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Developing an environmentally friendly, highly efficient, and stable electrocatalyst for the oxygen reduction
reaction (ORR) holds critical importance for advancing the commercial viability of zinc—air batteries (ZABs).
The d-band electronic structure of metal atoms in triatomic catalysts (TACs) can be precisely regulated to
achieve the optimal adsorption energy for oxygen intermediates (*OOH, *O and *OH). Here, a TAC Zr3/NG
with ZrsO;Ng active sites has been successfully synthesized by a Joule heating method for the ORR. The Zrs/
NG demonstrates a half-wave potential (E;/;) of 0.857 V, better than that of single-atom Zr;/NG and
commercial Pt/C. Furthermore, the ZAB based on Zrz/NG can achieve a maximum peak power density

of 164.3 mW cm™2 and retains stable operation for over 175 h. Theoretical studies reveal that the
Received 14th February 2026 L ) . . . . .
Accepted 21st April 2026 Zrz01Ng coordination configuration shifts the d-band center of zirconium toward the Fermi level,
effectively adjusting the adsorption energy of the oxygen intermediate by elongating the O-O bond

DOI: 10.1039/d6sc01335; through bridge adsorption, thereby effectively promoting the breaking of the bond. This study reveals
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Introduction

With the decreasing availability of non-renewable fuel energy and
the aggravation of environmental problems, the development of
green and environmentally friendly energy technology has become
a top priority of scientific research.'? Among various energy
storage systems, rechargeable ZABs stand out as an attractive
emerging technology, owing to their notable attributes including
high energy density, operational safety, cost-effectiveness, versatile
applicability, and environmental sustainability.*® However, ZABs
are susceptible to the ORR during discharging. The slow kinetics of
the ORR process requires a complex catalyst system to accelerate
the reaction. Studies have shown that noble metal-based catalysts
such as Pt have strong catalytic activity for the ORR process, but
their crustal abundance and cost-effectiveness hinder further
industrialization.*” Therefore, it is urgent to develop green, envi-
ronmentally friendly and cheap high-performance ORR catalysts.
Over the last ten years, significant research efforts have been
directed toward developing catalysts free of precious metals,
including heteroatom-doped carbon materials, metallic alloys,
transition-metal-based compounds, and hybrid composites.*™°
However, simultaneously achieving high ORR activity and
outstanding durability is still a challenge for current research.
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the synergistic effect of triatomic zirconium active centers for improving the ORR performance.

Single-atom catalysts have shown great potential in the field
of energy storage due to their high metal utilization, uniform
active centers, high selectivity and adjustable electronic struc-
ture. For single-atom Zr catalysts, Zr atoms contribute to the
adsorption and reduction of oxygen molecules, promote the
formation of oxygen vacancies, and accelerate the oxygen
reduction process.'* In addition, Zr metal itself has excellent
corrosion resistance, which enables it to maintain long-term
stable catalysis in harsh environments. At the same time, the
doping of N atoms can change the electronic structure of the
carbon support surface, enhance the adsorption of oxygen
intermediates, reduce the reaction barrier, and improve the
ORR reactivity."** However, the loading of single-atom catalysts
is usually low, resulting in limited current density, which makes
it difficult to meet the needs of large-scale applications. In
addition, the structure of single-atom metal catalysts is
unstable, and they agglomerate very easily during high-
temperature calcination, which prevents them from achieving
the predicted effect.™

To overcome these limitations, the research focus has
gradually shifted toward diatomic catalysts (DACs) and even
polyatomic catalysts.’>'® By constructing adjacent metal sites
and leveraging the electronic and geometric synergy between
them, the adsorption behavior of reaction intermediates can be
further optimized, thereby overcoming the activity limitations
of single-atom sites. Among these, triatomic catalysts represent
an emerging frontier. Through the careful design of the coor-
dination microenvironment in trinuclear metal clusters, it is
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possible to achieve more precise control over multi-step reac-
tion pathways, leading to overall performance that surpasses
that of both diatomic and single-atom catalysts. However,
current research on TACs, especially well-defined triatomic
systems based on non-traditional active metals such as zirco-
nium, remains in the exploratory stage. The structure-perfor-
mance relationship and the upper limit of their performance
are still not well understood.

