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active site and balance the adsorption/desorption kinetics of
reactants and intermediates.17 Significantly, the work function
variance between these components creates an inherent
driving force and imparts directionality for charge transfer at
the interface.18 Hence, understanding the relation between
interfacial BEF and the intermediate adsorption behavior is
critical to decoding the core catalytic mechanism of ORR.
Introducing vacancies, engineering heterogeneous interfaces,
and employing heteroatom doping are powerful strategies for
efficiently inducing charge redistribution within electrocata-
lysts, effectively promoting the formation of a BEF.19 Moreover,
merging heterojunction catalysts with carbon aids enhances
electron transfer, invoking mutual benefits from the catalyst-
carbon interaction and spatial restrictions of the carbon
matrix.20 This can enhance conductivity and catalytic prowess,
thus accelerating electron transfer rates and overall catalytic
performance.21 Besides, introducing oxygen vacancies can
serve as active centers in the catalytic reaction, thereby facili-
tating the reaction kinetics.8 For instance, Wang et al. adeptly
engineered Co3O4 through thermal annealing with controlla-
ble oxygen vacancies.22 These introduced vacancies triggered
the formation of BEF, showcasing remarkable electrochemical
performance in Li-ion batteries. Nevertheless, excessive oxygen
vacancies can result in morphological changes and structural
damage, leading to a reduction in catalytic performance.23

Thus, balanced oxygen vacancy content in catalysts typically
exhibit superior electrocatalytic activity.24

Inspired by these insights, exploring the profound impact
of the BEF on ORR catalysts and zinc–air batteries, this study
employs DFT calculations to unveil BEF’s role in optimizing
oxygen intermediate adsorption. Experimental results reveal
that the prepared catalyst possessed a pronounced energy
difference, prompting electron transfer from MnO to CeO2,
resulting in a stable BEF at the interface. MnO-CeO2@Cs
demonstrate enhanced ORR activity compared to MnO@Cs
and CeO2@Cs, excelling in current density, kinetic density,
and half-wave potential. The BEF further improves reaction
kinetics, reflected in the smaller Tafel slope. MnO-CeO2@Cs-
based zinc–air batteries showcase exceptional performance
with accelerated reaction kinetics.

2. Experimental section
2.1. Materials

Glucose (C6H12O6·6H2O), potassium permanganate (KMnO4,
99.5%), and absolute ethanol (C2H5OH, 99.7%) were acquired
from xilong chemical Co., Ltd. Dopamine hydrochloride
((HO)2C6H3CH2NH2·HCI, 98%), polyvinylpyrrolidone (PVP),
cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O, 99.95%), zinc
acetate ((CH3COO)2Zn, 99%), and commercial Pt/C (20 wt% Pt)
were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. Nafion (5 wt%) was acquired from Alfa
Aesar, and potassium hydroxide (KOH, 90%) was obtained
from Macklin Biochemical Co., Ltd. All reagents were analyti-
cal grade and were used without any further purification.

2.2. Synthesis of carbon spheres (Cs)

Highly dispersed carbon spheres (Cs) were acquired following
procedures outlined in previously reported work.25 In a typical
synthesis process, 25 µL of 1 M KOH was added to 40 mL of
0.5 M glucose solution under vigorous stirring, until a color-
less and transparent solution was obtained. Subsequently, the
resulting solution was transferred to a Teflon-lined stainless-
steel autoclave at 180 °C for 6 h. The dark brown product was
collected by centrifugation, washed multiple times with de-
ionized water and ethanol, and finally dried at 60 °C
overnight.

2.3. Synthesis of Mn3O4 supported on Cs

50 mg of the above Cs were dispersed in 10 mL of 0.01 M
KMnO4 solution, stirred in air for 30 min to form a uniform
purple slurry which was then centrifuged and dried. The
resulting powder was oxidation

2.4. Synthesis of MnO-CeO2@Cs
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after high-temperature calcination. However, a noticeable
alteration is the evolution of its surface to a lychee-like rough
and textured appearance. TEM images (Fig. 2c) further illus-
trated the litchi-like morphology, with the intricate distri-
bution of CeO2 nanoparticles within the MnO matrix. This
embedding process is facilitated during calcination. We have
clarified the structural features revealed by the high-resolution
TEM (HR-TEM) image, as indicated by the green dashed line
in Fig. 2d. This image exposes a well-defined heterostructure
between MnO and CeO2, emphasizing a robust interfacial
coupling. The discernible lattice fringes within the hetero-
structure provide insight into the (111) planes of MnO and
CeO2, with respective spacings of 0.257 and 0.328 nm.
Additionally, Fig. 2e offers an energy-dispersive X-ray spec-
troscopy (EDS) spectrum for MnO-CeO2@Cs, confirming the
presence of C, O, Mn, and Ce elements. Moreover, high-angle
annular dark-field STEM (HAADF-STEM) and corresponding
elemental mapping disclosed the uniform distribution of C, O,
Ce, and Mn across the nanosphere (Fig. 2f). Basic and above,
it is plausible that interdiffusion occurs between MnO and
CeO2 rather than the formation of a solid solution. XRD ana-
lysis definitively confirms the identical phase composition of
MnO-CeO2@Cs to that of MnO@Cs and CeO2@Cs.
Furthermore, the crystal structure and lattice parameters of
MnO-CeO2@Cs remain consistent with those of the individual
material phases. Both SEM and TEM observations reveal an
alternating arrangement of the two substances, strongly
suggesting interdiffusion between MnO and CeO2.

Ultraviolet photoemission spectroscopy (UPS) is a pivotal
technique for determining the work function of a catalyst. It
sheds light on the synergy between a material’s electronic pro-

perties and its electrocatalytic activity.37 Essentially, UPS
reveals the minimum energy required for electrons to tran-
sition from the Fermi level to the vacuum level, suggesting
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of oxygen intermediates, ultimately leading to the superior
ORR activity of MnO-CeO2.

56

4. Conclusions

In summary, we successfully synthesized an oxygen-deficient
spherical MnO-CeO2@Cs electrocatalyst using a high-tempera-
ture pyrolysis strategy. The MnO-CeO2@Cs catalyst exhibits sat-
isfactory ORR activity (E1/2 = 0.80 V, jL = 5.5 mA cm−2) in alka-
line conditions. Additionally, the ZAB assembled with
MnO-CeO2@Cs showcases an elevated peak power density of
202.7 mW cm−2, and displays remarkable stability over 297 h.
experimental results and theoretical calculations unequivocally
validate a unique interfacial electronic structure driven by the
harmonious synergy between MnO and CeO2. This distinctive
BEF at the MnO-CeO2@Cs interface fosters a conducive
environment for charge redistribution, optimizing the adsorp-
tion energy of oxygen intermediates and amplifying the ORR
kinetics. Specifically, MnO plays a critical role, particularly
through its 3d orbitals, significantly enhancing the overall
electrical conductivity and reaction efficiency of the catalyst.
This work not only signifies a monumental stride in electroca-
talyst development but also paves the way for a novel paradigm
in designing interfacial BEFs. This is anticipated to provide a
nuanced control over charge distribution on catalyst surfaces,
heralding a new era in electrocatalyst design and applications.
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