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ARTICLE INFO ABSTRACT
Keywords: Although the catalyst intrinsic catalytic activity is crucial for enhancing the performance of Li-O5 batteries, its
LiO, battery morphology also plays a significant role. Bulk catalysts often show limited catalytic efficiency, likely due to their
ORR catalyst large particle size and low specific surface area. As is well known, highly efficient catalysts require high surface

Catalytic activity

" . area and a greater number of active sites. In this frame, this work reports the use of FesO4 hollow spheres ob-
LiyO, growth mechanism

tained through ALD deposition technique onto sacrificial PVP nanoparticles as catalyst for Li-Og batteries.
Rotating disk electrode studies show the catalyst ability to shift the oxygen reduction reaction (ORR) from a 2 to
a 2 + 2 electrons mechanism. Further studies in classical Li-Oy cell set-up using DMSO with LiTFSI 0.5 M as
liquid electrolyte, indicate that the catalyst allows to modify the Li,O, formation pathway upon discharge, from
solution to surface growth. This results in higher reversibility and slower DMSO degradation upon cycling visible
through a larger full cell capacity (5.9 against 5.1 mAh cm™2 for a standard cell), but above all an almost three-
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fold increase of the cycle life (from 45 to 130 cycles, corresponding to approximately 1300 h of operation) at
0.1 mA cm 2 and at the curtailed capacity of 0.5 mAh cm™2.

1. Introduction

Rechargeable lithium-oxygen (Li-O,) batteries have attracted
considerable attention as next-generation energy storage systems owing
to their exceptionally high theoretical specific energy (~3500 Wh kg™1)
[1], which far exceeds that of conventional lithium-ion batteries [2], as
well as other metal-air systems such as Zn-air or Mg-air [3]. Their
practical implementation, however, remains severely hindered by
sluggish oxygen electrochemistry, electrolyte instability, and poor
rechargeability associated with the accumulation of insulating discharge
products and, most notably lithium peroxide (LiO5), and related para-
sitic by-products such as LioCO3 and LiOH [4,5]. These species, formed
through complex electrochemical and chemical pathways involving
LiO; intermediates, progressively passivate the cathode surface, limit
charge transport, and trigger electrolyte decomposition, leading to large
polarization and poor cycle stability [4-6]. These limitations are closely
tied to the oxygen reduction reaction (ORR) during discharge, and the
oxygen evolution reaction (OER) during charge, both occurring on the
cathode surface and governing the overall reversibility of the system.
Charging Li-O5 batteries in nonaqueous media entails a large over-
potential for Oy evolution, which renders the process highly irreversible
and triggers parasitic reactions that compromise both energy efficiency
and cycling stability [7]. Understanding and controlling these two
coupled reactions are thus crucial to the design of efficient and durable
Li-O5 batteries [1,8]. In nonaqueous Li-O5 systems, oxygen reduction
proceeds through a multistep two-electron pathway. The first electron
transfer generates the superoxide anion (O3) at approximately 2.4 V vs.
Lit/Li: Oy + € — O3 (E° ~ 2.4 V vs. Li"/Li). The O3 species then as-
sociates with Li* to form lithium superoxide: O3 + Li" — LiO5 (E° ~
2.3 V vs. Li*/Li). The LiO, intermediate may either dissolve and
disproportionate into lithium peroxide via a solution-mediated mecha-
nism: 2Li05 — Liz05 + O3 (E° ~ 2.96 V vs. Li"/Li) or be directly reduced
on the cathode surface to form a conformal Li;O; film (surface growth
mechanism). The prevalence of these routes is governed by the solvent
donor number (DN), cation-solvent interactions, and the catalytic sur-
face properties [8-10]. In this context, high-DN solvents such as DMSO
promote the dissolution and disproportionation of LiO», resulting in the
formation of large toroidal Li»O, particles through a solution-mediated
mechanism. In contrast, catalytic surfaces enriched in oxygen vacancies
or transition-metal redox sites favor the direct reduction of O, to LioOo
on the surface, leading to nanocrystalline LizO» films with improved
electronic contact and reversibility [9,11]. In aqueous or alkaline elec-
trolytes, the oxygen reduction reaction (ORR) proceeds through either a
direct four-electron pathway, Os + 2H,0 + 4e” — 40H™ (E° = 0.401 V
vs. SHE), or a sequential two-electron route via hydroperoxide in-
termediates, Oy + Hy0 + 2" - HO3; + OH™ (E° = —0.065 V vs. SHE),
followed by the further reduction or decomposition of HO5. Unlike the
nonaqueous Li-Oy environment, where the reaction is governed by the
formation and accumulation of solid Li;O5 and related discharge prod-
ucts, the aqueous ORR is primarily limited by kinetic barriers associated
with oxygen adsorption and electron transfer [12,13]. Investigating
both regimes, aprotic and alkaline, thus provide complementary insight:
the former reveals the thermodynamic and interfacial challenges of
Li»O, formation and decomposition, while the latter allows assessment
of the intrinsic electrocatalytic activity and kinetics of oxygen reduction
and evolution on a given catalyst. The inherent challenges associated
with oxygen electrocatalysis, high overpotentials, sluggish reaction ki-
netics, and electrode passivation by insulating products, have driven
intensive research toward the rational design of catalysts capable of
promoting both oxygen reduction and evolution reactions. Achieving
such bifunctional activity requires a delicate balance between

adsorption strength and charge-transfer kinetics for oxygenated in-
termediates (O2*, OOH*, O*, and OH*), as well as structural features
that facilitate mass transport and maintain electronic connectivity [12,
14-16]. Strategies such as defect engineering, modulation of
transition-metal oxidation states, and the construction of nano-
structured or hollow architectures have proven effective in optimizing
these parameters. In this context, transition-metal oxides with mixed
valence states and tunable electronic structures have emerged as
promising candidates for efficient and durable oxygen electrocatalysis
[15,17].

Among transition-metal oxides, magnetite (Fe3O4) has gained
increasing attention as a redox-active platform for oxygen electro-
catalysis. Its intrinsic Fe>*/Fe3* redox couples and moderate electronic
conductivity enable efficient oxygen reduction (ORR) activity, while
structural tunability and defect engineering can extend its functionality
toward the oxygen evolution reaction (OER) [18-21]. Although pristine
Fe304 exhibits limited OER kinetics, compared to mixed-metal oxides,
recent studies have shown that introducing oxygen vacancies, FeO-like
domains, or heterointerfaces with N-doped carbon significantly en-
hances bifunctional activity. Such architectures promote the coexistence
of surface redox processes (Fe3/Fe?" « Fe*"/Fe") and optimize the
balance between intermediate adsorption and oxygen release [15,22].
These findings highlight the potential of Fe304-based systems as a model
framework for rational catalyst design, where controlled surface
chemistry and electronic modulation can bridge the activity gap be-
tween single-phase oxides and complex bimetallic catalysts. Despite
these advances, achieving controlled surface chemistry and defect
regulation in Fe3O4 remains challenging with conventional
wet-chemical synthesis routes. Atomic layer deposition (ALD), with its
self-limiting surface reactions, provides a unique opportunity to engi-
neer conformal oxide shells with tunable stoichiometry and defect
concentration, enabling precise modulation of catalytic redox sites [23].
It has been extensively used for the growth of metal oxides (e.g., TiOa,
Sn0,, Al,03, and Fe;03) and for tailoring interfaces in energy-related
nanostructures [24-27]. One of its key advantages lies in the ability to
tune the oxidation state, defect concentration, and morphology of the
deposited films by precisely controlling deposition temperature, pulse
time, and post-treatment conditions [23].

In a previous work, our group combined electrospraying and ALD to
synthesize amorphous Fe;O3 coatings on polymer templates, which after
calcination yielded crystalline hematite (a-Fe3O3) hollow spheres. Sub-
sequent reduction under a Hy/Ar atmosphere transformed these shells
into magnetite (FesO4) with a spinel structure, while preserving the
hollow morphology [28]. This controlled amorphous-to-crystalline
transition yielded thin-walled hollow structures with a well-defined
spinel framework and preserved morphology. Since the conversion of
Feg03 to Fe304 involves the partial reduction of Fe3*t accompanied by
oxygen release, it is reasonable to consider that oxygen-deficient sites
and structural defects may form during this process, as suggested in
previous studies, although no direct evidence is provided in the present
work. Consequently, the material exhibits a network rich in Fe?*/Fe3*
redox pairs, intrinsic to the magnetite phase, along with defect sites that
may act as catalytically active centers during oxygen electrochemical
reactions. Such features, including short diffusion paths, high surface
area, and electronically active interfaces, make these hollow Fe3O4
nanospheres an excellent model to explore the interplay between
structural confinement, redox chemistry, and bifunctional oxygen elec-
trocatalysis in Li-O batteries. In this framework, ALD is not merely a
coating technique but a rational synthesis tool that allows atomic-scale
control of stoichiometry and defect generation, enabling the design of
oxide catalysts with optimized redox functionality for next-generation
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metal-air systems. The suitability of the prepared hollow spheres as
catalyst for Li-O, batteries was first studied through rotating disk
electrode studies in alkaline aqueous media and then in classical Li-O4
cell setup, using 0.5 M LiTFSI in DMSO as liquid electrolyte. The per-
formances obtained were systematically compared with those of a cell
assembled with an unmodified commercial gas diffusion layer as the
cathode. The catalyzed electrode allowed to obtain larger full cell ca-
pacity and an almost three-fold increase in the cycle life (with approx-
imately 1300 h of operation), by shifting the discharge mechanism from
solution growth to surface growth.

2. Experimental section
2.1. Synthesis of hollow Fe304 spheres

Polyvinylpyrrolidone (PVP) microspheres were first fabricated by
electrospraying a 2 g PVP solution in 10 mL of 50% (v/v) ethanol using a
stainless-steel needle (0.9 mm) at 12.9 kV, with a 12 c¢m tip-to-collector
distance, and a feed rate of 0.5 mL h™! for 1 h in a vertical configuration
(Spraybase®). The as-prepared PVP spheres were coated with Al,O3 by
atomic layer deposition (ALD, Savannah S100) to preserve the spherical
morphology during subsequent processing. Fifty ALD cycles were car-
ried out at 80 °C, using alternating pulses of trimethylaluminum (TMA,
0.015 s) and H0 (0.015 s) separated by Ny purges (30 s and 60 s,
respectively). An Fe,O3 layer was then deposited by ALD (500 cycles) at
200 °C in stop/exposure mode, using ferrocene (FeCp,) and ozone (O3,
~10% v/v) as precursors. The FeCp, source was kept at 80 °C, and each
cycle consisted of a 2 s FeCp, pulse, 5 s exposure, and 15 s evacuation,
followed by a 0.2 s Og pulse and 15 s purge under a 20 sccm Ny flow.

After deposition, the PVP/Al;03/Fe;O3 composite spheres were
calcined in air at 500 °C for 2 h to remove the polymer core and obtain
crystalline hematite (a-FepO3) hollow shells. The resulting hematite
spheres were subsequently reduced under a Hy/Ar (5% Hy) flow at
430 °C for 3 h to form magnetite (Fe304) with a well-defined spinel
structure. The FeyO3 to Fe3O4 transformation is supported by XRD
analysis (Fig. S6), although it should be noted that thermal reduction
processes may involve intermediate states or local heterogeneities
depending on the reduction conditions. This synthetic route and the
corresponding structural and morphological characterization are
described in detail in our previous work [28]. The controlled
amorphous-to-crystalline transition yielded thin-walled hollow Fe304
spheres with preserved morphology and a spinel framework featuring
the coexistence of Fe?t/Fe3" redox pairs intrinsic to the magnetite
phase, which are essential for its redox and electronic properties rele-
vant to oxygen electrocatalysis.

2.2. Electrodes preparation

2.2.1. RRDE electrode preparation for ORR measurements

Oxygen reduction measurements were carried out in 0.1 M KOH
prepared with deionized water. Nafion® 5 wt% solution and iso-
propanol were used for the catalyst ink, consistently with previous
procedures [29]. The working ink was formulated by dispersing 5 mg of
hollow Fe3O4 spheres in 833 pL of deionized water, 167 pL of iso-
propanol, and 20 pL of Nafion® 5 wt%; the suspension was ultra-
sonicated for 30 min. A 3 pL aliquot was drop-cast onto the glassy carbon
(GC) disk and dried in an oven at 90 °C to form a uniform film, yielding a
final catalyst loading of 0.10 mg cm ™2,

2.2.2. Electrode preparation for Li-O> batteries

The O, electrode was prepared as a coating layer over carbon paper
gas-diffusion layer (GDL; SIGRACET GDL-39BB, SGL Technologies),
consisting of a non-woven carbon paper and a microporous carbon layer,
with air permeability equal to 1.5 Gurley s~ according to Sigraget
datasheets. To prepare catalyzed cathodes, Fe3O4 spheres were mixed
with C65 (TIMCAL C-NERGY TM Super C65-Imerys) to ensure good
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electronic conductivity, and PVDF binder (8 wt%, PVDF in NMP; PVDF
from Arkema and NMP from Sigma Aldrich), in a weight ratio of
80:10:10. NMP was added to the mixture to obtain an uniform slurry.
The slurry was coated on the top of the microporous layer of the GDL
using doctor blade technique. The thickness of the slurry deposited,
including the solvent, was set at 100 pm. The obtained electrodes were
dried in an oven at 50 °C for 1h and overnight at room temperature
before being cut in discs with an area of 2.0 cm? and dried again in
vacuum at 120 °C for 6 h. The as-prepared cathodes present a Fe304
spheres loading of 0.32 mg cm™2.

2.3. Physico-chemical characterization

FESEM analysis was carried out by Zeiss SUPRA TM 40 with Gemini
column and Schottky field emission tip (tungsten at 1800 K). SEM
analysis was carried out through a Zeiss EVO MA10 SEM (Oberkochen,
Germany). The size distribution was computed by measuring the
diameter of 100 individual particles from SEM images, using ImageJ
software. TEM analysis was performed at 120 kV on a Hitachi HT7700
high-resolution TEM (Chiyoda, Tokyo, Japan). HRTEM analysis was
performed on a TALOS F200X (Thermo Fisher Scientific, Eindhoven,
Netherlands) instrument without aberration correction, operating at an
acceleration voltage of 200 kV. Images were captured using a 16-mega-
pixel CMOS camera, and the FFT pattern was processed with Velox
software (Thermo Scientific Velox Software, Thermo Fisher Scientific
Inc., Waltham, MA,USA). Samples were prepared by dropping dilute
suspensions of nanomaterials in ethanol onto carbon film-coated 200
mesh copper grids. XRD analysis was carried out by a PANalytical X'Pert
(Cu Ka radiation) diffractometer. Data were collected with a 2D solid
state detector (PIXcel) from 10 to 80° with a step size of 0.026° s L

2.4. Electrochemical characterization

2.4.1. Electrochemical measurements for ORR in aqueous media

Electrochemical tests were conducted using a PalmSens 4-channel
potentiostat/galvanostat coupled to a Japanese RRDE-3A rotator (ver.
3.0). The electrode assembly consisted of a 5 mm glassy carbon disk and
a platinum ring, with a rotational range up to 8000 rpm and high sta-
bility. A platinum wire was used as the counter electrode, and an Ag/
AgCl (sat. KCl) electrode as the reference, connected through a Luggin
capillary. The electrolyte (0.1 M KOH) was saturated with either O, or
Ar for at least 20 min before measurements. Linear sweep voltammetry
(RRDE) was performed at a scan rate of 5 mV s~ 1 and a rotation speed of
1600 rpm, while cyclic voltammetry (CV) was recorded between 0.2 and
—1.0 V (vs. Ag/AgCl) and LSV was performed from 0.2V to —1.3 V vs.
Ag/AgCl. The ring electrode was held at 0.47 V vs. Ag/AgCl (~1.44 V vs.
RHE) to selectively oxidize peroxide species generated at the disk [29].
Potentials are reported vs. RHE using the conversion: Erug = Eag/agcl
+0.199 + 0.059xpH.

2.4.2. Electrochemical tests for Li-Og batteries

For full-cell testing, discs with an area of 2.0 cm? were cut from the
prepared coated GDL sheets, dried in vacuum at 120 °C for 6 h and used
as a cathode. A lithium chip (15.6 mm x 0.62 mm, Chemetall s.r.l.) was
used at the anode, a commercial disc of glass fiber (18 x 1.55 mm, ECC1-
01-0012-A/L EL-CELL) was used as the separator. 400 pL of the elec-
trolyte solution consisting of LiTFSI 0.5 M in DMSO was added to the
cells. The cells were assembled in an Ar-filled glove box (Mbraun Lab-
star) using an ECC-Air electrochemical cell design (EL-Cell, GmbH). All
the results obtained with the cells containing Fe3O4 spheres coated GDL
(referred to as SPH) were compared to the results obtained with cells
assembled exactly in the same way but with bare GDL instead (referred
to as STD).

Cyclic voltammetries were performed on STD and SPH cells, on a
VSP3-e multichannel potentiostat (Biologic, Seyssinet-Pariset, France),
both in oxygen and in argon atmosphere, between 2.0 and 4.5 V vs. Li*/
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Li, at a scan rate of 0.1 mV s 1.

SPH and STD cells were galvanostatically discharged and charged by
an Arbin BT-2000 battery tester at room temperature, between 2.0 and
4.5V vs. Li*/Li. During measurements, pure Oy was constantly fluxed at
a flow rate of 3.0 mL min . Prior to each test, cells rested under oxygen
flow for 6 h at open-circuit voltage (OCV).

To get the full discharge/charge capacities of the different cathodes,
the cells were galvanostatically discharged at room temperature, from
OCV to 2.0 V vs. Li*/Li at 0.1 mA em ™2, and successively recharged to
4.5 V vs. Li*/Li. To investigate the cells lifespan, galvanostatic charge
and discharge steps were carried out, at the limited capacity of
0.5 mA cm 2 at 0.1 mA cm ™2, in the voltage range of 2.0-4.5 V vs. Li*/
Li.

3. Results and discussion
3.1. Morphological and structural characterization

As mentioned previously, the magnetite hollow spheres procedure
was established by our group in a previous work [28]. Detailed
morphological and structural characterizations are reported in the
Supporting information. The morphology of the sample was further
studied through FESEM and the corresponding micrographs can be seen
on Fig. S2, the obtained spheres have quite dispersed size distribution, as
reported in Fig. S3. The precursor PVP/Al;03/Fe;03 spheres exhibit an
average diameter of 970 + 213 nm, while the hollow Fe3O4 spheres
show a reduced average diameter of 685 + 119 nm, indicating a
contraction process during thermal treatment associated with polymer
removal and structural rearrangement of the oxide shell.

Moreover, the higher magnification micrographs confirm that the
obtained spheres are hollow. The hollow architecture and the presence
of partially open and pierced shells are expected to play a key role in
facilitating electrolyte penetration and mass transport within the
structure. In particular, the existence of sufficiently large internal cav-
ities enables efficient diffusion of reactants and improves accessibility of
active sites, which are critical factors during battery operation. TEM
analysis was performed to further examine the structure of the hollow
Fe304 spheres. As shown in Fig. S4, the particles exhibit a well-defined
hollow morphology, with a clear contrast between the shell and the
inner cavity. The shell thickness was estimated to be approximately
15 nm (Figure S4c), consistent with the expected thickness after the ALD
process. In addition, HRTEM, carried out on the shells of the spheres
(Fig. S5), revealed the presence of fringe lattices, indicating their crys-
talline nature. While the measured lattice spacings of 0.251, 0.293 and
0.208 nm were found to correspond respectively to the (311), (220) and
(400) planes of spinel Fe30y4, according to ICSD 01-075-0449.

3.2. ORR activity of hollow FesOy4 spheres in alkaline medium

Cyclic voltammetry (CV) measurements were conducted in Og-
saturated 0.1 M KOH at a scan rate of 10 mV s, the corresponding
profiles are reported on Fig. 1. It is important to note that, while the
alkaline aqueous electrolyte used here differs from the aprotic electro-
lyte used later in this study, Goodenough et al. [30], as well as other
studies, have reported that trends in OER and ORR activity evaluated
under alkaline KOH conditions are generally consistent with those
observed in organic electrolytes [31,32]. Indeed, Although the alkaline
aqueous electrolyte used in RRDE measurements differs from the aprotic
electrolyte employed in Li-Oy batteries, these experiments provide a
controlled platform to evaluate the intrinsic oxygen reduction behavior
of the catalyst. The insights obtained are used here as a comparative
descriptor of catalytic activity, while their relevance to the Li-O system
is validated through full cell measurements. Under Ar atmosphere, both
the glassy carbon (GC) and Fe304 hollow spheres electrodes displayed
featureless voltammograms, confirming the absence of faradaic pro-
cesses within the investigated potential range. When the electrolyte was
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Fig. 1. Cyclic voltammograms in 0.1 M KOH at 10 mV s~ * under Ar (grey) and
O, (Black line) for (top) GC and (Blue line) hollow Fe3O4 Spheres. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

saturated with Oy, a single cathodic peak appeared in both systems,
indicating electrocatalytic activity toward the oxygen reduction reaction
(ORR).

For the GC electrode, the cathodic peak was observed at E;, = —0.480
V vs. Ag/AgCl (=+0.49 V vs. RHE) with a moderate current density. In
contrast, the Fe3O4 hollow spheres exhibited a broader and more intense
reduction signal centered at E, = —0.453 V vs. Ag/AgCl (=+0.51 V vs.
RHE). The higher current density and peak broadening for the hollow
spheres suggest enhanced ORR activity, likely associated with their
larger electroactive surface area and improved O, diffusion through the
porous shell structure. This behavior can be attributed not only to the
intrinsic catalytic properties of Fe3O4 but also to the structural charac-
teristics of the hollow spheres, which provide enhanced mass transport
and improved accessibility to electroactive sites.

Although both electrodes show similar reduction potentials, the
increased cathodic current observed for the Fe3O4 spheres confirms that
the material is electrochemically active toward oxygen reduction.
However, since only one cathodic feature is resolved within the explored
potential window, the detailed reaction pathway (direct four-electron
vs. stepwise two-electron process) cannot be determined from these
data alone. Therefore, complementary linear sweep and rotating ring-
—disk electrode (RRDE) studies were conducted to further elucidate the
ORR mechanism. The RRDE voltammograms recorded at 5 mV s ! in O,-
saturated 0.1 M KOH for bare glassy carbon (GC) and GC modified with
hollow Fe30y4 spheres are shown in Fig. 2.

For the GC electrode (Fig. 2a), the disk current displays an onset
potential of ~0.75 V vs. RHE, followed by two diffusion-limited pla-
teaus: a first plateau centered near ~0.50 V vs. RHE and a second
extending toward ~0.20 V vs. RHE. Throughout the sweep, the ring
current (held at 1.2 V vs. RHE) closely mirrors the disk trace, indicating
continuous detection of soluble peroxide species.

For the Fe3O4 hollow spheres (Fig. 2b), the disk shows a similar onset
at =~ 0.76 V vs. RHE, again followed by two plateaus: (I) centered at
~0.49 V vs. RHE and (II) extending down to ~ —0.20 V vs. RHE.
Compared with GC, the spheres exhibit lower disk currents and a
broader reduction wave; notably, the ring current decreases progres-
sively along the cathodic sweep. These differences: broader features,
lower disk currents, and a diminishing ring signal for the spheres, sug-
gest a shift from purely diffusional reduction on GC to a surface-
mediated process on Fe3O4, where Fe?*/Fe3* redox sites facilitate the
further reduction of peroxide intermediates.

The observation of two plateaus in both electrodes reflects the
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Fig. 2. Rotating ring-disk electrode (RRDE) voltammograms recorded at 5 mV s~! in Oy-saturated 0.1 M KOH of bare GC (a) and GC modified with hollow Fe;0,4

spheres (b).

sequential reduction of Oy through soluble peroxide intermediates,
within the explored potential window. However, the distinct ring
behavior differentiates the two cases: on GC, the ring remains a near
mirror image of the disk (indicating that peroxide escapes the disk and is
oxidized at the ring), whereas on the Fe3O4 spheres, the ring current
declines with potential, consistent with further reduction of HO3 at the
disk. The fact that both systems exhibit a similar Eps¢ indicates that the
initial electron transfer to adsorbed O3 occurs at comparable thermo-
dynamic driving forces on GC and Fe30O4. The observed differences,
broader features, lower disk currents, and the diminishing ring signal for
the spheres, point to modified subsequent kinetics on Fe3O4 rather than
a shift of the onset itself.

A quantitative assessment of the electron-transfer number and
peroxide yield (n and %HO3) is showed in Fig. 3.

The number of electrons transferred (n) and the peroxide yield (%
HO3) obtained from RRDE analysis are shown in Fig. 3, for both bare GC
and GC modified with hollow Fe3Oy4, spheres. These parameters were
calculated from the disk (Ip) and ring (Iz) currents according to standard
RRDE equations, using the collection efficiency (N: 0.424) of the setup:

I
_ 200 x 3
I +&

and I
I +5%

%HO, =

For the bare GC electrode, the oxygen reduction reaction proceeds
predominantly through the two-electron pathway, with a peroxide yield
above 80% across most of the potential range and an average n value
close to 2.3. At the most negative potentials, n shows only a slight in-
crease (e.g., up to ~2.5-2.6) accompanied by a moderate decrease in
peroxide yield, suggesting a limited contribution from the further
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reduction of HO3 at the disk surface. This behavior is consistent with the
inert nature of GC, which mainly supports the formation and diffusion of
soluble peroxide species that are subsequently oxidized at the ring.

In contrast, the Fe3O4-modified electrode exhibits a markedly
different trend (Fig. 3b). The number of electrons increases from ~3.0 to
~3.5, while the peroxide yield decreases from ~52 % to ~27 % as the
potential becomes more cathodic. These results indicate that the hollow
magnetite spheres promote the partial conversion of HOz into OH™,
enhancing the overall selectivity toward the four-electron reduction
pathway. The inverse relationship between n and %HO> confirms that
Fe304 catalyzes the subsequent reduction of peroxide intermediates
formed during the initial two-electron step.

Comparing both electrodes, it is clear that while GC facilitates oxy-
gen reduction predominantly via the two-electron process, the presence
of Fe?t/Fe®" redox sites in the hollow Fe304 spheres shifts the reaction
toward a mixed 2 + 2 electron mechanism, improving selectivity
without significantly altering the onset potential. This dual behavior is
typical of transition-metal oxides, which can stabilize both adsorbed Oz
and HO; intermediates and thereby mediate the gradual transformation
of peroxide species. It is also important to note that apparent variations
in n and %HO> values can be influenced by film morphology and
aggregate structure, since thicker or porous catalytic layers may hinder
peroxide diffusion toward the ring and locally affect charge transport.
Such effects, previously reported for non-noble metal catalysts in RRDE
studies, highlight the relevance of film quality and catalyst dispersion
when comparing electrochemical performance [33].

Although the specific intermediates differ between alkaline aqueous
and aprotic Li-O3 media, the sequential 2 + 2 electron process observed
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Fig. 3. Calculated peroxide yield (%HO-, left axis) and electron transfer number (n, right axis) obtained from RRDE measurements in 0.1 M KOH at 1600 rpm, with
the ring potential held constant. (a) Bare glassy carbon disk; (b) disk modified with hollow Fe304 spheres.
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here illustrates the intrinsic ability of hollow Fe304 spheres to manage
peroxide-type species, a property directly relevant to controlling LizO2
formation and decomposition in Li-O5 batteries.

3.3. Electrochemical performance of hollow Fe304 spheres in Li-O2
batteries

To further confirm these observations air cathodes were prepared by
coating a slurry containing the nanospheres, C65 and PVDF onto a
commercial gas diffusion layer (GDL39BB) and assembled in a cell
together with a glass fiber separator soaked with 0.5 M LiTFSI in DMSO,
and a metallic lithium anode (such cells are referred to as SPH). As a
means of comparison cells were assembled in the same way but using
bare GDL39BB as the cathode (such cells are referred to as STD). Both
cells were saturated with Oy by 4 mL min~! flow for 6 h before per-
forming cyclic voltammetry, the obtained results are reported on Fig. 4.

For both cells a first measurement was carried out in the absence of
O, to further verify the stability of the cathodic materials against
lithium. The obtained voltammograms are perfectly flat in both cases
(dotted lines on Fig. 4 a and b) confirming the absence of activity in the
potential range investigated. After the cells are saturated with O, peaks
corresponding to ORR and OER are observed. In particular, the ORR
peak of the SPH cell presents a higher current density than the one of the
STD cell, at the same time the latter is much wider, which can usually be
ascribed to a slower reaction kinetic, and seems to present a shoulder
around 2.25 V that would correspond to a second reduction process.
Focusing on the ORR onset potential (see Fig. 4 c), it is possible to
observe a shift at higher potential for the SPH cell. On the contrary, no
particular enhancement is noted for the OER activity, the main differ-
ence between the 2 samples is that while the SPH cell presents one main
oxidation peak, the STD cell presents three of them that might corre-
spond to the oxidation of degradation products formed during discharge.

To assess cells full capacity and try to elucidate the discharge
mechanisms, full discharge tests were carried out at a current density of
0.1 mA cm 2, down to 2 V, both on STD and SPH cells, the corre-
sponding potential profiles are reported on Fig. 5 a and b, respectively.
The STD cell reached a capacity of 5.1 mAh cm ™2, against 5.9 mAh cm ™2
for the SPH cell. Interestingly, the discharge profile of the STD cell
presents a small second plateau at a potential corresponding to the
shoulder noted on the CV profile (Fig. 5 a). Two possible explanations
might arise, the first one regards electronic conductivity, indeed if the
cathode is covered by insulating Li;O2 the electron transfer becomes
more and more difficult causing an additional cell polarization [34]. The
second explanation would consider the presence of an actual additional
reduction process taking place and plausibly resulting in a new
discharge product. In order to understand the nature of such discharge
products, in both cases the cells were disassembled, and the cathodes
were analyzed through FESEM and XRD. The micrographs of the pristine

Journal of Power Sources 684 (2026) 240462

cathodes are reported on Fig. 5 ¢ and d, for the sake of comparison. The
STD pristine cathode surface presents the usual morphology of the
microporous layer of GDL39BB, while on the surface of the SPH the
microspheres are clearly visible and seem to be rather homogeneously
distributed. After the discharge process the morphology of both cath-
odes changes drastically. In the case of the STD cell, the surface is
completely covered by micrometric lamellar toroidal structures,
completely hiding the microporous layer. On the SPH cell, on the other
hand, the surface is completely covered by a homogeneous film, the
presence of the microspheres can still be guessed under this film, and no
regular micrometric structure is present.

The morphology of LizO2 formed during the ORR process plays a key
role in determining its subsequent oxidation behavior and transport
properties. Previous studies have shown that different growth mecha-
nisms (surface vs. solution-mediated) lead to distinct Li;O, morphol-
ogies, which in turn strongly influence both ionic and electronic
transport within the discharge product [35]. In particular, Nazar et al.
demonstrated that film-like Li,Oy deposition is associated with lower
charge overpotentials and improved reversibility, as it promotes more
efficient electron transfer across the electrode/electrolyte interface [36].
Moreover, it has been reported that amorphous or poorly crystalline
LisO, exhibits significantly higher ionic conductivity compared to its
crystalline counterpart, facilitating Lit transport during the charging
process [37]. Here, the morphological differences observed between
STD and SPH cathodes after cycling (Fig. 5¢c—f) suggest that the hollow
Fe304 architecture promotes the formation of thinner, more uniformly
distributed Li2O- layers on the SPH cathode. This type of morphology is
expected to enhance both electron transport (through improved contact
with the conductive matrix) and ion transport (through reduced diffu-
sion pathways within the discharge product), thereby facilitating its
decomposition during charging. Conversely, the more aggregated or
toroidal-like LizO» structures typically observed on STD cathodes can
hinder both electron and ion transport, leading to higher overpotentials
and incomplete removal of discharge products.

To further identify the discharge products, the same discharge
cathodes were analyzed through XRD, and the corresponding spectra are
reported on Fig. 6 a and b. The pristine SPH cathode does not report the
peaks characteristic of the Fe3O4 spheres, this could be explained first
from the low proportion in volume of the spheres compared to the C65
additive, and second by the high crystallinity of the latter, together with
GDL, masking the peaks of the former. Focusing on the spectra obtained
after discharge, as expected the diffraction pattern of LizO», the typical
discharge product for Li-O5 system, is visible both on the STD and the
SPH cathodes, particularly with the peaks at 32.7°, 34.8° and 58.5°. A
second diffraction pattern can be recognized from both spectra, with the
most characteristic peaks at 20.4°, 32.5° and 35.7°, corresponding to
LiOH, which has been previously associated in literature with DMSO
degradation, when in contact with Li;O5 and the intermediate of
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Fig. 4. Cyclic voltammetries performed at 0.1 mV s~ on a STD cell (a) and a SPH cell (b) in presence and absence of O,. Zoom of the ORR onset region of both

voltammograms obtained in O, (c).
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Fig. 5. Full discharge profile of the STD cell (a) and the SPH cell (b) obtained at 0.1 mA cm~2 under constant O, flow. FESEM micrographs of pristine STD (c) and
SPH (d) cathodes and of STD (e) and SPH (f) after full discharge at 0.1 mA cm ™2

reaction LiOs [38,39]. For both spectra the peaks intensities were
normalized with respect to the main GDL peak (at 26.6°). In these
conditions it is possible to note that the intensity of the LiOH peaks,
particularly at 32.5° and 37.2° are higher for the STD cell compared to
SPH which, keeping in mind that this analysis is not quantitative, should
anyway indicate a major presence of this discharge product on the STD
cathode.

At this point some hypotheses can be formulated regarding the for-
mation and morphology of the discharge products involved. As widely
described in literature [38,40-42], the ORR process, resulting in Li;O5
formation, can follow two different pathways, the solution growth and
the surface growth, mainly depending on the solvent donor number
(DN). The first two steps of ORR are common to both pathways and are
the following:

O +€ O30 )

Li* + Oy, —LiO, @
The dissolved O adsorbed on the cathode surface is reduced to O3 (Eq
(1)) which reacts with Li * solvated in the electrolyte to form the LiO,
intermediate (Eq (2)).

At this point, DMSO being a solvent with a high DN, and therefore
benefiting of a stronger Li* solvation [40], the solution growth pathway

should occur as follows:

LiOy(so1) + LiO2(so1y = LigO(so1y + O2 3)
The previously formed LiO, would dissolve in the electrolyte solution
and then disproportionate into Li;Oy and Oj;. (Eq (3)). It has been
demonstrated that the solution growth mechanism favors the formation
of LizOq in the form of large toroids or platelets [16,40,41].

On the contrary, in some cases, like with low DN solvents, the formed
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Fig. 6. XRD diffraction patterns for STD (a) and SPH (b) cathodes both pristine and after full discharge.

LiO5 might be more easily adsorbed on the cathode surface (identified
by *), and is therefore exposed to an additional electrochemical reduc-
tion to finally form Li2O2 (Eq (4)).

LiO, + L, ~Lis 02 4

Through this surface-mediated pathway, LisO; is usually formed as a
thin conformal and nanocrystalline layer on the surface of the cathode
[40,41].

Based on the previous results, it is possible to hypothesize that the
discharge of the STD cathode occurs through the solution growth
pathway, as is to be expected in presence of DMSO, while the SPH
cathode experiences the surface growth mechanism. This behavior is
consistent with previous studies [18,43], which report that Fe3O4 ob-
tained from the partial reduction of Fe;O3 may exhibit oxygen-deficient
surfaces or defect sites associated with oxygen release during the
reduction process. These features have been suggested to promote the
nucleation of discharge products and to favor surface-mediated path-
ways. However, it should be noted that no direct experimental evidence
of oxygen vacancies is provided in the present work, and their role is
proposed here based on literature reports. This proposed change in the
reaction pathway would present two main advantages. First, LiOy has
strong oxidizing property, therefore its large presence in solution would
favor DMSO degradation, detectable from the formation of LiOH during
discharge [38,40,41,44]. Second, the formation of Li;O3 as a thin film,
with much lower crystal size, is easier to decompose thanks to the
conformal contact with the cathode surface, which can supply better
electron transfer [29,41], as discussed previously.

To assess the reversibility of the discharge products in both cases,
after the full discharge, a deep recharge was carried out on both cells, at
0.1 mA em 2 up to 4.5 V. The profiles obtained are reported on Fig. 7a
and b.

The STD cell reaches a reversible charge capacity of 5.07 mA cm™
(Fig. 7 a), while the SPH cell reaches 5.63 mAh cm 2 (Fig. 7 b),
demonstrating in both cases coulombic efficiencies superior to 95%. It is
well recognized that LiOH decomposes at potential above 4.3 V [38,44],
so by analyzing the recharge curves of both cells, it is possible to assess
the proportion of the charge capacity linked, at least in part, to LIOH
decomposition. For the STD cell, the potential of 4.3 V is reached when
the cell capacity corresponds to 4.09 mAh cm ™2, this would mean that
all the extra capacity, namely 19.3% of the total charge capacity, is due
to LiOH oxidation, together with other possible factors such as cathode
pore blockage, incomplete Li;O5 decomposition and corrosion of the
lithium anode. On the contrary, for the SPH cell the 4.3 V potential
corresponds to a cell capacity of 4.74 mAh cm ™2, so in this case only 15.8
% of the total charge capacity is due to LiOH, confirming its minor

2

presence and therefore minor electrolyte degradation in the second case,
together with a reduced influence of other possible parasitic
phenomena.

The discharged cells were disassembled so, once again, the cathodes
could be analyzed through XRD and FESEM (see Fig. 7c-f). The obtained
XRD spectra of the two recharged cathodes were identical to the ones of
the pristine sample (Fig. 7 a and b, upper frames), this complete
reversibility was also verified through the FESEM micrographs, which
show morphologies similar to the initial ones.

To assess the effect of the microspheres on a longer cycle life, long
cycling tests were performed on STD and SPH cells at a limited capacity
of 0.5 mAh cm™2, at the current density of 0.1 mA cm™2, the charge-
discharge capacity values are reported on Fig. 8 a and b.

The STD cell managed to reach the fixed capacity for 45 cycles while
the SPH for 130 cycles, corresponding to approximately 1300 h opera-
tion. The end of charge (EoC) and end of discharge (EoD) potentials for
each cycle are reported in Fig. 8 c. The STD cell shows an initial decrease
in the EoC potential, followed by a steep increase from cycle 13, before
reaching the safety cut-off at 4.5 V at cycle 36. This increase can prob-
ably be explained by the increasing quantities of LiOH (together with
other eventual degradation products) formed at each cycle, necessi-
tating higher and higher overpotential to be decomposed. When the
safety cut-off is reached then LiOH and other species cannot be recon-
verted anymore and they start to accumulate on the cathode surface
causing gradual clogging and passivation, thus restraining the charge
and mass transfer and increasing the polarization and therefore the EoD
potential. Regarding the SPH cell, the increase of the EoC potential is
much slower and progressive, reaching the safety cut-off of 4.5 V after
112 cycles. This demonstrates that even if DMSO degradation in Li-Oo
cells is inevitable it can be greatly slowed down by finely tuning the
discharge mechanism, for example playing on the catalyst nano-
structure, thus enhancing the cycle life.

Last but not least, a careful comparison with recent literature on iron
oxide-based catalysts for Li-O; cells (Table S1) highlights the competi-
tive performance of the magnetite hollow spheres developed in this
work. In particular, while several studies report comparable or even
higher initial discharge capacities, these are often obtained under less
demanding conditions, such as lower current densities or reduced areal
capacities during cycling. In contrast, the present system demonstrates a
favorable balance between areal capacity and cycling stability,
achieving up to 130 cycles under relatively high current density
(0.1 mA cm~?) and fixed capacity (0.5 mAh cm’z), which are more
representative of practical operating conditions. Furthermore, many
literature reports rely on lower capacity limitations during cycling
(typically <0.4-0.5 mAh cm™2) and/or shorter cycle life (generally
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Fig. 7. Full discharge/full charge profiles of STD (a) and SPH (b) cells. XRD diffraction patterns of the fully recharged STD (c) and SPH (d) cathodes. FESEM mi-

crographs of STD (e) and SPH (f) cathodes after full charge.

below 100 cycles), whereas the present work maintains stable operation
over an extended number of cycles without compromising capacity. This
suggests that the hollow Fe3O4 architecture effectively promotes more
reversible electrochemical processes and mitigates degradation phe-
nomena. Overall, this comparison indicates that the proposed catalyst
provides a well-balanced performance in terms of capacity, stability, and
operating conditions, highlighting the beneficial role of the hollow
morphology in enhancing both mass transport and reaction reversibility
in Li-O; systems.

4. Conclusions

This work reports the suitability of Fe3O4 hollow spheres, prepared

through ALD deposition technique around sacrificial PVP nanoparticles,
as catalyst for Li-O, batteries. The catalytic activity was first studied
through careful rotating disk electrode measurements, carried out in
alkaline aqueous media, demonstrating the hollow spheres ability to
shift the ORR from a 2 to a 2 + 2 electrons process. Going to an aprotic
media in a more classical Li-Os cell set up, such hypothesized benefits
were verified obtaining larger full cell capacity (5.9 against 5.1 mAh
cm~2 for an uncatalyzed cathode). More interestingly cathodes post-
mortem analyses were consistent with the hypothesis that this catalyst
has the ability to shift the Li,O formation mechanism from the solution
growth pathway to the surface growth pathway, thus obtaining smaller
and less crystalline discharge products. The benefit of such shifting is
two folds, first it allows for a better reversibility of LipOs, second it
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Fig. 8. Long cycling test performed at 0.1 mA cm 2

diminishes the contact between LiO; and DMSO thus probably slowing
down the degradation of the latter and the formation and accumulation
of LiOH at the cathode surface. These plausible positive effects were
further verified through long cycling experiments, comparing the per-
formance of our materials with the one of a cell containing an unmod-
ified GDL layer as the cathode at 0.1 mA cm ™2 up to the fixed capacity of
0.5 mAh cm™2. It was observed that, not only was the cycle life largely
enhanced (from 45 to 130 cycles) but the Fe304 hollow spheres elec-
trode exhibited a better stabilization of its terminal voltage compared
with the standard electrode. As the cycle continues, the gradual clogging
and passivation of the electrode by undecomposed discharge products
and byproducts restrains the mass and charge transfer and increase
polarization in both cases, but in a much slower way for the catalyzed
electrode. These results highlight the importance of the hollow archi-
tecture in promoting efficient mass transport and reactant accessibility,
which contributes to the improved electrochemical performance
observed.
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