In light of this, this paper proposes a novel design strategy
for constructing triatomic catalysts. Utilizing the Joule-heating
method, we precisely anchored Zr;O,Ng active sites onto
a nitrogen-doped graphene support, successfully synthesizing
the Zr;/NG TAC. Zr;/NG demonstrates outstanding activity,
stability, and poisoning resistance for the ORR process,
surpassing commercial Pt/C catalysts. DFT studies reveal that
the Zr;0,N¢ moiety serves as the active center for the ORR. The
triatomic configuration modulates the d-band center of the
catalyst and exhibits a high density of states, effectively
enhancing the oxygen reduction activity. Furthermore, the ZAB
assembled with Zr;/NG delivers an open-circuit voltage of 1.463
V and retains excellent cycling stability for up to 175 h. The
Zr;0;Ng structure is expected to optimize the ORR pathway
through the synergistic effect of the trinuclear zirconium cluster
and the electronic modulation of the bridging oxygen atoms.
This work not only proposes a novel strategy for designing
efficient and stable zirconium-based multiatomic catalysts, but
also offers a promising cathode material for advancing the
practical deployment of energy systems such as ZABs.

Results and discussion
Synthesis and characterization

As shown in Fig. 1a, the tri-atomic Zr; catalyst was constructed
by a rapid Joule heating technique. Specifically, a Zr-based
complex with Zr; cluster bridged by one oxygen atom and each
Zr atom coordinated with five oxygen atoms and one cyclo-
pentadienyl (Cp) group to form a trigonal structure was first
prepared (Fig. S1). 'H nuclear magnetic resonance (NMR)
spectroscopy reveals detailed structural information, confirm-
ing the successful synthesis of the Zr; precursor (Fig. S2).'” After
that, the Zr; precursor was attached to graphene oxide (GO) by
an ultrasonically assisted method, and Zr;/GO was obtained by
rotary evaporation. Finally, Zr;/GO was rapidly annealed in an
NH; atmosphere within 3 s in a Joule heating device to obtain
Zr3/NG. For comparison, Zr;/NG was also prepared by a similar
method. The transmission electron microscopy (TEM) images
of Zr3/NG are shown in Fig. 1b and c. Zr;/NG exhibits a lamellar
structure and there is no obvious accumulation of metal-based
nanoparticles. The energy dispersive spectroscopy (EDS)
mapping of Zr3/NG shows that Zr, N, O and C are uniformly
distributed on the NG substrate (Fig. 1d and e). The distribution
and configuration of Zr atoms in Zr;/NG are identified by
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC-HAADF-STEM). As
shown in Fig. 1f and g, there are triangular bright spots on the
nitrogen-doped graphene substrate, and the atomic spacing is
ca. 0.243 nm, 0.275 nm and 0.346 nm in a typical tri-atomic site
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(Fig. 1h and i), which is consistent with the results of atomic
intensity distribution analysis (Fig. 1j), indicating triangular
triatomic zirconium configuration.

The crystal structures of NG, Zr;/NG and Zr;/NG were ana-
lysed by X-ray diffraction (XRD). As shown in Fig. 2a, except for
two obvious peaks due to graphite, there are no other obvious
peaks due to Zr-based nanoparticles, indicating that Zr is well
distributed on the surface of NG.™ The oxidation state of Zr in
Zr3/NG was investigated using X-ray photoelectron spectroscopy
(XPS). The XPS full spectrum shows that Zr;/NG contains C, O,
N, and Zr elements (Fig. S3). As shown in Fig. 2b, the high-
resolution Zr 3d spectrum exhibits two orbital peaks at 184.52
eV (Zr 3d3,) and 182.2 eV (Zr 3ds),), indicating that the oxida-
tion state of Zr is +4." Simultaneously, the broadening of the Zr
3d peak shape suggests that Zr is in a complex coordination
environment. The high-resolution N 1s spectrum of Zr;/NG after
convolution shows five characteristic peaks, which are attrib-
uted to Zr-N (397.3 eV), pyrrollic N (400.1 eV), pyridinic N (398.5
eV), graphitized N (401.2 eV) and oxidized N (404.1 eV), indi-
cating the successful coordination of the Zr-N bond
(Fig. 2¢).>*** The formation of pyridinic nitrogen and graphi-
tized nitrogen is helpful for improving the ORR performance
and electron transfer rate, respectively.”

