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Data-driven structural angle mining elucidates
hidden design rules for hydrogen evolution single-
atom electrocatalysts
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Structural distortions in modified two-dimensional transition metal dichalcogenides (MX;) influence
electrocatalytic activity, yet quantitative and predictive structure—property relationships
underdeveloped. To bridge this gap, we perform data-driven structural angle mining across hundreds of

remain

thousands of single-atom doped configurations (TM;@MX5) and establish geometrically defined angular
descriptors. These descriptors exhibit high predictive accuracy for hydrogen evolution electrocatalysis.
Crucially, our analysis reveals that catalytic activity correlates more strongly with long-range angular
parameters describing peripheral geometric effects than with the local coordination environment.
Guided by these descriptors, we identify specific angular signatures as quantitative predictors for high-
performance catalysts: an outer-shell S-centered angle indicates optimal hydrogen evolution reaction
(HER) activity for Irn@MoS, (S-vacancy), while a distinct Mo-centered angle identifies Vi@MoS, (Mo-
vacancy) as a promising earth-abundant candidate. Experimental verification confirms these predictions:
synthesized Ir,@MoS,, with an ultralow loading of 0.1 wt%, achieves performance comparable to
commercial Pt/C on a mass-activity basis, while Vi@MoS, enhances HER performance relative to pristine
MoS,. The framework also shows strong computational correlations with oxygen evolution activity,
though experimental validation for OER remains an important direction for future investigation. The
angular descriptor framework introduced here provides a geometrically intuitive and electronically

rsc.li/chemical-science

Introduction

The transition to a sustainable energy future is contingent on
the development of efficient electrocatalysts for water splitting,
a key technology for green hydrogen production. However,
widespread deployment of electrolyzers remains constrained by
their reliance on scarce platinum-group metals, spurring the
search for earth-abundant alternatives without compromising
activity."™ While single-atom catalysts (SACs) embedded in two-
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grounded strategy for the rational design and accelerated discovery of advanced energy materials.

dimensional transition metal dichalcogenides (TM;@MX,)
present a promising platform to reduce reliance on platinum-
group metals, their rational design remains fundamentally
challenging.>® The catalytic performance is exquisitely sensitive
to the local atomic environment, where subtle structural
distortions can dramatically modulate activity.®* However,
a critical gap persists between observing these structural effects
and quantitatively predicting them, as current paradigms
struggle to decouple the intricate interplay between geometry
and electronic structure.

The descriptor-based approach, central to modern catalyst
design, has long been dominated by electronic structure
parameters, such as adsorption energies and d-band
centers.””* While powerful, these descriptors often serve as
computational proxies that are notoriously difficult to translate
into actionable synthesis guidelines. There exists a critical gap
between the abstract electronic parameters and the tangible
geometric structures that chemists manipulate. They answer
the “what” but not the “how”, failing to provide experimental-
ists with clear geometric blueprints for catalyst creation.
Structural descriptors present a compelling alternative,*>* with
concepts such as “surface distortion” successfully bridging
structure-activity  relationships  across  nanocatalysts.”
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electrocatalyst.

However, such ensemble-averaged structural probes, while
insightful, lack the atomic-scale resolution to pinpoint the
specific geometric motifs that govern function. This gap
between macroscopic observation and atomic-scale design
underscores the critical lack of an intuitive, quantitative
language to link synthesis to performance.

Efforts to establish such a language by directly linking three-
dimensional atomic structure to activity face significant chal-
lenges. Pioneering work has highlighted the role of local
geometry, using parameters like bond lengths.*® Despite their
utility, such one-dimensional metrics are inherently limited in
capturing the multidimensional nature of structural
distortion.>*** Similarly, coordination numbers often over-
simplify the complex, anisotropic coordination environment,
failing to resolve critical features beyond the first shell.**
Thus, the pressing need is for multidimensional geometric
descriptors that are synthetically interpretable yet rich enough
to encode the complexity of atomic-scale environments and to
predict their catalytic function.

Here, we introduce data-driven angular descriptors to meet
this pressing need. Unlike conventional approaches, these
geometric parameters serve as a direct quantitative bridge
between the synthesis-induced lattice strain and the resulting
catalytic function. We demonstrate that catalytic activity is
governed not merely by the local dopant identity, but by the
precise angular distortions in the coordination shells. As out-
lined in Scheme 1, our integrated workflow progresses from
data-driven descriptor mining to experimental validation.
Through high-throughput density functional theory (DFT)
screening of hundreds of thousands of TM;@MX, configura-
tions, we establish that catalytic activity is governed not by the
local coordination, but by long-range peripheral angles,
geometric parameters that are both highly predictive and
synthetically interpretable. Crucially, we decode how macro-
scopic lattice strain manifests in these specific angular motifs,
a relationship that shows good transferability across reactions
(hydrogen evolution reaction, HER, and oxygen evolution reac-
tion, OER) and materials. Guided by this principle, we discover
and experimentally validate two high-performance catalysts: an
ultralow-loading Ir; @MoS, competitive with Pt/C and an earth-
abundant V;@MoS,. Thereby, we establish angular descriptors
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Integrated workflow from data-driven angular descriptor mining to experimental validation of high-performance water splitting

as a transformative tool, providing a quantitative, geometry-
driven blueprint for rational catalyst design.

