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ABSTRACT: Transition metal nitrides (TMNs) have recently
attracted increasing attention as a robust alternative to platinum
electrocatalysts in alkaline oxygen reduction reaction (ORR).
However, the fundamental understanding of the catalytic nature of
the TMNs remains elusive, impeding the further catalyst design
and optimization. Here, using ZrN as a model catalyst, we
demonstrate that the unexpected catalytic activity of TMNs
originates from the self-adaptive behavior of surface-
reconstructed oxynitride monolayers under ORR conditions. Our
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first-principles calculations reveal that oxygen adsorption triggers a square-to-hexagonal symmetry transition on the ZrN
surface, stabilizing a hexagonal ZrNO monolayer. At quarter-hydroxyl coverage, this reconstruction generates semi-elliptical
cavities that confine the highly active Zr sites. Crucially, the flexible Zr—-N-Zr linkages connecting these Zr sites and the
underlying ZrN substrate undergo dynamic bond-length variations during ORR, which precisely regulate oxygen
intermediate adsorption and significantly enhance catalytic activity. Experimental characterization aligns well with these
theoretical predictions. The as-designed ZrNO monolayer catalyst delivers a 0.882 V half-wave potential for ORR and
enables zinc—air batteries with 240 mW-cm™ peak power density—metrics that exceed state-of-the-art Pt/C. This study
provides atomic-level insights into the nature of TMNs’ catalytic monolayers, paving the way for stable and active catalyst

engineering in next-generation energy technologies.

KEYWORDS: self-adaptive, hexagonal monolayer, transition metal oxynitride, oxygen reduction reaction

1 Introduction

The development of advanced and inexpensive electrocatalysts for
sluggish oxygen reduction reaction (ORR) is critical to anion
exchange membrane fuel cells and metal-air batteries [1-6]. These
two clean energy technologies are currently hindered by the scarce
and expensive noble Pt electrocatalysts (37 ppb in Earth’s crust and
32.3 USD-g" as the 2023 average price), which represent the state-of-
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the-art ORR electrocatalysts [7, 8]. Extensive efforts have been
devoted to Pt alternatives in the hope that they will reduce the use
of platinum or even replace it, and some important advances have
been made both experimentally and theoretically [9-15]. Among
them, transition metal nitrides (TMNs) have aroused considerable
attention in electrocatalytic ORR owing to their low costs, high
conductivity, and stability [16-23]. However, the origins of the
TMNS’ activity in the ORR remain in debate, that is, whether its
ORR activity is determined by the intrinsic electronic structure or
the surface structural evolution during the electrocatalytic process,
which severely limits their further optimization for practical
applications [24-27]. Therefore, revealing the catalytic nature of
TMNs in ORR is vital to promote the development of stable and
active electrocatalysts with transition metal compounds [28-30].
Recently, Zeng et al. reported that constructing oxide catalytic
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layers on TMNs, such as MnN@Mn;O, core-shell structure [31],
can significantly enhance ORR activity compared to their individual
components, even rivaling the performance of state-of-the-art Pt/C
catalysts. Notably, the outermost catalytic thin layers, strained by
the underlying TMN supports, have been identified as the key
factor responsible for their superior intrinsic ORR activity over their
pure-phase counterparts [32—37]. This important finding suggests
that atomic-level reconstruction of TMN surface layers could
enable the design of highly active ORR catalysts, combining
exceptional stability with the inherent advantages of TMNs. While
oxidation-prone  TMNs like MnN readily undergo surface
reconstruction into active oxide overlayers under reaction
conditions, their corrosion resistance remains intrinsically limited
by the instability of the parent TMN matrix [38, 39]. In contrast,
zirconium nitride (ZrN) demonstrates exceptional corrosion
resistance, high-temperature stability, and excellent electrical
conductivity—properties that overcome the durability limitations of
conventional TMN catalysts [40—-43]. However, this remarkable
stability presents a unique challenge: The ultra-robust atomic
structure of ZrN resists conventional surface reconstruction
pathways that typically create active sites in less stable TMNSs (e.g.,
MnN) [44, 45]. This suggests the potential existence of novel
reconstruction mechanisms, possibly involving monolayer (ML)
surface restructuring, which could activate the catalytic potential of
ZrN while maintaining its corrosion-resistant bulk properties.
Combined with the key ORR mechanistic insights on Zr-based
materials by implementing the strategy of modifying nitride
surfaces with oxy/hydroxy species, the ZrN surface construction
could overcome the inefficient O-O bond cleavage typical of
conventional ZrO, surfaces [46, 47].