Further studies on the oxidation state and coordination
structure of the metal active sites were conducted using X-ray
absorption spectroscopy (XAS).>* The Zr K-edge X-ray absorption
near-edge structure (XANES) spectra of Zr foil, ZrO,, Zr;/NG, and
Zr3/NG are shown in Fig. 2d. The absorption edge spectra of Zr;/
NG and Zr;/NG are very close to that of ZrO,, indicating that the
oxidation state of Zr in both Zr;/NG and Zr;/NG is +4, which is
consistent with the XPS analysis results. The local coordination
environment of Zr in the different catalysts was investigated
using Fourier-transform extended X-ray absorption fine structure
(FT-EXAFS) spectroscopy (Fig. 2e). The FT-EXAFS curves of both
the Zr;/NG and Zr;/NG samples show a distinct peak at ~1.7 A,
which can be attributed to Zr-N/O coordination.>® The peak at
~3.03 A in the FT-EXAFS spectra of Zr;/NG corresponds to the Zr-
O-Zr scattering path observed in ZrO, and differs from the Zr-Zr
scattering path in Zr foil.”® Here, the coordination numbers for
Zr-N and Zr-O are approximately 1.9 and 1.1, respectively, with
corresponding bond lengths of about 1.82 A and 1.93 A.
Furthermore, the Zr-Zr distance in the Zr-O-Zr path is ~3.16 A,
and the coordination number is ~1 (Fig. 2f, S4c and Table S1).
The fitting results for Zr;/NG indicate that its coordination
environment corresponds to ZrN, (Fig. S4a, b, and Table S1).
Additionally, the arrangement of backscattering atoms was ana-
lysed using Zr K-edge wavelet transform (WT-EXAFS) spectros-
copy to further explore the coordination structure of Zr;/NG. The
WT contour plots of Zr3/NG, Zr,/NG, and the reference samples
are shown in Fig. 2h, i, and S5. Among these, the strongest peak
for Zry/NG appears at ~5.1 A™*, consistent with Zr-O/N coordi-
nation, while a relatively strong peak at ~9.5 A~* corresponds to
Zr-O-Zr backscattering. Notably, no Zr-Zr metal coordination
signal was detected in Zr3/NG. Based on the above analysis, it can
be inferred that the coordination structure of Zr;/NG consists of
an oxygen-bridged, nitrogen-terminated trinuclear Zr cluster,
namely Zr;0,N configuration (Fig. 2g).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) The synthesis route of Zrz/NG. (b and ¢) HRTEM images. (d) HRTEM and (e) EDS elemental mapping of C, N, O and Zr. (f and g) HAADF-

STEM images of Zr3/NG. (h—j) Schematic diagram of different atomic spacing.

ORR performance. To examine the influence of the trigonal
pyramidal structure on the catalytic performance for alkaline
ORR (0.1 M KOH solution), we compared the Zrz/NG catalyst
with Zr;/NG, commercial Pt/C, and NG samples using cyclic
voltammetry (CV) and linear sweep voltammetry (LSV). The CV
curve of Zr;/NG exhibits a more positive oxygen reduction peak,
indicating its higher ORR activity (Fig. S6). Compared with Zr,/
NG and metal-free NG, Zr3/NG shows significantly enhanced
ORR activity, with a half-wave potential reaching 0.857 V,

© 2026 The Author(s). Published by the Royal Society of Chemistry

surpassing that of commercial Pt/C (E;;, = 0.827 V), the refer-
ence samples Zr,/NG (E;), = 0.837 V) and NG (E;, = 0.811 V),
and many advanced catalysts reported previously (Fig. 3a and
Table S2). This can be attributed to the synergistic effect among
the trinuclear zirconium atoms and the electronic modulation
by the bridging oxygen atom. Furthermore, Zr;/NG delivers
a higher limiting current density (5.1 mA cm™>) and a lower
Tafel slope (48.2 mV dec™ ") than Pt/C (4.4 mA cm™ > and 76.6 mV
dec™), Zry/NG (2.7 mA cm 2 and 58.7 mV dec '), and NG (1.9
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(a) XRD patterns. XPS spectra of (b) Zr 3d and (c) N 1s. (d) Zr K-edge XANES spectra of Zrs/NG, Zr;/NG, ZrO, and Zr foil. (e) FT-EXAFS

spectra. (f) FT-EXAFS of the R-space fitting spectra for Zrs/NG. (g) The model of triatomic ZrsO;Ne. WT-EXAFS plots of (h) Zrz/NG and (i) Zr{/NG.

mA cm > and 61.4 mV dec '), confirming its superior ORR
kinetics and significantly enhanced intrinsic activity (Fig. 3b).*
We further studied the influence of metal loading (Fig. S7) and
annealing temperature (Fig. S8) on the catalytic activity.
Experimental results show that the 1.2 wt%-Zr;/NG sample
annealed at 1400 °C exhibits the highest ORR activity. By fitting
LSV curves at different rotation rates, the ORR electron-transfer
kinetics of Zr;/NG and Pt/C were explored.”® In the potential
range of 0.4-0.6 V, the average electron-transfer number for Zr;/
NG is 3.89 (Fig. 3¢). In addition, we employed a RRDE to study
the reaction selectivity of the ORR process. At an applied
potential of 0.6 V, the H,0, yield of Zr;/NG is less than 10%, and
the electron-transfer number is around 3.9 (Fig. 3d), indicating
its strong capability for O-O bond cleavage. Double-layer
capacitance (Cq;) and the electrochemical active surface area
(ECSA) are important indicators for evaluating electrocatalytic
materials.” These values were obtained from CV curves at
different scan rates. The Cq and ECSA of Zr;/NG are 17.58 mF

