:03:30 PM.

nomenclature, the sample before being tested in the ZAB will be referred to as “Fresh” while after
its use in the ZAB in the long-term stability charge-discharge test the sample will be referred to as

“Used”.

(cc)

2.3. Characterization techniques

The X-ray diffraction (XRD) analysis was conducted using a Bruker D8-Advance diffractometer
(Billerica, USA). The system featured a KRISTALLOFLEX K 760-80F X-ray generator with a
voltage range of 20—60 kV and a current range of 5-80 mA, employing Cu Ka radiation as the X-ray
source. Data acquisition was performed over a 20 range of 10° to 80°, with a step size of 0.05°. The

crystallite size (Dc) of the materials was estimated using the Scherrer equation (Eq. 1). [34].

kA
D = Bcos (6) (Ea- 1)
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In this equation, the shape factor constant (k), which accounts for grain morphology, was set to 0.89,
while the wavelength of the employed radiation source (A) was 0.15406 nm. The calculation also
incorporated the full width at half maximum (FWHM) of the diffraction peak (B) and the Bragg angle
(8). To compensate for instrumental broadening, the measured FWHM value was corrected by
subtracting the instrumental broadening factor, which was determined using a crystalline quartz

pattern as a reference. The corrected FWHM value of the sample was then obtained using Eq. 2 [34]:

ﬁrzeal = ﬁgbs - ﬁi?nst (Eq. 2)

where Pl is the value obtained from the contribution of the crystallite size, Bobs is the measured

value, and Bins is the broadening related to the instrument.

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a VG-Microtech
Multilab 3000 electron spectrometer (VG Scientific, Sussex, UK), operating within a passing energy
range of 2-200 eV. The XPS experiments employed an Al Ka radiation source (1253.6 eV). For
binding energy calibration, the C 1s peak at 284.6 eV was used as an internal reference. Data analysis
and peak deconvolution were performed using XPSPEAK41 software. Experimental spectra were
fitted with Lorentz-Gaussian functions, while the background was modelled using a Shirley-type

function.

Density functional theory (DFT) calculations were performed to understand the interaction between
Mn and La-based compounds in the electrocatalyst used, as well as to explain the experimental results
obtained. ORCA 5.0. computational package [35] was used to perform the geometry optimizations
and energies calculations in conjunction with the def2-TZVP Ahlrichs basis set for light elements
and effective core potentials (def2-ECP) for the La heavy element [36]. A geometry pre-optimization
was performed using meta-GGA MO6L functional [37], and the geometry obtained was re-optimized
using hybrid B3LYP (hybrid) functional [38]. Solvent effects (water) were simulated using the
conductor-like screening model (CPCM) method implemented in ORCA. The La(OH); cluster was
modelled using the La)(OH)s(OH>)10 molecule (La coordination number of 9 [39]), and the Mn3O4
species was represented by Mn3O4(OHz)s, employing octahedral and tetrahedral environments by
adding water molecules around the Mn atoms to simulate Mn(IIl) and Mn(II) oxidation states,
respectively. The Zn-related species were modelled using the Zn,(CH3CO») cluster (Zn coordination
number=4 [40]). Regarding La(CH3CO;); cluster, it was modelled by the molecule
Lax(CH3CO»)6(OH2)10 (La coordination number of 9 [41]). These molecular structures are depicted
in Figure 8.

Scanning electron microscopy (SEM) was utilized to investigate the morphology of the powder

samples using a JEOL ITS00HR/LA microscope, prior to analysis with the FIB-SEM technique. This
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instrument is equipped with a field emission gun, providing high-resolution imaging capabilities of
1.5 nm at 30 kV and 4.0 nm at 1 kV. The microscope operates within an accelerating voltage range

of 0.5-30 kV.

FIB-SEM tomography was conducted using a Thermo Fisher Scientific Scios 2 DualBeam FIB-SEM
system, equipped with an electron beam resolution of 1.4 nm at 1 keV and an accelerating voltage
range of 200 V — 30 kV. It was equipped with a Trinity Detector System (in-lens and in-column):
segmented lower in-lens detector and upper in-lens detector. The ion beam was operated at an
accelerating voltage of 30 kV for material removal. Sequential milling was conducted by
progressively removing thin material layers from the exposed surface, with each slice having a
thickness of 20 nm. Following each milling step, high-resolution SEM imaging was performed to
capture the newly exposed surface, generating a series of sequential micrographs with enhanced
contrast. Chemical analysis was conducted using an Energy Dispersive X-ray Spectroscopy (EDS)
system (Oxford Instruments Ultim Extreme). EDS elemental mapping was acquired at regular
intervals of every fifth SEM image to provide compositional information throughout the tomographic
sequence. Data acquisition was automated using Auto Slice & View 4.2 software. Image stack
alignment was performed using the sum of squared differences algorithm without rotation correction
in Dragonfly software. Figure 1 illustrates the setup used for the FIB-SEM technique in which the

area in contact with the electrolyte is indicated.
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Figure 1. Set-up used in the FIB-SEM technique. The area in contact with the electrolyte is located

at the top, while the area in contact with the oxygen is at the bottom.