Results

Structural angular features

3435 and moti-

Guided by established experimental frameworks,
vated by the well-recognized catalytic activity of MoS, for water
electrolysis,***® we systematically investigate two distinct
classes of TM;@MX, systems classified by vacancy type:
chalcogen-vacancy  (TM;@MX,-X) and  metal-vacancy
(TM;@MX,-M). Our study encompasses 22 transition metal
dopants spanning the 3d, 4d, and 5d series (Fig. 1a), providing
broad chemical space exploration while excluding Tc and Hg for
safety considerations and Cu, Ag, and Au due to their known
catalytic inertness.*** In TM;@MX,-X systems, each dopant
atom occupies an S/Se vacancy site, forming three-fold coordi-
nation with three adjacent metal atoms (Fig. 1b and S1).
Conversely, for TM;@MX,-M, each dopant atom occupies an
Mo/W vacancy site and adopts six-fold coordination with
surrounding chalcogen atoms (Fig. 1c and S2).

The critical role of structural distortions in modulating catalytic
performance is well recognized, and dopant-induced lattice
distortions are known to perturb electronic structure and influence
activity.** While structural distortion descriptors are gaining
attention for accelerating structure-performance under-
standing,*** more intuitive geometric parameters are still needed.
Given that all macroscopic properties originate from atomic
arrangements, we identify angular distortions as particularly
sensitive metrics for quantifying structure-activity relationships.

Our analysis reveals three fundamental angular distortion
modes that define the structural landscape (Fig. 1d): surface
distortion, characterizing top-layer geometry; vertical distor-
tion, capturing interlayer interactions; and internal distortion,
describing core structural perturbations. Doping-induced vari-
ations generate over 190 000 angular configurations per catalyst
model, enabling thorough quantification of local geometry.

The microstructure of metal-doped catalysts exhibits well-
defined shell environments (Fig. 1e). In TM; @MX,-X systems,
the active site resides at the doped transition metal center,
where ligand atoms form concentric shell environments,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Periodic table highlighting the 22 transition metal dopants (3d/4d/5d) investigated in this study. (b) Atomic labeling scheme for

TM;@MX,—X: top-layer chalcogens (S/Se, atoms 0-23), bottom-layer chalcogens (24—-48), host metal atoms (M = Mo/W, 49-73), and dopant

transition metal (TM, atom 74). (c) Atomic labeling for TM;@MX,—M: top

-layer chalcogens (0-23, 49), bottom-layer chalcogens (24-48), host

metals (50-73), and dopant (74). (d) Three characteristic distortion modes: surface distortion (angle between vertex and top S/Se atom), vertical
distortion (angle between vertex and interlayer S/Se axis), and internal distortion (angle between central Mo/W atom and vertex). (e) Active site
geometry in TM;@MX,—X, showing the doped TM center coordinating key reaction intermediates (*H, *O, *OH, *OOH) for HER/OER processes.
The corresponding HER active site configuration for TM;@MX,—M is provided in Fig. S3. Color scheme: blue = Mo/W atoms, pink = S/Se atoms,

gold = dopant atoms.

including the first shell, the second shell, and peripheral shells
that coordinate key intermediates (*H, *O, *OH, *OOH) during
HER and OER. Different metal dopants induce characteristic
distortions across these shell structures, ultimately governing
catalytic performance. A similar shell distortion mechanism
operates in TM;@MX,-M systems, though the active center
shifts to adjacent chalcogen sites (Fig. S3).

Data-driven development of angular descriptor for HER

To establish quantitative structure-activity relationships for
HER, we initially focus on TM; @MoS,-X as a model system. We
start by systematically extracting all structural angles centered
at the dopant metal site, defined as the angle formed by the
dopant and any two adjacent atoms, which yielded 2631 unique
angular parameters. These geometric parameters are rigorously
correlated with hydrogen adsorption Gibbs free energy (AG+y)
using Pearson correlation analysis, with color mapping indi-
cating correlation strength (dark red: strong positive, r = +1;
dark blue: strong negative, r = —1). Among these, the
/. 81;M74S,, angle exhibits the strongest correlation (r = 0.75,
Fig. 2a, S4a and b), suggesting its potential as a HER activity
descriptor. However, the moderate correlation coefficient also
reveals a fundamental limitation: dopant-centered angles,
being spatially localized, fail to fully capture the longer-range
structural perturbations that significantly influence catalytic
behavior. This finding motivates us to explore the role of
extended coordination environments.