Chem. Sci.

cm~? and 455.8 cm?, respectively, which are higher than those
of Zr;/NG, Pt/C and NG, suggesting that Zr;/NG possesses more
active sites and thus exhibits higher activity during electro-
catalysis (Fig. 3e and S9-S12). Long-term stability and poisoning
tolerance are key metrics for assessing catalyst performance.*
During the 17 h durability test, Zr;/NG retains 90.3% of its
initial current density, whereas Pt/C retains only 71.3% (Fig. 3f).
Moreover, Zr;/NG shows excellent poisoning resistance. When
1 mL of CH;O0H is injected into the O,-saturated KOH electro-
Iyte, the current density change of Zr;/NG is almost negligible,
while that of commercial Pt/C drops rapidly due to methanol
oxidation side reactions and only recovers to about 50% after-
ward (Fig. 3g). In summary, the trigonal-pyramidal-structured
Zr3/NG can effectively and stably promote the alkaline ORR
process.

To further investigate the reaction mechanism of the ORR
process, we employed in situ electrochemical Raman spectros-
copy to monitor the catalytic process in real time. As shown in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) LSV curves in oxygen-saturated 0.1 M KOH. (b) Tafel slope of Zrs/NG, Zr1/NG, Pt/C and NG. (c) LSV curves of Zrs/NG at different rotation

speeds (the inset: K-L plots). (d) H,O, yield and electron transfer number on Zrs/NG and Pt/C. (e) Electric double layer capacitance of Zrs/NG, Zr,/
NG, Pt/C and NG at different scan rates. (f) Chronoamperometric current (i—t) curves of Zrs/NG and Pt/C. (g) The anti-methanol interference

ability curves of Zrs/NG and Pt/C.

Fig. S13, at different applied potentials, the Raman spectra of
Zr;/NG exhibit characteristic peaks at 1350 cm™* and 1590
ecm ™', which are attributed to the D-band and G-band (in O,-
saturated 0.1 M KOH solution). At applied potentials between
0.2 and 1.2 V, a new Raman signal appears at 1553 cm ™', which
was assigned to the stretching vibration of the OOH*
intermediate.**** The above results further confirm that OOH*
is a key intermediate in the ORR process.

Study of the ORR mechanism. To further investigate the ORR
mechanism on Zr;/NG, density functional theory (DFT) calcu-
lations were performed. Firstly, by combining the XAFS and AC-
HAADF-STEM results, we constructed and optimized a Zr;O,Ng
model (Fig. S14a). For comparison, a ZrN, model was also built
for Zr,/NG (Fig. S14b). Fig. 4a and S15 display the adsorption
configurations of OOH*, O*, and OH* intermediates on Zr;/NG
and Zr,/NG. On the ZrN, active site, the intermediates adsorb in
a cis-configuration, whereas on the Zr;O;Ng site, O* and OH*
adopt a bridging adsorption mode. Specifically, OOH* forms
a bond with the central Zr atom, while the oxygen atoms of OH*
and O* together with the metal atoms form a peroxo-bridge
structure. This configuration favours the further adsorption
and dissociation of O* and OH*, ultimately promoting the
oxygen reduction process. Fig. 4b shows the Gibbs free energy
changes for Zr;/NG and Zr;/NG upon adsorption of different
reaction intermediates (OOH*, O* and OH*). Among these
steps, OH* — H,O is identified as the rate-determining step
(RDS) of the ORR. At U = 0V, the free energies of the OH* —
H,0 step for Zr;/NG and Zr,/NG are —1.83 eV and —2.88 eV,

© 2026 The Author(s). Published by the Royal Society of Chemistry

respectively. Fig. 4c and S16 present the differential charge
density of the two models. Due to the electronegativity differ-
ence between Zr and N/O, charge rearrangement occurs in the
Zr;0,Ng geometry. In addition, the density of states (DOS) and
partial density of states (PDOS) of Zr;/NG and Zr,/NG were also
calculated. The d-band center of Zr;/NG is at —0.775 eV, which
is lower than that of Zr;/NG (—0.652 eV), indicating a leftward
shift of the d-band center for Zr;/NG. According to the d-band
center theory, a leftward shift of the d-band center relative to the
Fermi level typically leads to an increased occupation of the
antibonding states between the adsorbate and the metal
surface, thereby weakening the interaction between the metal
site and the adsorbed intermediates and lowering the reaction
energy barrier. In contrast, during the reaction process, Zr;/NG
exhibits excessively strong adsorption of reaction intermedi-
ates, resulting in poisoning of the active sites and difficulty in
product desorption, which limits the reaction rate. The above
data indicate that the leftward shift of the d-band center in Zr;/
NG suppresses excessive adsorption of oxygen-containing
intermediates at the Zr;O,Ng sites (Fig. 4d and e), thereby
reducing the reaction adsorption energy. In summary, the
trigonal pyramidal Zr;0;Ng structure possesses more accessible
electronic states, enabling appropriate interactions with reac-
tion intermediates and thus facilitating the overall ORR
process.

Application of Zr;/NG in ZABs. Benefiting from the excellent
ORR performance of Zr;/NG, we constructed it as the air
cathode in a ZAB with a polished zinc plate as the anode for
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application evaluation (Fig. 5a). The Zr;/NG-based ZAB exhibits
an open-circuit voltage (OCV) of 1.46 V and a maximum peak
power density of 164.3 mW cm 2, as confirmed by OCV
measurements (Fig. 5b) and polarization curves (Fig. 5c). Both
values surpass those of the Pt/C + RuO,-based ZAB (1.43 V, 122.1
mW cm ™ ?), demonstrating its superior discharge performance.
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(a) lllustration of the adsorption mode of ORR intermediates on Zr3/NG. (b) Gibbs free energy diagram of Zrs/NG at U = 0 V. (c) Charge

orbitals in Zrs/NG and Zr{/NG.

Furthermore, at a constant current density of 5 mA cm ™2, the
specific capacity of the Zr;/NG-based ZAB reaches 744.8 mA h
gzn ' (Fig. 5d), exceeding that of the Pt/C + RuO,-based ZAB
(722.4 mA h gz,”'). Fig. 5e presents the stabilized discharge
plateaus of Zr3/NG and Pt/C + RuO, at various current densities.
It can be seen that the output voltage of the Zr;/NG-based ZAB at
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(a) Schematic diagram of the self-assembled ZAB. (b) Comparison of open-circuit voltage between the Zr;/NG-based ZAB and Pt/C +

RuO,-based ZAB. (c) Comparison of polarization curves. (d) The specific capacity. (e) Step plots. (f) The cycle stability. (g) The efficiency diagram.
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each step is significantly higher than that of Pt/C + RuO,,
reflecting its better constant-current discharge capability.
Charge-discharge cycling stability is a critical indicator for
evaluating ZAB performance. Remarkably, after over 1000 cycles
(=175 h), the Zr3/NG cathode exhibits highly stable cycling,
demonstrating excellent long-term stability (Fig. 5f). In contrast,
the Pt/C + RuO, based battery begins to degrade after about 60 h
of stable operation and eventually deactivates. In addition, we
conducted an extended continuous cycling test for up to 500
hours to evaluate the anti-dissolution properties of zirconium
metal. The results show that the battery exhibited excellent
stability, confirming the outstanding anti-dissolution proper-
ties of Zr metal (Fig. S17). Notably, the round-trip efficiency of
the Zr;/NG-based ZAB initially reaches 52.76% and decreases by
only 2.3% after 175 h of continuous cycling (Fig. 5g), further
confirming the outstanding and stable electrocatalytic activity
of Zr3/NG in the assembled ZAB.

Conclusions

In summary, this study successfully constructed a zirconium-
based triatomic catalyst Zrz/NG with Zr;O;N, active sites on
nitrogen-doped graphene via a Joule-heating method, which
demonstrates excellent ORR activity under alkaline conditions.
The synthesis method enables instantaneous high temperature
and rapid cooling, which facilitate the formation of atomically
dispersed active sites. DFT calculations revealed that the
synergistic effect and electronic rearrangement of the Zr;O,Ng
active sites are vital to efficient ORR catalysis. The modulation
of the d-band center and the density of states in Zrz/NG promote
the adsorption and desorption of oxygen-containing interme-
diates, thereby accelerating the reaction kinetics. The Zr;O,Ng
structure constructed in this work is expected to optimize the
ORR pathway through the synergistic interaction of the tri-
nuclear zirconium clusters and the electronic regulation of the
bridging oxygen atom. Therefore, this study proposes a new
strategy for engineering efficient ORR electrocatalysts with
triatomic active sites and studying the catalytic mechanisms.
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