Electrochemical Impedance Spectroscopy (EIS) was conducted between 0.01 Hz and 100 kHz in an
Autolab PGSTAT302 potentiostat (Metrohm, The Netherlands) at open circuit voltage (OCV) and at
voltages close to the ORR and OER onset, and 10 mV of amplitude in a ZAB device (2 electrode
system). The charge transfer resistance (R.) was extracted from electrochemical impedance
spectroscopy (EIS) data analyzed using Nyquist plots and the Randles equivalent circuit model [42].
The ohmic resistance (R,) was determined from the Z’ intercept at high frequency (100 kHz), and R
was calculated as the semicircle diameter using R = Z’ (low frequency) — Z’ (high frequency). The
ZAB was tested using positive air electrodes composed of the La/Mn/Co-200-C electrocatalyst
developed in this study and a commercial catalyst mixture of 20 wt.% Pt/C and RuO» (1:1 weight
ratio). These catalysts were prepared as inks containing 0.02 vol.% Nafion® and 20 vol.%
isopropanol in water, which were uniformly applied to the gas diffusion layer carbon paper
(QUINTECH, Freudenberg H23C6) using a brush to achieve a mass loading of 1.3 mg/cm?. The
negative electrode consisted of polished Zn foil (ThermoScientific, 99.98%). The electrolyte was an
aqueous solution of 6 M KOH and 0.2 M Zn(CH3CO»),-2H,0. Both electrodes had a geometrical
area of 2.6 cm?. Battery performance was evaluated using an ARBIN multi-channel SCTS battery

testing potentiostat. Polarization curves were recorded at a scan rate of 1 mA/s, while galvanostatic

DOI: 10.1039/D5TA10107G
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charge and discharge measurements were performed at 1 mA/cm” with 20-minute charge-discharge

cycles. The oxygen introduced into the battery is supplied from the air present in the atmosphere

under static conditions, without using any air introduction system.

3. RESULTS AND DISCUSSION

This section will discuss the characteristics of the La/Mn/Co-200-C sample before being evaluated

in the ZAB, and its electrochemical performance in the ZAB.

3.1. Sample characterization and ZAB performance

The La/Mn/Co-200-C sample demonstrates noteworthy bifunctional activity toward both the ORR
and OER, along with remarkable electrochemical parameters in the ZAB using a low-temperature
synthesis process at 200 °C. Based on the X-ray diffraction (XRD) results, the sample consists of
crystalline phases of La(OH); and a minor proportion of hausmannite (Mn3O4). The absence of
additional Mn or Co-related peaks may be attributed to the high crystallinity of La(OH)3, which
overlaps with contributions from low-crystallinity species. The performance in the ZAB can be
observed in Figure 2, showing, in the polarization test, a maximum power of 51 mW/cm? at a current
density of 97 mA/cm? (Figure 2A). Furthermore, the La/Mn/Co-200-C sample exhibits excellent
stability and rate performance under different current densities (2, 5, 20, 50 and again 2 mA/cm?)

(Figure 2B) and delivers discharge capacities of 724 and 699 mAh/gz, at current densities of 5 and

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

10 mA/cm?, respectively (Figure 2C). Based on the results of our previous work [33], the enhanced

performance exhibited by the La/Mn/Co-200-C sample surpasses that of a similar sample without

Open Access Article. Published on 14 January 2026. Downloaded on 1/14/2026 11:03:30 PM.

the presence of La, despite La(OH)3 having a high overpotential for ORR/OER. This improvement

is attributed to the positive influence of the La®" cation, which induces changes in surface

(cc)

morphology and in the oxidation states of the electroactive species (Mn and Co). Although La*"
possesses an empty 4f shell (4f°), its beneficial effect arises from multiple complementary
mechanisms [43]: (i) hybridization interactions involving its empty 4f orbitals with the d orbitals of
Mn and Co, facilitating inter-metal charge transfer; (ii) its role as a soft Lewis acid center, stabilizing
the metal oxides; and (iii) the promotion of higher oxidation states of Mn species (particularly
Mn(IV)), as evidenced by XPS analysis (Figure 6A) and confirmed by DFT calculations (Table S1),
which demonstrate an increase in partial charges of ~0.2 units for the Mn atoms closest to La. These

combined effects enhance electronic conductivity and bifunctional ORR/OER activity.