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

The influence of peripheral atomic arrangements on single-
atom catalysts has been proposed to arise from microstress
variations that propagate across multiple coordination shells.***
Indeed, metal doping not only modifies the electronic structure
of the central active site but also induces long-range microstress
fields that critically affect HER activity.***” To quantitatively test
this hypothesis and develop more accurate structural descriptors,
we extend our angle-based analysis to atoms residing in outer
coordination shells surrounding the TM; centers.

To intuitively visualize the coordination environment, sulfur
atoms in equivalent positions are assigned identical colors, with
gradation in shading representing increasing shell distance
from the active center (Fig. 2a-d). Our systematic analysis
reveals a significant trend: the correlation with AG«y
strengthens as we move from the dopant center toward
peripheral atomic shells. The internal angle /£ S,3S;,S4, exhibits
a substantially improved correlation (r = 0.82; Fig. 2b, S5a and
b), compared to dopant-centered descriptors. The trend
becomes even more pronounced in the second shell, where
surface angle /S;S,3Ss shows an even stronger correlation (r =
0.85; Fig. 2c¢, S6a and b), underscoring the critical role of
peripheral effects in modulating catalytic performance.

To determine whether this phenomenon extends beyond
sulfur-centered coordination, we expand our analysis to angles
centered on molybdenum atoms in outer shells. By applying
crystallographic symmetry principles, we systematically map Mo
coordination environments (Fig. 2d, S7a and b) while
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Fig.2 Correlation analysis of structural distortions with HER activity in TM;@MoS,—X. (a—d) Pearson correlation coefficient (r) between AG«y and
angles centered on (a) dopant atoms, (b) first-shell S atoms, (c) second-shell S atoms, and (d) Mo atoms. The angle exhibiting the strongest linear
correlation is highlighted in each panel. (e-h) Linear relationship between the optimal descriptor ¢ner and AG«y across different substrates: (e)
MoS,, (f) WSe,, (g) WS,, and (h) MoSe,. Color scheme: (a—c) structural representations showing the doped transition metal center with first-shell
S atoms in orange and second-shell S atoms in yellow. (d) Structural representation showing the doped metal center with first-shell Mo atoms in
light purple, second-shell Mo in dark purple, third-shell Mo in green, and outermost-shell Mo in yellow.
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maintaining consistent color-coding. Among these, the Mo-
centered internal angle /S,;MogsMos; also demonstrates
a strong correlation with HER activity (r = 0.84, Fig. 2d). Through
a comprehensive comparison of all candidate descriptors, we
identify the second-shell surface angle £ S;S,3Sg, which exhibits
the strongest overall correlation, as the optimal angular
descriptor for HER, designated ¢ugr (Fig. 2e). The consistent
superiority of peripheral-shell-centered angles over dopant-site-
centered descriptors confirms that long-range structural effects,
rather than local metal-centered geometry, predominantly govern
HER performance in these SACs.

We further evaluate the transferability of ¢y across different
chalcogen-vacancy systems. Impressively, this descriptor main-
tains strong linear correlations with AG«y in TM;@WS,-S (r =
—0.83), TM;@WSe,-Se (r = —0.83), and TM;@MoSe,-Se (r =
—0.81) (Fig. 2f-h). Within the TM; @MoS,-S system, Ir; @Mo0S,-S
emerges as the optimal catalyst, with ¢ygr = 26.99° corre-
sponding to a near-ideal AG+y of —0.01 eV (Fig. 2e). Similarly,
Hf,@WSe,-Se, Ru;@WS,-S, and Rh;@MoSe,-Se show superior
HER activity in their respective systems, with ¢ggr values of
26.99°, 27.00°, and 26.96°, predicting AG+ values of 0.06, —0.04,
and 0.41 eV, respectively. This consistent predictive accuracy
across diverse material systems establishes ¢ugg as a robust and
generalizable descriptor for structure-activity relationships.
These results collectively reveal the intrinsic mechanism of
“periphery over core”: HER activity is more strongly correlated
with the geometric distortion of the peripheral coordination shell
than with the locally doped center. Additionally, they validate the
good transferability of this type of angular descriptor across
different MX, hosts. This indicates that the doped atom acts
merely as a trigger, while the long-range structural response of
the host lattice—quantified by specific peripheral angular
configurations—is the key determinant of catalytic performance.

Transferability of angular descriptors from HER to OER

We then aim to determine whether this angular descriptor
approach could be extended to a more complex reaction (OER).
To evaluate the transferability of our descriptor framework, we
systematically analyze angle-overpotential relationships across
the same family of chalcogen-vacancy systems.

Initial screening of dopant-centered angles identifies
/£ S1M7,S¢ as the most promising candidate (r = 0.85, