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dent electronic modulation of Pt
on perovskite surfaces: bifunctional oxygen
catalysts for rechargeable Zn–air batteries

Boyean Kim,a Kyeongwon Han,a Yuri Ko,a Chanmin Lee*bc and Yukwon Jeon *a

The Zn–air batteries (ZABs) have emerged as promising candidates for advancing energy storage systems in

the transition to a clean energy society. Nevertheless, the sluggishness of the oxygen reduction/evolution

reaction (ORR/OER) on the air cathode is a prevalent problem in ZABs. Herein, we designed perovskite

catalysts with platinum (Pt) loading to function as an oxygen electrocatalyst for the cathode to explore

the modulation of their crystal and electronic structure with the goal of enhancing their catalytic

performance. Barium titanate-based manganese-doped perovskites (BaTi1−xMnxO3−d) were designed,

and their structural transitions (tetragonal / hexagonal / rhombohedral) were confirmed by Rietveld

refinement analysis. With a low level of deposited Pt on the surface, the structural variation of perovskite

led to changes in the electronic and chemical properties of surface Pt, thereby affecting its catalytic

behaviour. In particular, hexagonal Pt–BaTi0.8Mn0.2O3−d exhibited the co-formation of metallic Pt0 and

oxygen vacancies, which collectively promoted the O* spillover pathway during oxygen redox reactions,

leading to an excellent bifunctional performance of DE = 1.02 V. For a ZAB application, this catalyst

exhibited remarkable performance, with a specific capacity of 736 mA h g−1 and maintained cyclic

stability over 250 h and 1500 cycles, demonstrating that the electronic interactions between the

perovskite and the surface Pt varies depending on the crystal structure. By proposing an efficient

spillover-assisted reversible oxygen reaction mechanism, this work provides a design strategy for high-

performance bifunctional electrocatalysts in ZABs.
Introduction

As demand for energy continues to increase in the context of the
depletion of fossil fuels, there is an increasing need to develop
sustainable electrochemical energy storage systems that are
environmentally sound and cost-effective.1,2 Rechargeable
metal–air batteries (metal = Li, Zn, Al, etc.) possess a high
theoretical energy density, which can be attributed to the utili-
zation of ambient air as a cathode, and so reducing the weight
of cathode side materials.3,4 In this regard, Zn–air batteries
(ZABs) are recognized as desirable choices because of their high
theoretical energy density (1086 W h kg−1), inherent safety, low
cost relative to the abundant Zn resources (<US$ 10 kW−1 h−1

for ZABs vs. US$ 400–800 kW−1 h−1 for Li-ion batteries), and
environmental friendliness.5,6
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Recently, extensive research has focused on a wide range of
elements for ZAB applications, with the intention of enhancing
their efficiency.4,7 This is due to the fact that the fundamental
principles of the operation of ZABs are governed by the oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR)
at the air cathode, which occur during charge and discharge,
respectively.

It is well documented that these reactions are sluggish,
which has been attributed to a four-electron transfer process,
resulting in high overpotentials and low energy efficiency.8–10

Consequently, there is a pressing need for research into effec-
tive and stable bifunctional oxygen catalysts. Noble-metal-based
catalysts have been extensively employed to accelerate oxygen
redox reactions, and platinum (Pt)- and iridium oxide (IrO2)-
based materials are currently used as benchmarks for ORR and
OER catalysts. However, these precious metals are expensive
and even unstable due to their low resistance to repeated cycles
in an oxidation-reduction environment, and therefore, cost-
effective and stable bifunctional oxygen catalysts are being
investigated.4

In recent years, transition metal oxide catalysts have
emerged as an abundant and cost-effective alternative for
bifunctional oxygen catalysts, and they can adopt a variety of
structures, including monoxide, dioxide, perovskite, and spinel
J. Mater. Chem. A
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oxide, and offer enriched active sites and the exibility for
electronic modulation.7,8

The perovskite oxides are regarded as promising candidates
due to their interesting electrocatalytic properties. Typically,
perovskite oxide is structured according to the ABO3 formula,
where the A-site cations are usually occupied by alkaline earth
metals or rare earth metals (La, Ba, Sr, etc.), and the B-site
cations are occupied by 3d transition metals (Mn, Fe, Co,
etc.).11–13 This conguration can be exibly regulated, and the
modulation of cations is widely regarded as an effective
approach to improving the electrocatalytic performance,
primarily through the modulation of the electronic structure
and crystal lattice.11

Barium titanate (BaTiO3) is an inorganic perovskite material
that is used in the eld of multilayer ceramic capacitors
(MLCCs) and thermistors due to its excellent dielectric and
ferroelectric properties.14 BaTiO3-based perovskites are useful
because of their tunable crystal structures.15 Therefore, recent
works have explored their application in the domain of
electrochemical research, which has adapted various strategies
such as A- and B-site cation doping and creating a defect for
each cation and anion.16–22

Recently, research has been conducted on perovskite-
supported metal clusters and nanoparticles, with the aim of
enhancing the activity and cyclic redox stability. These have
been identied as promising candidates for the ORR and OER
due to their synergistic effects between the metal and the
support, e.g., the ‘spillover effect’.23–26 The various properties of
perovskite with the supported metal affect catalytic activities,
including the synergies between the metal and crystal struc-
tures, the compositions of oxygen species, and the electronic
structures of perovskite.

In the current study, the transition metal manganese (Mn)
was doped into the B-site of BaTiO3 (BaTi1−xMnxO3−d, x= 0, 0.2,
0.4, 0.6) perovskite. The structural transition of BaTi1−xMnx-
O3−d (BTMx) perovskites has been the subject of extensive
research due to the various crystal structures they can assume
by changing the doping amount of Mn. However, the structural
transition mechanisms leading to catalytic activity for the ORR
and OER have not been studied in detail.27 In addition, the
synergistic effects arising from low Pt loading and the distinct
crystal structures of BTMx were systematically investigated as
a bifunctional oxygen catalyst exhibiting efficient and stable
performances, aiming to enhance the overall electrochemical
behaviour of rechargeable ZABs.
Experimental section
Materials

The materials used in this work were barium carbonate (BaCO3,
99% Sigma-Aldrich), titanium oxide (TiO2, 99.8% Sigma-
Aldrich), manganese oxide (Mn3O4, 97% Sigma-Aldrich), plat-
inum chloride (PtCl2, 98% Sigma-Aldrich), iridium oxide (IrO2,
99.9% Sigma-Aldrich), 20 wt% Pt on Vulcan XC-72R (Pt/C, Pre-
metek), KOH (ACS reagent, 85% pellet Sigma-Aldrich), Naon
ionomer solution (5 wt% Chemours), Zn sheet (99.99% Nilaco),
J. Mater. Chem. A
carbon paper (AvCarb P75T, Fuel Cell Store), Ni mesh (100 mesh
Nilaco), and a separator membrane (Celgard® 3501).

Catalyst preparation

BaTi1−xMnxO3−d, where perovskite oxides with x = 0, 0.2, 0.4,
and 0.6 are denoted as BTO, BTM2, BTM4, and BTM6, respec-
tively, was synthesized by a conventional solid-state method.
Stoichiometric amounts of BaCO3, TiO2, and Mn3O4 precursors
were mixed with acetone and stirred for 12 h to obtain
a homogeneous mixture. The resulting powders were calcined
at 1000 °C for 12 h, and then ground in an algae mortar and
pelletized. Finally, the pellets were sintered at 1400 °C for 12 h.
The 5 wt% Pt-loaded BTMx (Pt-BTMx) catalysts were prepared
by an impregnation method, denoted as Pt-BTM2, Pt-BTM4,
and Pt-BTM6. The corresponding amounts of PtCl2 and pre-
synthesized BTMx were mixed with acetone for 12 h. The
dried powders were calcined at 300 °C for 2 h. All heat treat-
ments were carried out in an open atmosphere.

Material characterization

The powder X-ray diffraction (PXRD) data for each catalyst were
collected using a D2 Phaser (Bruker AXS) at room temperature
with an X-ray angle in the range 20–80°. The X-ray source used
was Cu Ka (l = 1.5418 Å), and Rietveld renement was con-
ducted to determine the lattice parameters and structure of the
perovskites using the FullProf Suite program. The transmission
electron microscopy (TEM) and energy-dispersive spectroscopy
(EDS) measurements were carried out on JEM-ARM 200F NEO-
ARM (JEOL, Tokyo, Japan). X-ray photoelectron spectroscopy
(XPS) was carried out using a K-Alpha XPS system (Thermo VG,
UK). The obtained XPS spectra were deconvoluted and tted
using Fityk soware.

Electrochemical activity measurement

A rotating disk electrode (RDE) system using an RDE710
rotating electrode (Gamry Instruments, USA) was used to char-
acterize the electrochemical catalytic activities of the developed
catalysts at room temperature. Pt wire, Hg/HgO (1 M NaOH),
and a glassy carbon electrode (surface area of 0.196 cm2) were
used as the counter, reference, and working electrodes,
respectively. A uniform slurry was obtained by mixing 5 mg of
prepared catalyst and 25mg of Vulcan XC-72 carbon with 100 mL
of Naon ionomer solution and 1.0 mL absolute ethanol, fol-
lowed by ultrasonication and stirring. Then, 10 mL of the slurry
was dropped onto the surface of the glassy carbon electrode,
with a loading amount of 0.232 mgcat cm

−2. For comparison
with a commercial catalyst (IrO2 + Pt/C), 2.5 mg of IrO2, 12.5 mg
of 20 wt% Pt/C, and 15 mg of Vulcan XC-72 were mixed under
the same conditions, maintaining a constant ratio of catalyst to
activated carbon in the slurry.

The bifunctional oxygen electrocatalytic activities of the
electrocatalysts were characterized by linear sweep voltammetry
(LSV) at a scan rate 5 mV s−1 in O2-saturated 0.1 M KOH solu-
tion. LSV curves of the ORR and OER were measured between
0.0–1.2 V and 1.2–2.0 V at a rotation speed of 1600 rpm. In
addition, the measured electrochemical data were iR-
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Crystal structure of catalysts, and Rietveld refined XRD patterns of (a) BTO, (b) BTM2, (c) BTM4, and (d) BTM6. The red dots represent the
observed data, black and blue lines represent the calculated pattern and the difference of observed and calculated, respectively, and the green
vertical line represents the Bragg positions. (e) The c/a ratio of each catalyst and structural model; each coloured polyhedron is filled with
a unique position of B-site metal (Ti, Mn).

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
4/

20
26

 9
:1

9:
57

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
compensated to eliminate the inuence of solution resistance
(Rsx 45 U). Finally, the electrode potential was converted to the
reversible hydrogen electrode (RHE). The electrochemical
impedance spectroscopy (EIS) measurements were conducted at
0.7 V and 1.7 V vs. RHE under an amplitude of 10 mV from 100
kHz to 0.01 Hz. The electron transfer number (n) was calculated
by Koutecky–Levich (K–L) plots obtained from the LSV curves,
which were performed using different rotation speeds, from
400 rpm to 2400 rpm, and calculated using the following eqn (1)
and (2):

1

J
¼ 1

Jk
þ 1

Bu1=2
(1)

B = 0.62nFCO2
DO2

2/3g−1/6 (2)

where J and Jk represent the measured current and kinetic
current, respectively, and the rotation speed is denoted as u in
eqn (1). The slope of K–L ‘B’ was determined using eqn (2),
where n denotes the number of electrons gained per oxygen, F
denotes the Faraday constant (F = 96 485 C mol−1), CO2

denotes
the concentration of oxygen of 0.1 M KOH (CO2

= 1.26 ×

10−6 mol cm−3), and DO2 denotes the diffusion coefficient of
oxygen of 0.1 M KOH (DO2

= 1.98 × 10−5 cm2 s−1, and kinematic
viscosity (g = 0.01 cm2 s−1)).
Zn–air battery measurement

The evaluation of the homemade ZABs was carried out using
a VMP-300 potentiostat (Biologic, France) at room temperature.
The air cathode was constructed of commercial (IrO2 + Pt/C)
This journal is © The Royal Society of Chemistry 2026
catalysts. To obtain well-dispersed ink, 5 mg of Pt-BTMx cata-
lyst and 25 mg of Vulcan XC-72 carbon were mixed with 0.1 mL
of Naon ionomer solution and 5.0 mL of absolute ethanol,
followed by ultrasonication at 1 h. For the comparison with the
commercial catalyst, 2.5 mg of IrO2, 12.5 mg of 20 wt% Pt/C, and
15 mg of Vulcan XC-72 were mixed under the same conditions,
with a constant ratio of catalyst to activated carbon in the ink.
The ink was then sprayed on the one waterproof facet of carbon
paper (1 mgcat cm

−2) and dried for 30 min in an oven. The
catalyst-coated carbon paper and Zn sheet, which served as the
air cathode and anode, respectively, were attached to the
homemade ZABs. The Ni mesh and separator membrane were
used as a current collector and separator, respectively. The
assembled ZAB cells were lled with 6 M KOH solution as an
electrolyte.

Aer fabricating the ZAB cells, the galvanostatic charge and
discharge polarization curves were tested by a potential range of
the OCV from 3.0 V to 0.0 V. The EIS measurements were per-
formed in the frequency range of 100 kHz to 0.01 Hz at 1.0 V,
and each resistance value was calculated using an equivalent
circuit model created by EC-Lab soware. The specic capacity
of the catalyst was tested under−25mA cm−2 and−10mA cm−2

of current and calculated by the reduced weight of the anode
metal (Zn). Then, the galvanostatic charge–discharge cycling
was tested by each process per 30 min (long-term, 1 h per cycle)
and each process per 5 min (short-term, 10 min per cycle) under
10 and −10 mA cm−2 of current. For analysis of the cyclic effi-
ciency and stability of the ZABs, round-trip efficiency (RTE) (E-
discharge/Echarge) was further calculated.
J. Mater. Chem. A
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Fig. 2 TEM image of (a) Pt-BTM2 and (b) EDS chemical mapping of elements; Ba, Ti, Mn, O, and Pt. HRTEM images and lattice fringe images of
Pt-loaded catalysts: (c) Pt-BTM2, (d) Pt-BTM4, and (e) Pt-BTM6.
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Results and discussion
Physical structure characterization

The structural transition of each perovskite material, induced
by the increasing substitution of Mn to the B-site, was
conrmed using XRD and Rietveld renement, as shown in
Fig. 1. The raw XRD patterns of BTMx and Pt-BTMx are pre-
sented in Fig. S1, which show no signicant changes inuenced
by Pt loading. Table S1 presents the detailed structural rene-
ment data (space group, lattice parameters, and rened
parameters).

It is evident from the analysis that there is a gradual tran-
sition in the crystal structure of perovskites, with an increase in
the amount of doped Mn, through tetragonal, hexagonal, and
rhombohedral phases.

Fig. 1(a) shows the typical tetragonal (P4mm) structure of
BaTiO3. As demonstrated in Fig. 1(b), the rened pattern of
BTM2 exhibits the initial complete transition of the crystal
structure to hexagonal (P63/mmc). The primary peaks of the
hexagonal structure are observed at 2q = 22.0° and 26.3°, cor-
responding to (102) and (103) reections, respectively. However,
in Fig. 1(c), BTM4 exhibits additional peaks at 2q = 24.0° and
28.7° except the hexagonal peaks, which closely correspond to
the observed rhombohedral peaks of (015) and (107) reections,
respectively. This rened data indicates that BTM4 is composed
of a mixed-phase with hexagonal and rhombohedral structure
at 70.8% and 29.2%, respectively. Fig. 1(d) shows the rened
pattern of BTM6, indicating the second complete transition of
the crystal structure, from hexagonal to rhombohedral (R�3mH).
J. Mater. Chem. A
The primary peaks of the rhombohedral structure were
observed at 2q = 24.1° and 28.8°, and correspond to (015) and
(107) reections.

As presented in Table S1, the lattice parameters of each
structure were determined as follows: for the tetragonal, a x
3.9937 Å, c x 4.0347 Å; for the hexagonal, a x 5.6996 Å, c x
13.9180 Å; and for the rhombohedral, ax 5.6778 Å, cx 27.8528
Å. Notably, each crystal structure exhibits a substantial variation
in the c-axis lattice parameter. The calculated ratio of the c/
a lattice length and its structural models are shown in Fig. 1(e).
The increase in Mn doping is proportional to the expansion of
the lattice along the c-axis within a single unit cell, which is
related to the oxidation states of Mn. It has been established
that the excess low-valent Mn ions are unable to dissolve in the
hexagonal structure, and they transfer to a high-valent form in
the long rhombohedral structure.28 This suggests that the
hexagonal structure of BTM2 and BTM4 contains Mn2+/Mn3+,
and the rhombohedral structure of BTM4 and BTM6 maintains
Mn3+/Mn4+ dominance over the hexagonal structure.

To obtain structural and compositional information
regarding surface Pt-loaded catalysts, TEM and EDS chemical
mapping analysis were conducted. The corresponding EDS
proles veried that the elemental compositions match the
intended Ti/Mn ratio of the Pt-BTMx series, as summarized in
Table S2. Although the surface Pt loading was slightly over-
estimated compared to the target value of 5 wt%, which was
likely due to the localized nature of the sampling area and
inherent inaccuracy in quantifying the light element of oxygen,
all Pt-BTMx samples exhibited consistent ratios, allowing for
a reasonable comparison of their electrochemical properties.
This journal is © The Royal Society of Chemistry 2026
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In Fig. 2(a), a high-magnication TEM image also reveals
a uniform distribution of Pt nanoparticles (NPs) on the BTM2
surface, with a size of 6–20 nm. The EDS chemical mapping
image in Fig. 2(b) further conrms that Pt NPs were uniformly
dispersed onto the surface of the crystalline perovskite. Simi-
larly, the TEM and EDS chemical mapping images of Pt-BTM4
and Pt-BTM6 show that both were also successfully syn-
thesised with uniform surface Pt NPs in a similar size range of
10–23 nm (Fig. S2).

In terms of physical analysis, Fig. 2(c–e) display the HR-TEM
analysis to investigate the crystalline lattices of the loaded Pt
NPs on the Pt-BTMx surfaces. Although the perovskite lattice
was difficult to detect due to the high coverage of Pt species, it
was observed that there was no substantial inuence of the
different perovskite crystal structures on the characteristics of
the surface-loaded Pt. It was clearly observed that the surface
lattice fringes of the Pt NPs exhibited an interplanar spacing of
approximately 0.23 nm, which corresponded to the (111)
diffraction plane, indicating the formation of a well-dened
metallic phase.
Chemical structure characterization

The chemical bonding structures of the perovskites were ana-
lysed using XPS, as shown in Fig. 3. From the whole range
survey spectra of BTM2 and Pt-BTMx, each catalyst spectrum
demonstrates the presence of Ti 2p, Mn 2p, O 1s, and in the case
of Pt-BTMx, Pt 4f, as expected (Fig. S3). The relative concen-
trations of all species were calculated through peaks tted to
specic ratios (Table S3). Upon closer examination, the high-
resolution spectra of Ti 2p in Fig. 3(a) show the deconvoluted
twomajor peaks of Ti 2p1/2 and Ti 2p3/2, which were tted to Ti4+
Fig. 3 High-resolution XPS spectra of Pt-BTMx catalysts and fitted dat
distinguished colours corresponding to their chemical states and their rel
species and oxygen species by electronic exchange at the hexagonal pe

This journal is © The Royal Society of Chemistry 2026
(approximately 463.8 eV and 458.1 eV). It is evident that Pt-
BTMx exhibited a similar position and proportion of Ti 2p, even
at BTM2 (Fig. S4(a)), thereby signifying that Ti constitutes the
most stable component within each crystal structure, despite
the increasing Mn in the lattice.

As shown in Fig. 3(b), the high-resolution spectra of Mn 2p
demonstrate the deconvoluted two major peaks Mn 2p1/2 and
Mn 2p3/2, which were tted toMn2+ (approximately 652.2 eV and
640.1 eV), Mn3+ (approximately 653.6 eV and 642.1 eV), and
Mn4+ (approximately 655.6 eV and 644.6 eV),29,30 respectively. As
expected, the peak intensity increased with increasing Mn
doping. Moreover, the oxidation state of Mn tended to increase
with higher Mn content, which was accompanied by a structural
transition from the hexagonal to the rhombohedral phase. Pt-
BTM2 exhibited a lower valence of Mn similar to that of the
pristine BTM2 (Fig. S4(b)). In contrast, Pt-BTM4 and Pt-BTM6
exhibited higher Mn valence states, with only Mn3+/Mn4+

peaks being tted. This nding suggests that the surface-loaded
Pt would not result in a change in the electronic structure of
Mn, while the oxidation of Mn is primarily inuenced by the
transition of crystal structure.

In Fig. 3(c), the high-resolution spectra of O 1s demonstrate
three major deconvoluted peaks, which were tted by hydroxyl
groups or absorbed oxygen (O2/OH

−: approximately 532.4 eV),
surface oxidative oxygen (O2

2−/O−: approximately 530.6 eV), and
lattice oxygen (OLat: approximately 529.3 eV).31 It has been re-
ported that O2

2−/O− surface components are helpful in surface
kinetics and assist in favouring the oxygen reactions.27 The
hexagonal structure of Pt-BTM2 contains the highest proportion
of O2

2−/O− among the oxygen components. Conversely, the
rhombohedral-structured Pt-BTM6 exhibited the highest
a for each species of (a) Ti 2p, (b) Mn 2p, (c) O 1s, and (d) Pt 4f with
ative concentrations. (e) Schematic image of the interaction between Pt
rovskite.

J. Mater. Chem. A
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proportion of OLat. Interestingly, as shown in Fig. S4(c), pristine
BTM2 exhibited the highest proportion of OLat. Upon Pt
loading, a noticeable positive shi in the O 1s peaks was
accompanied by a signicant increase in the O2

2−/O− species,
indicating a dramatic change in the electronic structure that
was likely due to strong interactions between Pt and BTM2, and
mainly facilitated through surface oxygen species.32

To investigate this interaction of Pt and oxygen species,
Fig. 3(d) reveals the high-resolution Pt 4f XPS analysis. The Pt 4f
spectra is deconvoluted into two major peaks of 4f5/2 and Pt
4f7/2, which are tted Pt0 (approximately 75.1 eV and 72.1 eV),
Pt2+ (approximately 76.3 eV and 73.0 eV), and Pt4+ (approxi-
mately 77.8 eV and 74.1 eV).26 Despite the synthesis and prep-
aration conditions being equivalent, the ratio of Pt components
differed between all Pt-BTMx. It is evident that the Pt4+ portion
demonstrated notable similarity; however, the Pt2+ and Pt0

portions exhibited distinct structural disparities. Pt-BTM2
demonstrated the highest ratio of Pt0 among the Pt-BTMx.
The ratio of Pt0 decreased, while Pt2+ increased as the crystal
structure changed from hexagonal to rhombohedral, exhibiting
a trend similar to that of the surface oxygen behaviour observed
in the O 1s spectra.

Consequently, the change in the electronic structure of Pt
appears to be primarily inuenced by the oxygen species rather
than Mn ions, particularly in the hexagonal BTM2 structure. As
depicted in Fig. 3(e), on the surface of hexagonal perovskite,
oxygen components were oxidized from OLat to O2

2−/O−, with
oxygen vacancies formed on perovskite, which modulated the
change in surface Pt species to metallic Pt0. Conversely, the
higher portion of Pt2+ in Pt-BTM6 was likely caused by reduced
Mn ions (Mn4+ to Mn3+). This observation suggested that loaded
Pt functions as an electron acceptor on the hexagonal BTM2
surface, whereas it acts as an electron donor on the rhombo-
hedral BTM6 surface.
Fig. 4 Electrochemical performance of oxygen catalysts in 0.1 M KOH
solution with saturated O2 at room temperature. (a) ORR LSV plots of
Pt-BTMx and commercial catalyst and (b) ORR mass activity obtained
from (a). (c) OER LSV plots and (d) bifunctionality of oxygen catalysts.
Bifunctional oxygen electrocatalytic performance

To analyze the electrochemical catalytic activities of the
prepared (Pt-)BTMx catalysts, RDE measurements were initially
carried out. As illustrated in Fig. S5(a), the ORR and OER LSV
plots of BTMx are presented. It is well established that the
typical BTO catalyst exhibits poor electrochemical properties.16

However, the Mn-doped catalysts showed enhanced catalytic
activity, particularly for the OER. These activities of the
electrocatalysts are represented by the half-wave potential (E1/2)
for the ORR, and the overpotential at a current density of 10 mA
cm−2 (E10 mA) for the OER.

While all BTMx catalysts exhibited ORR activities compa-
rable to that of pristine BTO, with half-wave potentials of 0.64–
0.66 V, it is notable that BTM2 demonstrated the lowest ORR
Tafel slope of 75.4 mV dec−1, indicating improved ORR kinetics,
as shown in Fig. S5(b). Conversely, the OER activity progres-
sively improved with increasing Mn-doping content, as evi-
denced by the decreasing overpotentials: BTO (1.80 V), BTM2
(1.76 V), BTM4 (1.75 V), and BTM6 (1.74 V). In this order, BTM6
exhibited the lowest OER Tafel slope of 159.5 mV dec−1, con-
rming its enhanced OER kinetics, as shown in Fig. S5(c).
J. Mater. Chem. A
These results reveal a structure–activity relationship, where
the hexagonal phase in BTM2 facilitates more efficient ORR
kinetics, whereas the rhombohedral phase in BTM6 inherently
enhances OER catalytic performance. This structure-driven
trend is further maintained upon incorporating Pt, as the Pt-
BTMx catalysts also exhibit synergistically improved catalytic
activities consistent with their intrinsic ORR and OER
characteristics.

Upon the incorporation of a small amount of Pt, the catalytic
activity of all samples was signicantly enhanced, for the OER
and particularly for the ORR. The ORR LSV curves and corre-
sponding Tafel plots of 5 wt% Pt-BTMx catalysts, along with the
commercial IrO2 + Pt/C benchmark, are shown in Fig. 4(a) and
S6(a). To determine the ideal Pt loading, catalysts with 1, 5, and
8 wt% Pt were evaluated (Fig. S7). However, 1 wt% Pt showed
insufficient bifunctional activity, while 5 and 8 wt% Pt exhibited
comparable activity in the ORR and OER. Consequently, 5 wt%
Pt was selected for this study.

Compared with Pt-BTM6 and Pt-BTM4, which exhibit half-
wave potentials of 0.67 V and 0.69 V and Tafel slopes of 71.1
and 62.3 mV dec−1, respectively, Pt-BTM2 exhibits highly
improved ORR performance with an increased half-wave
potential of 0.72 V and a lower Tafel slope of 58.9 mV dec−1.
Furthermore, the calculated mass activities (current density by
weight of Pt) in Fig. 4(b) reveal that Pt-BTM2 achieved a signif-
icantly enhanced mass activity of 212.08 mA mgPt

−1, which is
more than ve times greater than that of the commercial IrO2 +
Pt/C catalyst (39.59 mA mgPt

−1).
Additionally, EIS measurements of BTM2, BTM6, Pt-BTM2,

and Pt-BTM6 were performed at the ORR region of 0.7 V vs.
RHE (Fig. S8(a)) to evaluate the resistance characteristics at each
catalyst layer. With the constant electrolyte resistance, we found
that the hexagonal catalysts exhibited lower charge-transfer
resistance than the rhombohedral catalysts, as evidenced by
This journal is © The Royal Society of Chemistry 2026
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the smaller semicircle diameters in their Nyquist plots of BTM2
vs. BTM6 and Pt-BTM2 vs. Pt-BTM6.

In addition, arguing the reaction pathway of ORR, the elec-
tron transfer numbers (n) of the pristine BTM2 and Pt-BTM2
catalysts were calculated in Fig. S9. Both revealed a rst-order
linear relationship between J−1 and u−1/2, conrming the
applicability of the Koutecky–Levich model. However, the
calculated electron numbers were different. The overall ORR on
BTM2 was found to follow a four-electron pathway, whereas Pt-
BTM2 exhibited additional transferred electrons, indicating
signicantly improved reaction pathway efficiency by Pt incor-
poration. As a result, the enhanced ORR may be caused by
increased metallic Pt (Pt0) species, which strongly interact with
surface oxidative oxygen components (O2

2−/O−) of the hexag-
onal oxide structure, thereby facilitating electron transfer with
greater efficiency. It is evident that there is an additional
synergistic reaction pathway between Pt and hexagonal BTM2
during the ORR process.

The OER activities of Pt-BTMx and IrO2 + Pt/C weremeasured
through the LSV plots and corresponding Tafel plots, respec-
tively, in Fig. 4(c) and S6(b). In contrast to the generally
Fig. 5 Oxygen catalyst performance of the air cathode electrode of rec
discharge I–V–P polarization curves. (c) EIS spectra at 1 V. (d) Specific ca
-10 mA cm−2. (e) Galvanostatic charge–discharge cycling long-term stab
(g) Pt-BTM2 galvanostatic charge–discharge cycling short-term stability
LED screen.

This journal is © The Royal Society of Chemistry 2026
recognised less effective catalytic activities of Pt in the context of
the OER, it was conrmed that all Pt-BTMx catalysts demon-
strated an enhancement in the OER upon Pt incorporation. In
comparison to the Pt-BTMx catalysts, the Pt-BTM6 catalyst
exhibited a higher catalytic activity, with a decreased over-
potential of 1.72 V and a lower Tafel slope of 112 mV dec−1.
From the EIS spectra displayed in Fig. S8(b), the semicircle
diameter of BTM6 is slightly smaller than that of BTM2.
However, the difference is enlarged in the comparison aer Pt
deposition, where the semicircle of Pt-BTM6 is substantially
reduced compared to that of Pt-BTM2. These OER results also
suggest another distinct synergistic effect between ionic Pt
(Pt2+) and the rhombohedral perovskite lattice, which enhances
charge transfer and accelerates OER kinetics.

The bifunctionality (DE) of the electrocatalyst, a key factor for
cathode reactions in metal–air batteries, can be calculated by
the potential difference between its OER and ORR activities. As
illustrated in Fig. 4(d), the Mn-doped BTMx catalyst exhibited
improved bifunctionality compared to the pristine BTO, which
is consistent with the previously discussed structure-dependent
catalytic behaviour. However, it is clear that Pt-BTMx
hargeable ZABs: (a) charge and discharge polarization curves, and (b)
pacity of Pt-BTM2 at a discharge current density of −25 mA cm−2 and
ility of rechargeable ZABs, and the (f) RTE efficiency obtained from (e).
of rechargeable ZABs. (h) Photographic image of a ZAB powering an

J. Mater. Chem. A
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demonstrates enhanced and differential activities in compar-
ison to BTMx, even at a low level of Pt. Particularly, the strong
synergistic interaction between Pt and the perovskite surface
led to a remarkably greater enhancement in the ORR as
compared to the OER. Of particular note is Pt-BTM2, which
exhibited a superior and lowest bifunctionality of DE = 1.02 V,
accompanied by a substantial enhancement in its ORR activity
from the additional synergistic reaction pathway between Pt
and hexagonal BTM2 during the ORR process.
Zn–air battery performance

The application of the Zn–air batteries (ZABs) was performed
using Pt-BTMx as air cathode electrode catalysts under an
ambient atmosphere at room temperature. The galvanostatic
charge and discharge polarization curves, illustrated in
Fig. 5(a), demonstrate that the region above approximately 1.5 V
corresponds to the charge region, while the region below
corresponds to the discharge region where the OER and ORR
occurred, respectively. The voltage gap between these charge
and discharge steps reects the overall overpotential, and thus
the round-trip efficiency of the ZABs. Pt-BTM2 and Pt-BTM6
exhibited a higher current density compared to the Pt-BTM4
catalyst at the OER region.

As expected, the Pt-BTM2 catalyst showed relatively
enhanced current density at the discharge region. For analysis
of this discharge activity, the galvanostatic discharge I–V–P
polarization curves are shown in Fig. 5(b). In comparing each of
the Pt-BTMx catalysts, Pt-BTM2 exhibited the highest peak
power density (PPD) with the order of Pt-BTM2; 105.1 mW cm−2

> Pt-BTM4; 100.2 mW cm−2 > Pt-BTM6; 100.5 mW cm−2, likely
due to the stronger synergistic coupling between Pt and the
structurally stable hexagonal single-phase perovskite, which
facilitates more efficient charge transfer during the ORR
process.

To further investigate the resistance characteristic at this
region, EIS was conducted at 1 V, and the tted data was ob-
tained using the equivalent circuit by R1(Q1/R2)(Q2/R3), as shown
in Fig. 5(c). The tted data for R1, R2, and R3 correspond to Rs,
Rint and Rct, which denote contact and electrolyte resistance,
solid–electrolyte interface resistance, and charge-transfer
resistance, respectively. From the performance results, it was
predictable that the Pt-BTM2 catalyst exhibited the smallest
semicircle of the Rct among the Pt-BTMx catalysts, with the
resistance of 1.01 U, as summarized in Table S4. Interestingly,
the solid–electrolyte interface resistance was also a much
smaller Rint, with the resistance of 0.36 U (0.57 U and 0.49 U for
Pt-BTM4 and Pt-BTM6, respectively). This indicates that the
stronger synergistic coupling also reduces the interfacial resis-
tance at the solid–electrolyte interface at the full cell system of
the ZABs, further enhancing the overall OER/ORR kinetics.

The specic capacity of the ZABs is an essential indicator of
the energy storage capability of the system and stability of
anode degradation. The ZABs employing the Pt-BTMx catalysts
as cathodes exhibit distinct differences in discharge perfor-
mance, as shown in Fig. 5(d) and S10. Among the samples, Pt-
BTM2 exhibited the highest specic capacity, including
J. Mater. Chem. A
763 mA h g−1 at a discharge current density of −10 mA cm−2,
reecting its optimized ORR activity and efficient utilization of
active sites. However, Pt-BTM4 exhibited anomalously unstable
behaviour with a signicantly lower capacity of 341 mA h g−1 at
−25 mA cm−2 during the discharge process, which was likely
affected by its unstable mixed-phase crystal structure and less
favorable interfacial interaction with Pt, which hindered effec-
tive catalytic performance during the discharge process.

The instability of Pt-BTM4 was also conrmed by the galva-
nostatic charge–discharge cycling long-term stability test, as
displayed in Fig. 5(e), as compared to the commercial IrO2 + Pt/
C cathode. Similar to its low specic capacity, it was observed
that Pt-BTM4 also exhibited poor cycle stability, as evidenced by
a noticeable decrease in voltage during discharge prior to 3 h of
operation. It was caused by the battery recharge (discharge to
charge), which resulted in harsh oxidative potential damage to
the less favorable ORR mixed-phase of Pt-BTM4 and the
formation of a signicantly greater impurity phase as compared
to Pt-BTM2 during operation, as depicted from the post-XRD
analysis in Fig. S11.

Pt-BTM2 exhibited highly stable cyclic durability by main-
taining its narrowest gap of 0.84 V during 30 h, which was
a muchmore optimal performance than that of Pt-BTM6 or IrO2

+ Pt/C, at 1.14 V and 1.22 V, respectively. These results can be
converted to the calculated RTE (%) for each catalyst. As shown
in Fig. 5(f), it is evident that Pt-BTM2 demonstrates superior
cyclic stability in comparison to other catalysts, maintaining
a high RTE from 60.34% initially to 58.90% aer 30 h. It is also
noteworthy that the amount of 5 wt% Pt loading on perovskite
was found to be optimal compared to 8 wt%, not only for the
intrinsic catalytic (Fig. S7), but also for the exceptional cycling
activities in the ZAB cell, as illustrated in Fig. S12. In contrast,
the initial RTE of Pt-BTM6 and IrO2 + Pt/C was recorded at
58.03% and 62.67%, yet diminished nally to 43.02% and
38.39%, respectively, indicating poor durability for both.

To highlight the practical feasibility of the catalyst in
a commercial-like system, Fig. 5(g and h) conrmed that ZABs
incorporating the Pt-BTM2 catalyst can reliably power an LED
display, conrming its excellent real-world performance, as
evidenced by the photographic image. Moreover, this great
performance was maintained with an outstanding long-term
operational stability over a duration of 250 h and 1500 cycles
under the short-term cycling test, without signicant changes in
crystal structure, as shown by the post-XRD results (Fig. S11).
Notably, the cyclic durability of Pt-BTM2 as a ZAB cathode
outperformed the recently reported noble and non-noble metal-
perovskite-based electrocatalysts while it maintained its cata-
lytic activity, as summarized in the benchmarking data in Table
S5.

Overall, these observations provide strong evidence for
a distinct structure–activity relationship. We found that the
hexagonal BTM2 offers a stable single-phase support with
a more favorable electronic structure and interfacial environ-
ment for Pt, promoting superior ORR/OER kinetics and
improved charge-transfer efficiency. Consequently, this struc-
tural advantage translates into exceptional cycling durability
and energy efficiency in ZAB performance.
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Schematic illustration of the (a) Pt-BTM2 and Pt-BTM6 forming
mechanism, and (b) the O* spillover mechanism on Pt-BTM2 during
the ORR.
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Bifunctional reaction mechanisms on Pt-BTMx

Considering the physical and electrochemical results discussed
above, it was conrmed that Pt-BTM2 and Pt-BTM6 possess
distinct reaction pathways in Pt-perovskite interactions, each
governed by affected structural variations, which subsequently
inuence their bifunctional reaction, as illustrated in Fig. 6(a).

Under the suggested reaction mechanism in Fig. 6(b), it was
hypothesised that Pt-BTM2 would be constructed through
electron transfer from the oxygen species in perovskite to the
loaded Pt, resulting in the appearance of oxidised O2

2−/O− and
reduced Pt0. During the ORR process, the presence of metallic
Pt0 and oxygen vacancies facilitated efficient reaction kinetics,
and its catalytic activity was co-reacted by the O* spillover
pathway. The reducing step of the O* molecule is an endo-
thermic reaction, and is considered as the rate-determining
step (RDS) on metallic Pt0, and the adsorbed O* species can
spill over to the oxygen vacancies on the perovskite surface,
thereby facilitating its subsequent reduction.25 This behaviour
would likely be improved over the conventional four-electron
ORR pathway in perovskites.

We suggest that the adsorption and dissociation of oxygen
molecules occurred on the surface of the metallic Pt, and the
dissociated OO* was consumed by forming OOH* and subse-
quently O* intermediates. Finally, the excess O* species then
spilled over into neighboring oxygen vacancies within the
perovskite BTM2 lattice. This effect between the Pt metal and
the perovskite originates from the phenomenon of enhanced
electron transfer and the formation energy of oxygen vacancies
on the perovskite.25,26 This synergy reduces the kinetic barriers
and also contributes to the resistance to performance degra-
dation, such as the oxidation of Pt during ORR operation.

Conversely, Pt-BTM6 operates via a different pathway, in
which electrons are transferred from Pt to the perovskite
surface. In the Pt-BTM6 catalyst system, the highest proportion
This journal is © The Royal Society of Chemistry 2026
of ionic Ptd+ and reduced Mn3+ was observed, which is typically
the favored species during OER.24,33 Subsequently, the mecha-
nism between ionic Ptd+ and reducible metal (Mn3+/Mn4+) can
be discussed, as illustrated in Fig. S13. The presence of
a reducible metal species in the perovskite lattice can facilitate
the binding of OH* and ionic Pt species, which appears via
synergistic activities through the excess OH* spillover from the
perovskite surface to the activated Pt sites, thereby enhancing
the OER activity. The rhombohedral Pt-BTM6 follows a distinct
pathway that favors OER kinetics, but provides less benet to
ORR stability.

Overall, we found that the catalytic activity and stability of
the ORR reaction during the discharge process at the air
cathode predominantly inuence the application of air-
cathodes in ZABs, emphasizing the importance of a robust
ORR-active electrocatalyst. The combined physical, electro-
chemical, and mechanistic analyses conrmed that the hexag-
onal Pt-BTM2 catalyst enhanced the activity and stability by the
aforementioned ORRmechanism through a stable single-phase
support and unique synergistic interaction between metallic Pt0

and the oxygen-defective perovskite surface. Consequently, the
hexagonal Pt-BTM2 catalyst offers an optimal structure–activity
correlation for reversible oxygen electrochemistry, enabling
high round-trip efficiency and cycling stability in ZABs. There-
fore, the present study highlights the critical role of composite
structure engineering for an effective bifunctional oxygen
catalyst, and provides key insights for the future development of
practical metal–air energy storage systems.
Conclusions

In this study, we explored the potential for the adoption of a Pt-
loaded barium titanate-based perovskite composite as
a bifunctional oxygen catalyst. It is imperative to regulate the
doping level of Mn to substitute B-site titanium, as this can
result in adjustments to its crystal structure. This resulted in
a consequential effect on the oxidation state of the surface of Pt.
Hexagonal Pt-BTM2 exhibited a high concentration of oxygen
vacancies and metallic Pt, which can be generated by electron
transfer interaction (BTM2 to Pt). In contrast, rhombohedral Pt-
BTM6 demonstrated an abundance of lattice oxygen and ionic
platinum. It is evident that there are distinct interactions
between Pt and perovskite, as well as varied pathways for the
ORR and OER for each electrocatalyst.

Among these, the hexagonal Pt-BTM2 catalyst-based cathode
demonstrated remarkable performance and stability during
a cyclic charge–discharge test, with 1500 cycles and 250 h, thus
establishing its efficacy as a bifunctional oxygen catalyst for
rechargeable Zn–air batteries. Therefore, we can conclude that
variations in crystal structure are a pivotal factor in determining
catalytic behaviour when the material interacts with Pt. This
structural inuence has a signicant impact on the bifunctional
reaction pathway at the air cathode, ultimately enabling high-
performance and durable bifunctional oxygen catalysts for
next-generation rechargeable Zn–air batteries.
J. Mater. Chem. A
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