Figure 2D illustrates the long-term stability test evaluated at 1 mA/cm? with 20-minute cycles,

demonstrating a progressive increase in voltage gap and a short circuit occurring after surpassing 120
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h of cycling and more than 360 charge-discharge cycles. To improve the stability of such materials,

it is crucial to understand the key factors influencing long-term degradation during cycling.

80 1.3
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Figure 2. A) Polarization and power curves for ZAB prepared with La/Mn/Co-200-C. B)
Reversibility study at current densities of 2, 5, 20, 50 and again 2 mA/cm?. C) Discharge capacity
at 5 and 10 mA/cm?. D) Long-term stability test at 1 mA/cm? and 20 min charge-discharge cycle.

3.2. FIB-SEM results

FIB-SEM technique was employed to investigate the changes occurring in the electrocatalyst
consisting of La, Mn, and Co metal (hydro-)oxides, along with carbon material, deposited on the
GDL via drop-casting. Figure 3 shows the sample before battery use (Fresh) in the upper section,
with secondary electron (SE) and backscattered electron (BSE) images at different slices. Similarly,

the sample after more than 120 hours of cycling stability testing (Used) is shown in the lower section.

In the Fresh sample, SE images reveal that the deposited electrocatalyst layer on the GDL is compact
and has a thickness of approximately 5 um. Some small voids are detected between larger particles
generated in the electrode preparation process. This trend remains consistent as the number of slices
increases (Figure 3 and Video S1). BSE images reveal elemental composition, where heavier
elements appear brighter due to their higher atomic number. Thus, the bright areas correspond to La,

Mn, and Co elements. In the Fresh sample, a homogeneous distribution of elements is detected in the

10
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outer region of the GDL and a heterogeneous distribution in the inner region, forming irregular

agglomerates of metal oxide nanoparticles approximately 1-2 pm in length. The larger nanoparticles
detected by BSE coincide with the shape of the nanoparticles detected by SE, between which small
pores were detected. This indicates that the nanoparticles of the metal (hydro-) oxides tend to

agglomerate at the nanometer scale in the process of electrocatalyst layer preparation on the GDL.

When analyzing the Used sample (lower section of Figure 3 and Video S2), significant differences
are observed. Firstly, SE images no longer show a compact layer, and pores and voids of irregular
shapes and sizes are observed that can be a consequence of the oxidation and corrosion of the GDL.
Quantitatively, the electrode thickness increases from ~5 pm (Fresh) to ~10 pm (Used), with a
concurrent dramatic increase in porosity from an estimated ~10-15% (Fresh, characterized by small
interstitial voids between particles) to ~40-50% (Used, characterized by extensive irregular pores
and void networks). This represents a change in porosity of ~25-35 percentage points, which
corresponds to a relative increase of 2-4 fold over the baseline. Such increase in porosity is expected
to decrease ionic conductivity in the electrolyte-filled pores, consistent with the substantial
impedance increase observed in EIS (Figure 7). Additionally, oxygen diffusivity through the GDL is
expected to decrease due to the irregular pore structure and increased tortuosity, significantly limiting
the kinetics of the ORR. The combination of reduced ionic conductivity, severely hindered oxygen
diffusion, and the formation of lanthanum acetate species together account for the dramatic

performance degradation and eventual cell failure after 120 hours of cycling.

Regarding the distribution of the metal (hydro)-oxides, it can be observed that the metals distribute

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

in a wider region compared to the fresh materials. Thus, the thickness of the layer of metal oxides on

the GDL increases to nearly 10 um, and it is difficult to provide a precise value due to the lack of a

Open Access Article. Published on 14 January 2026. Downloaded on 1/14/2026 11:03:30 PM.

well-defined electrocatalyst-GDL interface.