In this work, we systematically investigate the dynamic surface
reconstruction of ZrN through combined first-principles
calculations and experimental validation, resolving the long-
standing controversy regarding the origin of ORR activity in ZrN-
based catalysts. Our computational results demonstrate that oxygen
adsorption triggers spontaneous reconstruction of ZrN surface
square cells into hexagonal ZrNO units, with subsequent quart-
monolayer hydroxyl incorporation driving further evolution into
ZrNO-OH structures featuring semi-elliptical cavities. These
unique cavities confine highly active Zr sites facilitate rapid oxygen
intermediate transformation via self-adaptive Zr-N-Zr bond
linkages connecting these Zr sites and the ZrN sublayer. To verify
these predictions, we developed an innovative organobase-induced
surface reconstruction strategy. The resulting ZrN@ZrNO-OH
electrocatalyst exhibits excellent structural agreement with our
theoretical models, demonstrating superior ORR activity with a half-
wave potential of 0.882 V and enhanced zinc-air battery
performance (peak power density: 240 mW-cm™) compared to
pristine ZrN. This work elucidates the fundamental catalytic
mechanism of TMNs through controlled surface monolayer
reconstruction, establishing a general design principle for
developing exceptionally stable yet highly active earth-abundant
TMN electrocatalysts.

2 Results and discussion
2.1 Theoretical investigation
To investigate the ORR activity of unreconstructed ZrN surface, we

performed density functional theory (DFT) calculations based on
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the adsorbate evolution mechanism (Fig. 1(a) and Fig. S1 in the
Electronic Supplementary Material (ESM)). It is found that the
ORR performance of pristine ZrN is kinetically limited by the *O
hydrogenation step (*O > *OH), where the strong binding of *O
species to Zr surface sites results in a suboptimal hydrogenation
exothermicity (Gibbs free energy change (AG) = —0.41 eV), thereby
restricting overall catalytic activity. Given this energetic bottleneck,
*O intermediates are likely to accumulate on the pristine ZrN
surface. Furthermore, oxygen adsorption studies (Figs. 1(b) and
1(c)) demonstrate that the ZrN surface can readily achieve oxygen
coverages of 1/8, 1/4, 1/2, and even full monolayer coverage, with
highly exothermic adsorption energies exceeding —2.5 eV in all
cases.

Impressively, in the full oxygen coverage, the surface regular ZrN
monolayer with octahedron ZrNg unit (Fig. 1(d)) self-reconstructs
into a hexagonal ZrNO monolayer with trigonal antiprism ZrN,0,
unit (C;, point group). This is because the ZrN, unit of the cubic
ZrN crystal possesses a highly structural symmetry (O, point
group), whereas the oxygen adsorbed on the Zr site leads to the
stronger chemisorption interaction between oxygen and Zr atoms
within the ZrNg unit, and therefore formation of a distorted
octahedron ZrN;O unit with decreased symmetry (C, point
group). This instability, unsymmetric structural characteristic of the
ZrN;O unit, results in much higher formation energy than the
pristine ZrNg unit, increased from the —3.17 eV of the ZrNg unit to
the —2.48 eV of the ZrN;O unit (Fig. S2 in the ESM). To release the
excess energy, the distortion octahedron ZrNsO unit is necessary to
occur structural rearrangement, and therefore, a trigonal antiprism
ZrN;O; unit with a much lower formation energy of —4.50 eV is
obtained, and then close-packed into a stable hexagonal ZrNO
monolayer. In crystallography, the trigonal antiprism ZrN;O; unit
of the hexagonal ZrNO monolayer evolved from the distorted
octahedron ZrN;O unit, with the Zr coordination center remaining
six-coordinate. Therefore, the Zr atom situated in the nitrogen
atom plane center of the ZrN;O unit is lifted approximately by
0.54 A to reconfigure into ZrN,O; unit. Consequently, the distance
between the surface reconstruction hexagonal ZrNO monolayer
and the ZrN sub-layer expands to 2.85 A, which is higher than that
of the 2.31 A of the pristine ZrN. Ab initio molecular dynamic
(AIMD) calculation was performed to illustrate the structural
stability of the surface reconstruction hexagonal ZrNO monolayer
connected with the bulk ZrN. The energy and the temperature of
the system comprised of the bulk ZrN and surface hexagonal ZrNO
monolayer show a well robust within a 3 ps trajectory (Figs. S3 and
$4 in the ESM), and the Zr-N and Zr-O bond lengths of the ZrNO
monolayer show a dynamic equilibrium (Fig. S5 in the ESM), both
of which suggest that the hexagonal configuration of the ZrNO
monolayer can be well-preserved in the ambient condition.

To clarify how the surface reconstruction hexagonal ZrNO
monolayer affects the ORR under alkaline conditions, we
investigated the pre-adsorption behavior of hydroxide on the ZrNO
monolayer, subject to different hydroxide coverage (0, 1/8, 1/4, 3/8,
1/2, and 1 ML-OH) (Fig. S6 in the ESM). Unexpectedly, in the
alkaline ORR conditions, the strong coordinate ability of
hydroxides causes the surface ZrNO monolayer to further
reconstruct into the ZrNO-OH monolayer (Fig. 2(a)), which
retains the hexagonal configuration and consists of reconfigured
tetrahedron ZrO;-OH units and the intrinsic trigonal antiprism
ZrN;O; units. In addition, the adsorbed hydroxyl group applies an
upward force to the adsorbed Zr site, resulting in the Zr center of
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(green: Zr atom; red: O atom; pink: N atom; and grey: H atom).

the ZrO,-OH unit being lifted by 1.45 A from the Zr atom plane of
the ZrN;O; unit. The maximum hydroxide coverage on ZrNO was
determined to be 3/8 ML-OH, further increased to 1/2 ML-OH and
1 ML-OH causing the collapse of the skeleton of the tetrahedron
ZrO;-OH unit due to the formation of hydrogen framework
(circled in black in Fig. S6 in the ESM). Therefore, in the following
calculations, we only considered the ORR process of ZrNO in the
conditions of 0, 1/8, 1/4, and 3/8 ML-OH, implying only a partial of
the intrinsic trigonal antiprism ZrN;O; unit of the reconstruction
ZrNO monolayer could further reconstruct into tetrahedron ZrO;-
OH unit.

The hydration of the adsorbed *OH intermediate into the H,0O
product is revealed to be the rate-determining step (RDS) of the
pristine ZrNO monolayer (Fig. S7 in the ESM), which imposes a
significant restriction on the ORR activity of the ZrNO monolayer
due to its low exothermicity (AG = —0.17 eV). This awkward
situation is mitigated by the hydroxide, which brings the ZrO;-OH
units into the reconstruction hexagonal ZrNO-OH monolayer,
thereby enabling the ZrNO-OH monolayer to show higher ORR

..................
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activity than the pristine ZrNO monolayer. Specifically, the
ZrNO-OH monolayer formed in 1/4 ML-OH shows the highest
ORR activity, which is also superior to the pristine ZrN. The
formed hexagonal ZrNO-OH monolayer (formed in 1/4 ML-OH)
gets rid of the strong oxygen adsorption characteristics of the
pristine ZrN, and its RDS changed from the intrinsic sluggish last
step *OH + H* + ¢ > H,0, AGioy) of ZrNO monolayer to the
thermodynamically favored first step (*O, + H,O + ¢ > *OOH +
OH, AG:pop) with a much lower reaction Gibbs free energy of
—0.79 eV. The two-dimensional (2D) volcano plot of the theoretical
limiting potential (U;) for ZrN with different hydroxide coverages
shows the typical linear scaling relationship (Fig. 2(b)), indicating
that regulating the hydroxyl coverage on the ZrN surface can
effectively improve its ORR activity. The imperceptible electronic
status variation of ZrNO-OH monolayers in the partial density of
states (PDOS) (Fig. S8 in the ESM) indicates that the reconstructed
ZrNO-OH monolayers show a negligible effect on the bulk ZrN
configuration. This negligible effect is also confirmed by the Bader
charge analysis (Table S1 in the ESM), which shows that the

Nano Research, 2026, 19, 94908558
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charges of Zr, N, and O atoms in ZrNO and ZrNO-OH
monolayers are all +2.4e, —1.3|e|, and —1.7|e|, respectively.

In 1/4 ML-OH, the adsorbed hydroxyl groups on the hexagonal
ZrNO-OH monolayer form a semi-elliptical cavity (Fig. 2(c) and
Fig. S9(a) in the ESM) with a diameter of 6.34 Aanda height of
3.78 A, which well-matched the diameter of the oxygen molecule
(346 A). The electrostatic potential of this ZrNO-OH monolayer
(Fig. S9(b) in the ESM) shows an obvious electron accumulation
surrounding the adsorbed hydroxyl groups, suggesting its activated
electronic status. We monitored the Zr-N and Zr-O bond length
variations (Figs. 2(d) and 2(e)) of the hexagonal ZrNO-OH
monolayer during the ORR process. The Zr-N bonds show a
marked self-adaptive status, demonstrated by adjustable bond
lengths to provide the optimized intermediate adsorption statuses
in a complete ORR process. In contrast, the Zr-O bond lengths
show a negligible fluctuation in the ORR. The self-adaptive status of
the Zr-N bond can be well-explained by the rigid framework, that
is, the adsorbed oxygen-related intermediates on the Zr site destroy
the rigid framework of the hexagonal ZrNO-OH monolayer. This
destruction activates the Zr atoms of the ZrN sub-layer, changing
their spatial positions (Fig. S10(a) in the ESM) to modulate their
bond lengths with the N atoms of the ZrNO-OH monolayer,
thereby releasing the stress of the Zr sites applied by the oxygen
intermediates and enabling ZrNO-OH monolayer to adapt
different adsorption statuses. Besides, the Zr-N bond length change
(Ady, ) shows a direct correlation with the calculated ORR Uy, (Fig.
S10(b) in the ESM). A larger adaptive bond contraction (6.1 A) of
ZrN with 1/4 ML-OH is associated with a higher U; (0.79 V). This
result exhibits a degree of self-adaptive stabilization during the ORR
cycle. With the adsorbed *OOH, *O, and *OH intermediates, the
4d orbital of Zr atoms (Fig. 2(f) and Fig. S11 in the ESM) and the
2p orbitals of the N and O atoms (Fig. S12 in the ESM) of the
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ZrNO-OH monolayer positively shifted to the Fermi level. This
suggests that the electron transfer abilities of the Zr, N, and O
atoms situated in the ZrNO-OH monolayer are enhanced during
the ORR process. It should be noted that the Zr site with the *OH
intermediate shows a lower electron transfer rate than the Zr site
with *OOH and *O intermediates but higher than the naked Zr
site, and the Zr site with *O intermediate shows the highest electron
transfer rate. This indicates that the *O transformed into *OH is the
fastest ORR elementary reaction of the hexagonal ZrNO-OH
monolayer, followed by the conversion of *OOH, the desorption of
*OH, and the formation of *OOH, in agreement with the results of
Fig. 2(b). Therefore, it can be concluded that the enhancement of
ORR activity of the hexagonal ZrNO-OH monolayer formed in 1/4
ML-OH is ascribed to its self-adaptive bond length and the special
protecting cavity, in which the former provides the optimized
intermediate adsorption behavior and fast electron transfer, and the
latter accommodates the oxygen molecule proceeding with the
rapid ORR.

2.2 Catalyst characterization

Even though the ZrN has been treated in the
tetramethylammonium hydroxide for a few days to induce the
formation of surface hexagonal ZrNO-OH monolayer, X-ray
powder diffraction (XRD) patterns (Fig. 3(a)) show that there are
no differences in the prisine ZrN and the targeted
ZIN@ZrNO-OH.  This  suggests that the resultant
ZIN@ZrNO-OH derived from the organic base treatment of ZrN
retains the crystal structure of the bulk ZrN. Scanning electron
microscopy (SEM) (Fig. S13 in the ESM) shows that
ZIN@ZrNO-OH demonstrated the same amorphous bulk
morphology characteristics as the pristine ZrN. The energy
dispersive spectra (EDS) mapping images (Fig. S14 in the ESM)

(B 7% 2 | Sci@pen
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show that Zr, N, and O elements are homogeneously dispersed on
ZIN@ZrNO-OH. In addition, ZIN@ZrNO-OH shows a higher O
content than the pristine ZrN, which could originate from the
surface hydroxyl groups. Fourier transform infrared (FT-IR) spectra
(Fig. S15 in the ESM) shows that the fingerprint peak of the
stretching vibration of hydroxyl groups (~ 3735 cm™) is presented
in ZrN@ZrNO-OH, and its Raman spectra (Fig. S16 in the ESM)
detects the stretching vibration mode of the Zr-O (~ 663 cm™) and
the Zr-O-H (~ 980 cm™) species [48, 49]. The above results suggest
that the Zr-O layers and the hydroxyl groups are present in the as-
prepared ZrN@ZrNO-OH. X-ray photoelectron spectroscopy
(XPS) (Fig. S17 in the ESM) shows that ZrN@ZrNO-OH possesses
a much higher O content than the pristine ZrN (Table S2 in the
ESM). Compared to the ZrN, the binding energies of the O 1s and
Zr 3d spectra of ZIN@ZrNO-OH show a red shift and a blue shift,
respectively. This implies their different electronic structures and
suggests the surface layer structures of ZIN@ZrNO-OH differ from
the nitrogen oxide surface layer of ZrN, which is in good agreement
with the DFT calculations.

To observe the surface atomic arrangement characteristics of
ZIN@ZrNO-OH, which was being treated by a focused ion beam
(FIB) to obtain a regular thin layer (Fig. S18 in the ESM). High-
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resolution transmission electron microscopy (HR-TEM) shows a
distinct lattice fringe of 2.68 A (Fig. S19 in the ESM) that belongs to
the (111) plane of ZrN in ZrN@ZrNO-OH, and the lattice array of
ZrN is also observed based on selected area electron diffraction
(SAED) technology. The surface ZrN@ZrNO-OH monolayer
shows a markedly atomic dislocation to the sub-layer (Fig. S20 in
the ESM), validating that the surface monolayer differs from the
sub-layer. It should be noted that the surface pristine ZrN did not
present such atomic dislocation (Fig. S21 in the ESM). Aberration-
corrected high-angle angular dark field-scanning TEM (AC
HAADEF-STEM) was performed to more clearly show this
dislocation. It is observed that the surface atomic dislocation is
present on ZrN@ZrNO-OH in the marked rectangular region
(Fig. 3(b)). Despite FIB technology being carried out on
ZIN@ZrNO-OH, its thickness, and the ultra-high imaging
technical difficulties hamper fully observing the surface hexagonal
monolayer, resulting in a large number of atomic buildup phases in
Fig. 3(b). We further measured the lattice fringes of
ZIN@ZrNO-OH and the angle of the Zr atoms of the surface
ZrN-OH monolayer and the ZrN sub-layer, with the angle of
130 degrees (Fig. 3(c)), the lattice fringe of the bulk of 0.326 nm
(Fig. 3(e)), and the lattice fringe between the surface ZrN-OH
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monolayer and the ZrN sub-layer of 0.400 nm. These angles and
lattice fringes are highly consistent with the constructed theoretical
ZIN@ZrNO-OH model (Fig. 3(d)). In addition, the abundant
oxygen element is observed in the mapping images (Fig. 3(f)) of
ZIN@ZrNO-OH, manifesting that the ZrN has been severely
modified by oxygen species and then further reconstructed into the
ZrNO-OH monolayer after organic base treatment. The Zr K-edge
X-ray absorption near-edge structure (XANES) was conducted to
explore the chemical states and coordination environments of
ZIN@ZrNO-OH with reference samples, including Zr foil, ZrO,
and Zr(OH), (Fig. 3(g)). The results show that both ZrN and
ZIN@ZrNO-OH have a similar absorption edge position
(~ 18,006.3 eV), indicating no significant change in the Zr oxidation
state after treatment, consistent with the XPS results. Furthermore,
the white line peak intensity of ZrtN@ZrNO-OH is enhanced and
shifts closer to those of ZrO, and Zr(OH),, demonstrating that
ZrIN@ZrNO-OH contains oxygen-containing groups, specifically
introducing oxygen-bridged bonds and hydroxyl structures.
Additionally, analysis of the extended X-ray absorption fine
structure (EXAFS) data reveals that the first-shell peak for
ZIN@ZrNO-OH is located at ~ 168 A. This position is
intermediate between that of pristine ZrN (~ 1.83 A) and
7r0,/Zr(OH), (~ 1.66 A), again indicating the incorporation of
oxygen-bridged bonds and hydroxyl structures alongside the ZrN
bulk structure in ZrN@ZrNO-OH. The second-shell peak appears
at ~ 3.01 A, corresponding to the main peak of Zr foil at ~ 2.91 A
(Fig. 3(h)). The wavelet transform (WT)-EXAFS contour plots
reveal that Zr K-edge in ZrN@ZrNO-OH exhibits two intensity
maxima around 7.5 and 8.2 A corresponding to the Zr-N/O and
Zr-N bonds (Fig. 3(i) and Fig. S22 in the ESM). These results verify
that the surface ZrN monolayer successfully underwent the atomic
rearrangement and reconfigured into a hexagonal ZrNO-OH
monolayer.

2.3 Electrocatalytic performance

The ORR activities of the as-prepared ZIN@ZrNO-OH catalysts
with different organic base (tetramethylammonium hydroxide)
treatment times were measured in O,-saturated 1 M KOH
electrolyte using a typical three-electrode method in a rotating disk
electrode (RDE) system. Their linear sweep voltammetry (LSV)
curves (Fig. S23 in the ESM) indicate that the ZrN treated with
organic bases for 5 days (ZrIN@ZrNO-OH) has the highest ORR
activity by demonstrating a half-wave potential (E,/,) of 0.882 V vs.
reversible hydrogen electrode (RHE). The electrochemical
performance of this optimal ZrN@ZrNO-OH catalyst was further
compared with those of commercial Pt/C (20%) and pristine ZrN
(ZrN-pristine). The E,, of the pristine ZrN and Pt/C (Fig. 4(a)) are
determined to be 0.753 and 0.860 V, respectively. ZrN@ZrNO-OH
shows a much higher ORR activity than the pristine ZrN and is
even superior to the commercial Pt/C, suggesting the presence of
the hexagonal ZrNO-OH monolayer on ZrN@ZrNO-OH
possesses an unexpectedly high intrinsic ORR activity. In addition,
ZIN@ZrNO-OH (59.9 mV-dec™) shows a lower Tafel slope than
the pristine ZrN (812 mV-dec') and Pt/C (76.8 mV-dec”),
manifesting the faster ORR kinetics of ZrN@ZrNO-OH (Fig. 4(b)).
Compared with the pristine ZrN, the ZrtN@ZrNO-OH exhibits a
mass activity of 2.75 A-g™* and a specific activity of 1.28 mA-cm™, up
to 30 and 17 times the pristine ZrN at 0.85 V, respectively (Fig. 4(c)
and Fig. 524 in the ESM). Moreover, the ZrN@ZrO-N-OH retains
94% during chronoamperometry test at 0.8 V after 10 h, far
exceeding the 66% retention of Pt/C under ORR process (Fig. S25
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in the ESM). The exceptional ORR performance of
ZIN@ZINO-OH shows that the reconfigured ZrNO-OH
monolayer possesses a much higher intrinsic ORR activity than the
inert nitrogen oxide surface layer of ZrN, as evidenced by
theoretical prediction, and it highlights the critical role of the
catalytic monolayer in determining the intrinsic ORR of high
hardness TMNs during the electrocatalytic process (Table S3 in the
ESM).

To demonstrate the application potential of ZrN@ZrNO-OH,
the material was coated on carbon paper as an oxygen cathode and
assembled into rechargeable liquid zinc-air batteries (ZABs)
(Fig. 4(d)), with the electrolyte consisted of 6 M KOH + 0.2 M
Zn(CH;COQ),. For comparison, the Pt/C-based ZABs were also
assembled. The ZrN@ZrNO-OH-based ZABs show an open
circuit voltage (OCV) of 147 V, a specific capacity (C) of
793 mAh-g,,™ at a discharge current density of 50 mA-cm? and a
high peak power density (P,z,) of 240 mW-cm™ (Figs. 4(e) and 4(f)
and Fig. S25 in the ESM), far superior to that of Pt/C-based ZABs
(OCV of 1.44 V, C, of 765 mAh-gz,", and Py, of 176 mW-cm™).
In addition, the ZrN@ZrNO-OH-based ZABs show a higher
discharging voltage than Pt/C-based ZABs at different discharge
current densities of 2, 5, 10, 20, 50, and 100 mA-cm?, delivering a
good rate performance. In particular, the liquid ZIN@ZrNO-OH-
based ZABs show a high voltage retention rate of 92% over 18 h
discharging test at 50 mA-cm?, superior to the 85% of the Pt/C-
based ZABs, and they can stably operate over 200 h at 10 mA-cm™
(Figs. 4(g) and 4(h)). Moreover, the solid ZABs based on
ZIN@ZINO-OH cathode exhibit a good stable cycling
performance over 24 h (Fig. 4(h) and Fig. S26 in the ESM). The
electric fan, red light-emitting diode (LED) board, and green light
bulbs (Figs. 4(g) and 4(h)) are both successfully powered by the
single or series-connected liquid/solid ZrN@ZrNO-OH-based
ZABs, strongly verifying that the ZIN@ZrNO-OH catalyst can be a
competitive cathode for the practical application of ZABs.

24 Insituspectroscopy analysis

In situ Raman and FT-IR measurements were conducted to identify
the critical oxygen intermediates and to determine the specific ORR
mechanism of ZIN@ZrNO-OH. In situ Raman spectra (Fig. 5(a))
of ZIN@ZrNO-OH show the characteristic peaks of the Zr-N
bond stretching vibration mode at 491 cm™, and the D band and
the G band of the used carbon substrate are also detected. The
distinct peaks at ~ 977 cm™ (v;) and ~ 1066 cm™ (v,) appear in the
Raman spectra, which correspond to the adsorbed hydroxyl groups
on the hexagonal surface of ZrN@ZrNO-OH and the adsorbed
superoxide ions (*O,) on Zr sites, respectively [50, 51]. The
presence of *O, and its gradually increased Raman intensity
(Fig. 5(b)) confirm that the first step (*O, + H,O + e > *OOH +
OH)) is the RDS of the fabricated ZrN@ZrNO-OH, validating the
DFT results. It should be noted that the peak intensities of the
Zr-N bond, *OH, D band, and G band (blue shift) are gradually
decreased accompanied by the applied potential varied from 0.95 to
0.35 V, which is due to the laser destroys the local structure of
ZIN@ZrNO-OH and the carbon substrate (Fig. S27 in the ESM).
For in situ FT-IR spectra (Fig. 5(c)), the detected stretching
vibration of *O,” within the range from 1007 to 1086 cm™ further
confirms that the RDS of ZiN@ZrNO-OH is the first step. In
addition, the bending vibration mode of H,O situated at 1633 cm™
is detected, and the stretching vibration mode of OH- is observed in
the range of 2967-3727 cm™. The use of the KOH electrolyte
strengthens the peak intensities of H,O detected on the
ZIN@ZrNO-OH (Fig. S28 in the ESM). The asymmetry OH"
peaks of ZrN@ZrNO-OH are deconvoluted into the K* ion
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Figure4 (a) ORR polarization curves. (b) Tafel plots. (c) Mass activity and the specific activity of the pristine ZrN and ZrN@ZrNO-OH at 0.85 V. (d) The schematic
diagram of ZABs. (e) Polarization and power density curves. (f) Specific capacity normalized with the consumed zinc at 50 mA-cm?, the inset shows the photograph of the
ZAB-powered LED broad. (g) Galvanostatic charge-discharge plots of ZrN@ZrNO-OH-based ZABs at 10 mA-cm?, the inset shows the photograph of the ZAB-powered
LED broad, green bulb, and electric fan. (h) Galvanostatic charge-discharge plots of solid ZrN@ZrNO-OH-based ZABs at 1 mA-cm™, the inset shows the photograph of

the electric fan.

hydrated water (K™-H,0), weak 2-coordinated hydrogen bond H,0
(2-HB-H,0), and strong 4-coordinated hydrogen bond H,0 (4-HB-
H,0) at 3565, 3416, and 3263 cm™ (Fig. 5(d)), respectively [52].
When the applied potential varied from 1.0 to 0.6 V in the FT-IR
spectra of ZtN@ZrNO-OH, the contents of 4-HB-H,O and 2-HB-
H,0O were nearly stable while the content of K*-H,O slightly
increased (Fig. 5(e)). This suggests that the O, reactants could
dissolve in K*-H,O and transfer to the Zr sites of ZrN@ZrNO-OH
for a rapid proton-coupled electron transfer route [53, 54]. A
possible ORR route that occurred on ZiN@ZrNO-OH could be
described as follows: (1) Dynamic water management that
accelerates the mass transfer to the Zr sites, and (2) proton
generation from water that sustains the proton inventory required
for efficient ORR. Operando synchrotron-based X-ray absorption
spectroscopy (XAS) was employed to investigate the structural
evolution of ZIN@ZrNO-OH catalysts under ORR conditions (Fig.
$29 in the ESM). On the one hand, the Zr oxidation state shows a
slight increase (partial oxidation) as the reaction progresses
(Fig. 5(f)). Upon completion of the reaction, the oxidation state
decreases, returning closer to the initial state. This indicates a
dynamic change occurring in the ZrN catalyst during the ORR
process. On the other hand, the Zr-N/O bond length gradually
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decreases during the ORR reaction (Figs. 5(g) and 5(h)). This
decreasing trend stops once the reaction ends. Considering that the
Zr-O bond length is shorter than the Zr-N bond length (Fig. 3(h)),
these in situ results suggest that oxygen-containing intermediates
continuously adsorb during ORR, leading to an increase in the
proportion of Zr-O bonds. After the reaction concludes, the trend
of decreasing bond length diminishes. The Zr-Zr bond length also
exhibits a similar reversible change trend, further confirming the
adaptive behavior of the ZrN@ZrNO-OH surface under operating
conditions. Overall, the proposed reconfiguration of the reacted
surface of TMNs into an ORR-favored active surface is feasible, and
we believe that this surface reconfiguration can be extended to the
sulfides, phosphides, carbides, and so on.

3 Conclusions

In summary, we have precisely designed a ZrN@ZrNO-OH
core-shell nanocatalyst to clarify that the surface-active monolayer
and the ZrN sublayer determined the ORR activity of ZrN. Zr sites
of the surface hexagonal monolayer associated with Zr atoms of the
ZrN sublayer change the bond lengths of their shared Zr-N-Zr
bonds during the ORR process, thereby adapting the
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Figure5 (a) In situ Raman spectra. The Raman spectra were performed in the potential range from 0.95 to 0.35 V, and the intervals of each Raman spectrum were
30 mV. (b) Raman intensity of v, and v, peaks obtained from (a). (c) I situ FT-IR spectra. The FT-IR spectra were recorded from 1.0 to 0.60 V, and the intervals of each
FT-IR spectrum were 50 mV. ((d) and (e)) The Gaussian fitting results (d) of the OH" species in (c) (circled by blue rectangular), which can be deconvoluted into three
characteristic peaks of K'-H,0, 2-HB-H,0, and 4-HB-H,0, and their fitting areas percentage are presented in (e) (purple: K atom; red: O atom; and white: H atom). (f)
Operando Zr K-edge XANES spectra of ZIN@ZrNO-OH under steady-state conditions from open-circuit potential (OCP), followed by applied potentials 0.8 and 0.5 V,
and after ORR state. (g) Operando Fourier-transformed EXAFS. (h) The Zr K-edge energy, Zr-N/O, and Zr-Zr distance with as the applied potentials.

adsorption—desorption behaviors of the oxygen-related species
confined in the special semi-ellipsoidal cavity and achieving rapid
ORR kinetics. The resultant Z-IN@ZrNO-OH shows a higher ORR
activity and a better practical ZABs performance than benchmark
Pt/C. In situ spectroscopy validated that the RDS of
ZIN@ZrNO-OH is the step of *O, combined with one electron
and hydrogen to form *OOH intermediate, as evidenced by DFT
calculations. This work establishes a fundamental insight into the
catalytic monolayers and provides a pathway for the rational design
of highly efficient catalysts for clean energy technology.

Electronic Supplementary Material: Supplementary material (the
synthesis of ZrN@ZrNO-OH, various characterization techniques
(XRD, XPS, Raman, SEM, FIB- SEM, HR- TEM, HAADEF- STEM,
FT- IR, and XAFS), DFT calculations, and in situ experiments) is
available in the online version of this article at https://doi.org/
10.26599/NR.2026.94908558.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
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Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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