(cc)

BSE images reveal an increase in the thickness of the outer region and a more uniform distribution
of the elements in the inner region, with less pronounced elemental segregation compared to the
Fresh sample, and the electrocatalyst layer extends to larger distances than for the fresh sample.
Additionally, not only irregularly shaped circular nanoparticles are detected, but also thin rods with
lengths less than 1 um are observed in the region of the GDL far of the electrolyte. Thus, charge-
discharge cycling produces a redistribution of the metal (hydro)-oxides, giving rise to a lower
concentration electrocatalyst distribution to the inner regions of the GDL, and reduces the size of the
metal oxide nanoparticles not only on the GDL surface but throughout the entire thickness of the

GDL.
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CROSS-SECTION IMAGES

100th 200th 300t 400th

5 um 5um 5 um

Figure 3. Cross section images from the Fresh and Used samples with secondary electrons (SE)
and backscattering electrons (BSE) at different FIB slices. The term “slices” refers to the number of

cuts made by the FIB.

At this point, it is crucial to obtain more specific information on the elemental distribution. Therefore,
elemental mappings of Mn, Co, La, and Zn were performed (Figure 4). The EDS elemental mapping
images show a homogeneous distribution of Mn and Co in both the Fresh and Used samples, although
for both elements an increased depth penetration into the GDL is observed in the Used sample, with
elements permeating the GDL to around 2 um. La exhibits a different behavior, with greater
permeability into the GDL, up to ~15 pum (nearly the entire length of the GDL). Notably, a region of
higher La concentration at approximately 7 pm from the GDL surface is observed, which is parallel
to the GDL surface that is in contact with the electrolyte. This specific location is significant from a
transport and electrochemical perspective: at 7 pm (representing ~70% of the total electrode depth
in the Used sample), the accumulated lanthanum acetate species forms a percolating barrier that
effectively blocks ionic and electronic transport pathways connecting the catalytically active zone
near the electrolyte interface (0—2 pm, where Mn and Co remain concentrated) with deeper electrode
regions. This positioning creates a bottleneck for charge transfer, explaining the dramatic increase in
impedance observed in the EIS measurements (discussed later). If La redistribution were to occur at

shallower depths (e.g., 5 um), less impact on overall conductivity would be expected due to the
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availability of alternative conduction pathways. Conversely, if redistribution occurred deeper (e.g.,

10 um near the GDL interface), the impact would be primarily limited to GDL-internal transport,

with the active catalytic layer remaining relatively less affected.

The observed redistribution for La can be a consequence of dissolution-precipitation processes,
although this phenomenon will be discussed later in more detail. Regarding Zn, its presence is
detected across nearly the entire GDL in the Used sample, indicating that the electrolyte permeates
the entire structure. However, this permeation does not occur uniformly, as preferential circular
regions of approximately 1 um in diameter are detected in the outermost areas (far from the

electrolyte) of the GDL.
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Figure 4. Cross section mappings of the Fresh and Used samples for the Mn, Co, La and Zn elements.

The internal structure of the electrodes is most effectively visualized through 3D reconstruction
rendered electronically with computer software or presented as a video. For illustration purposes,
snapshots from the video are provided in Figure 5. Thus, in Figure 5A and 5B, the 3D reconstructions
of the Fresh and Used samples, respectively, are shown. The upper part of the reconstruction
corresponds to the area in contact with the electrolyte, while the lower part represents the region

through which O, diffuses. From the reconstruction analysis of the Fresh sample (Figure 5A and
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Video S3), it is evident that the electrocatalyst, characterized by an irregular nanoparticle

morphology, is uniformly deposited on the GDL. Subsequently, for the Used sample (Figure 5B and
Video S4), an increased permeability of the electrocatalyst within the GDL is clearly observed, along
with the formation of pores and voids in the GDL. These structural changes may modify and even

hinder O, diffusion making it more inefficient.

To gain a clearer understanding of the elemental distribution, 3D reconstruction of the EDS mappings
was also performed (see Figure 5C, 5D and SI Videos). Specifically, Figure 5C and 5D highlight
snapshots of the La element mappings for the Fresh and Used samples, respectively. These images
reveal differences in La permeability, while the distribution of other elements remains less modified,
as previously discussed and illustrated in Figure 4. It should be noted that during the reconstruction,
the La concentration was considered homogeneous in all regions where it was present. However, as
previously discussed, Figure 4 indicates the existence of a region parallel to the GDL surface that is

in contact with the electrolyte, with higher La concentration.
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Figure 5. 3D reconstruction of the electrodes for samples A) Fresh and B) Used. And La elemental
mapping distribution for samples C) Fresh and D) Used.

3.3. XPS Characterization

The XPS analyses of the Fresh and Used samples were conducted. Figure 6 shows the deconvolution
of the Mn 2p, Co 2p, C 1s, and O 1s spectra. The deconvoluted Mn 2p spectrum (Figure 6A) exhibits
two asymmetric peaks associated with Mn 2p3» and Mn 2pi2. The Mn 2ps), signal is further resolved
into three contributions at approximately 641.3 eV (Mn(Il)), 642.6 eV (Mn(Ill)), and 644.6 eV
(Mn(IV)) [44,45]. The Mn 2p1» signal is divided into 652.7 eV (Mn(Il)), 654.0 eV (Mn(1lI)), and
656.1 eV (Mn(IV)). In the Fresh sample, the results show a mixture of the three species, with Mn(III)
being predominant; and no significative changes are detected in the Used sample. Regarding the Co
2p spectrum (Figure 6B), a pair of asymmetric peaks associated with Co 2p3» and Co 2pi.; are
observed, respectively. The Co 2ps» and Co 2pi signals are divided into two peaks assigned to

Co(11I) (at 780.7 and 795.9 eV) and Co(Il) (at 782.3 and 797.2 eV) [46,47]. Similar to the Mn 2p
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spectrum analysis, the results show no significant differences between the Fresh and Used samples,

obtaining a mixture of Co(IlI) and Co(II) oxidation states, with Co(IIl) species being predominant.
In the case of O 1s (Figure 6C), five contributions are detected in the deconvoluted spectrum of the
Fresh sample. The peak at 531.4 eV corresponds to adsorbed oxygen species in the metallic
(hydro-)oxides (Oaps). The peaks at 532.2 and 533.5 eV are associated with C—O and C=0 species
from the carbon material, respectively, while the peak at 532.8 eV is related to M—O-C species
between the metal (hydro-)oxides and the carbon material [48,49]. Finally, the peak located at 535.5
eV is associated with the O—F species [50] from Nafion, which is used as binder in the electrode
preparation. The results for the Fresh sample identify the presence of Oaps species in the metallic
(hydro-)oxides, and with a greater contribution of C-O species compared to C=0. However, when
analyzing the deconvoluted O 1s spectrum of the Used sample, a new peak is detected at 530.0 eV,
associated with lattice oxygen (O?") (Ovar). These new oxygen species are formed from adsorbed
oxygen species as a consequence of changes in the electrocatalyst caused by the redistribution of La,
and the dioxygen reactions, which have facilitated the formation of metal oxide species. A possible
reaction scheme for the transformation of O is shown in Egs. 3-6 [51]. The Orar/Oaps ratio in the
Used sample is 0.57 (Table 1), highlighting the significance of the change in the nature of oxygen
species within the metallic (hydro-)oxides. This ratio indicates progressive transformation of
adsorbed oxygen into lattice oxygen during cycling, driven by La redistribution and successive ORR
events. While increased O* species can theoretically facilitate lattice oxygen-mediated OER via

direct O—O coupling and enhanced ORR through modified electronic structure and reduced oxygen

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

vacancy formation energy [52], this potential benefit is offset by simultaneous formation of inactive
lanthanum acetate species, increased impedance (Figure 7), and GDL permeation. The net effect is a

trade-off between potential lattice oxygen mechanistic contributions and substantial loss of active

Open Access Article. Published on 14 January 2026. Downloaded on 1/14/2026 11:03:30 PM.

La-Mn synergistic sites, explaining the observed ORR activity degradation despite Orar formation.

(cc)

In the Used sample, an increase in C=0 species is detected compared to the Fresh sample: Oc=0/Oc-
oratio increases from 0.37 to 0.86. The increase in these oxidized species reflects the influence of

oxidative processes (ZAB charging process) on the carbon material.

Finally, a decrease in the contribution of M—O-C species is observed (Table 1), indicating a decrease
in the interaction between the metallic (hydro-)oxides and the carbon material, likely caused by the

chemical changes of both materials.

0,+e” - 05 (Eq. 3)
0; +e” - 05" (Eq. 4)
05~ - 20~ (Eq. 5)
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207 +2e” - 20%" (Eq. 6)

Table 1. Oxygen-related species ratios obtained from the XPS data.

Sample | Opat/Oaps | Oc-0/Oaps | Om-0-c/Oaps | Oc=0/Oc-o0
Fresh - 0.81 0.18 0.37
Used 0.57 0.46 0.07 0.86

Figure 6D shows the deconvoluted C 1s spectra. The deconvoluted spectrum reveals that in the Fresh
sample, two contributions are identified at 284.6 and 285.7 eV, corresponding to C=C and C—O bonds
[53], respectively, as well as a contribution at 291.9 eV associated with the C—F species from the
Nafion binder [50]. In the Used sample, an additional peak at 288.7 eV is observed, corresponding
to the O—C=0 species [54]. The presence of K 2p3» and K 2p1» peaks at 292.9 and 295.7 eV [55],
originating from the KOH-based electrolyte, appears at binding energies sufficiently separated from
the carbon-related peaks to allow accurate deconvolution without interfering with the quantification
of oxidized carbon species. The separation of ~4—8 eV between the C—O/O—C=0 peaks (284.6-288.7
eV) and the K 2p peaks (292.9-295.7 eV) ensures reliable peak fitting using Lorentz-Gaussian
functions with Shirley-type background correction. This is further supported by the concurrent
detection of O—C=0 species in the O 1s spectrum (Figure 6C) at 288.7 eV, which independently
corroborates the oxidation of the carbon material. Moreover, the peak associated to C—O species
increases importantly because of an extensive oxidation of the carbon material. Additionally, the peak
associated with O—C=0 can be attributed to acetate (Eq. 7) [56] and/or carbonate species (Eq. 8).
Thus, the observed redistribution of La detected in Figure 4 can be a consequence of dissolution-
precipitation processes generated by the interaction with the electrolyte and promoted by the local
changes in pH that may occur during the charge and discharge processes or by complexation with
acetate species coming from the electrolyte; CH3COO™ and OH™ ions are ligands that can interact
with lanthanum in alkaline medium increasing its solubility [56,57]. This process results in the
formation of the region observed with higher concentration of La, that may affect the electrochemical
behavior because of changes in the conductivity of the electrode and in the intrinsic electrocatalytic
activity of the metal (hydro)-oxides. According to our previous work [33], Mn and Co are the most
electroactive elements for ORR and OER, in which Lanthanum seem to play a stabilizing role that

might be crucial for the performance of the electrocatalysts.
La®* + nCH;C00~ & La(CH;C00™)@ ™+ (Eq. 7)

C 4+ 60H™ — CO2™ + 3H,0 + 4e™ (Eq. 8)
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However, the formation of carbonate species because of the corrosion of the carbon material or from
the carbonation of the electrolyte cannot ruled out, and this process will also contribute to the
degradation of the performance of the ZAB. It has been reported that carbonate formation in ZABs
accelerates the decrease of the discharge voltage to the cutoff value, leading to a shortened cycle life
of the rechargeable ZAB. Furthermore, carbonate formation impedes the OER during charging due
to a reduced concentration of OH~, and promotes ZnO formation, also driven by the local depletion
of OH [58,59]. However, the formation of lanthanum carbonate is not likely to significantly decrease
the electrocatalytic activity toward the ORR, as studies have reported the formation of covalent bonds
between La,O,COs3 and carbon material at the interface, which can act as active sites for the ORR

[48,60].

The XPS spectrum of La 3d (Figure S1) for the Fresh sample shows two regions at ~835 and ~851
eV, corresponding to La 3ds» and La 3ds», respectively. The deconvolution of this spectrum is
difficult due to contributions related to changes in the 4f orbitals of La [43] making the analysis and
assignment to specific compounds challenging. In these regions, two peaks are detected with a
separation of approximately 3.9 eV, which is associated with the presence of La(OH)3, as confirmed
by XRD analysis. However, the spectrum for the Used sample changes significantly. Specifically, the
region at around ~839.5 eV, associated with electron transfer from the ligand to La bonding orbitals
[33,61] is quite different from the Fresh to the Used sample, indicating modifications in the La
coordination sphere. Therefore, chemical environment of La is strongly modified in the Used sample,
in agreement with the important changes in its distribution within the GDL because of the interaction

with the electrolyte.
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Figure 6. XPS high-resolution deconvoluted spectra of A) Mn 2p, B) Co 2p, C) O 1s and D) C 1s of
the Fresh and Used samples.

To evaluate differences in the conductivity of the Fresh and Used samples due to the formation of
lanthanum acetate/carbonate species, EIS experiments were performed at open circuit voltage and at
voltages near the onset potentials of the ORR and OER. Figure 7A displays the EIS results at OCV,
and Figure 7B presents the high-frequency region, revealing significant differences between the
samples. A substantial increase in the resistance is observed in the Used sample, which may be caused
by the redistribution of La species, that are less interacting with Mn and Co compounds, to the
formation of the observed lanthanum carbonate/acetate layer that increases electrode resistance, and
also to the GDL deterioration. This trend is consistently observed in the EIS measurements at the
different potentials tested for the ORR-OER processes (Figure S2). Quantitative analysis of the EIS
data at OCV reveals a selective increase in charge transfer resistance (R.). The Nyquist plots
demonstrate that the charge transfer resistance increases from 1.7 Q:cm? (Fresh) to 136 Q-cm?

(Used), representing a 79-fold increase. In contrast, the ohmic resistance increases only moderately
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from 9.3 Q-cm? to 12.6 Q-cm?, respectively, indicating that the degradation mechanism is localized
at the electrode-electrolyte interface rather than affecting bulk conductivity. The Warburg impedance
(representing oxygen diffusion impedance) also increases 10-fold, from 7.5 Q-cm? (Fresh) to 75
Q-cm? (Used), indicating that the lanthanum acetate barrier simultaneously impedes both charge
transfer and oxygen diffusion. This selective increase in R directly translates to an increase in
overpotential. Therefore, we attribute that a significant contribution to the decrease in electrocatalytic
activity is the formation of inactive lanthanum acetate species, which can reduce the conductivity in
the GDL, modify the properties of Mn and Co compounds and may also prevent efficient diffusion
of O because of its redistribution in the GDL.
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Figure 7. A) EIS plot at OCV for the Fresh and Used sample. B) high-frequency region of the EIS
plot.

3.4. DFT calculations

To corroborate experimental observations, DFT calculations were performed, including structural
optimization and energy profiling. Initially, the interactions between La(OH); and Mn3O4 compounds
were investigated. Subsequently, since there is evidence for the formation of La(CH3COO); species
in the sample after electrochemical cycling, originating from Zn(CH3COO), species present in the
electrolyte, the energy change associated with acetate species formation from the initial Mn-La-

containing cluster was also examined.

The Mn304 species contains Mn atoms in +2 and +3 oxidation states, arranged in tetrahedral and
octahedral coordination environments, respectively. Therefore, DFT calculations were first

performed to evaluate the energy of the interaction between La(OH); and Mn3;Os, considering
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bonding through either a Mn(Il) atom (tetrahedral coordination) or a Mn(IIl) atom (octahedral
coordination). For this purpose, the starting Mn and La-containing clusters were simulated by
incorporating H,O molecules and optimizing the resulting structures, optimized to Mn3O4(OH>)s and
Lax(OH)s(OH2)y0 clusters for Mn304 and La(OH)s, respectively. Although La*" formally possesses
an empty 4f shell (4f° configuration), its vacant 4f orbitals can participate in electronic hybridization
with the d orbitals of neighboring transition metals, facilitating favorable charge redistribution as

evidenced by the calculated partial charges (Table S1).

The results obtained from the clusters formed by the interaction through the tetrahedral and
octahedral Mn coordination, demonstrate that both configurations exhibit negative stabilization
energies (Figure 8). However, a stronger interaction is observed when Mn3;O4(OH;)s binds to
Lax(OH)s(OH2)10 via a Mn(II) atom (—4.8 eV), compared to bonding through a Mn(III) atom (2.9
eV) (Figure S3).

The stability of the La-Mn interaction via Mn(Il) sites (—4.8 eV) versus Mn(Ill) sites (2.9 eV)
establishes a thermodynamic preference for bonding pathways. The 1.9 eV difference represents a
significant energetic favorability toward Mn(Il) coordination. To assess the sensitivity of this
preference, a hypothetical scenario where the Mn(II) interaction energy decreases to —4.0 eV would
reduce the energy difference between Mn(II) and Mn(III) pathways from 1.9 eV to 1.1 eV. While
Mn(1I) coordination would still be thermodynamically favored, the reduced energy gap would shift
the equilibrium distribution toward increased population of Mn(III)-mediated clusters. This shift has
important implications: Mn(IlI)-coordinated clusters exhibit lower partial charge redistribution and
retain lower oxidation states compared to Mn(II)-bridged clusters. The consequence would be a
mixed population of La-Mn clusters with variable electronic properties and reduced average
conductivity. In the actual system with AE = —4.8 eV, the large energy difference strongly favors
Mn(II) coordination, ensuring homogeneous cluster populations with optimized electronic
properties. This thermodynamic hierarchy explains why the La-Mn electrocatalyst in the Fresh
sample exhibits bifunctional ORR/OER activity: the strong preference for Mn(Il) interaction
promotes uniformly high oxidation states (Mn(IV)) that enhance electronic conductivity. A
hypothetical weakening of the Mn(Il) interaction to —4.0 eV would result in a heterogeneous
distribution of La-Mn cluster types, degrading the average electrocatalytic performance and

increasing the vulnerability of the system to further degradation pathways.

Table S1 presents the partial charges of La and Mn atoms in the resulting La—Mn clusters, as well as
in the initial clusters. The results show an increase in partial charge of approximately 0.2 units for
both La and Mn upon cluster formation, with a more pronounced increase observed for the Mn atom

closest to the La cluster. This increase in partial charge may influence the initial steps of the ORR
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and OER mechanisms and is associated with a higher oxidation state of Mn species, particularly

related to Mn(IV) species, which have been shown to enhance electronic conductivity and,

consequently, the bifunctional ORR/OER electrocatalytic activity [62].

As revealed by FIB-SEM analysis, in the used samples, lanthanum is distributed throughout the
majority of the GDL, along with zinc, demonstrating that the electrolyte (Zn(CH3COO),) permeates
the entire GDL. This leads to the formation of lanthanum acetate species, which are responsible for
modifying the initial La-Mn interaction that originally exhibits adequate electroactivity. Therefore,
we have calculated the change in energy for the reaction between the La-Mn cluster
(La2(OH)s(OH2)100(Mn304)(OH»)7) and zinc acetate from the electrolyte, resulting in the formation

of lanthanum acetate and a Zn-Mn cluster.

The molecule chosen to simulate the electrolyte is Zn,(CH3COO)4, possessing a structure analogous
to the previously studied La-Mn clusters. The results indicate that, for an initial interaction via Mn(II)
atoms with Lay(OH)s(OH2)10, previously identified as the most favorable scenario, a change in
energy of —1.6 eV is obtained for the reaction with the Zn acetate (Figure 8). This finding
demonstrates that the La-Mn cluster may react in presence of Zn,(CH3;COO), species from the
electrolyte, leading to the formation of a Mn-Zn cluster with the formula Zn,(OH);O(Mn304)(OH>);

and La acetate species which have some solubility [56,57].

Figure S3 shows that this interaction is also favorable when manganese initially binds to lanthanum

through Mn(Ill) atoms. Regarding the Mulliken partial charges (Table S1), lanthanum acetate

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

displays values similar to those of lanthanum hydroxide. In contrast, the Zn-Mn cluster shows
slightly higher partial charges on the Mn atoms, particularly on the Mn atom bridging the Zn cluster,

although this effect is less pronounced than in the La-Mn cluster.
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Our DFT calculations demonstrate that in the presence of a zinc acetate electrolyte, the energetically
favorable formation of lanthanum acetate alters the crucial La-Mn interaction, which is essential for

electrocatalytic activity.
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Figure 8. Schematic representation of the results obtained from structural optimization and
stabilization energy for the initial configuration and the reaction occurring during cycling in the ZAB.
The opacity of the coordinated water molecules has been reduced to enhance the visualization of the
molecule but without modifying the coordination number. The color code is as follows: La (blue),

Mn (purple), O (red), H (white) and Zn (green).

4. CONCLUSIONS

FIB-SEM technique has been employed for the first time to study the degradation of the positive
electrode in ZAB analyzing the changes occurring in the catalyst-containing GDL samples before
and after the galvanostatic cycling stability evaluation stability test in the ZAB. The results revealed
different behavior among the metals constituting the metal (hydro-)oxides in the electrocatalyst
material after its use: Mn and Co, the active materials for ORR/OER reactions, were predominant in
the region near the electrolyte, while La distributed to a region farther from the electrolyte forming
a wider region. This La redistribution can be due to complexation reactions with acetate anions
coming from the electrolyte. Additionally, surface morphology differences were observed, with a
greater number of pores detected in the Used sample, which is probably a consequence of the GDL

deterioration.

XPS analysis confirms the presence of acetate species, as well as a strong oxidation of the carbon
material as consequence of its deterioration and further corrosion. Through DFT calculations, it has

been demonstrated that the formation of lanthanum acetate species is energetically favorable from
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the initial (hydro-)oxide species of manganese and lanthanum. Therefore, this study highlights that

the different behaviour of the metals in the cathode electrocatalyst of ZABs in presence of the
electrolyte allows to understand the electrochemical degradation, underscoring the importance of the
electrocatalyst-GDL interface. Moreover, we can conclude that FIB-SEM technique is very powerful
for following the changes occurring at the micro/nanoscopic level, which is very useful for

understanding the fate of electrocatalysts during their use.
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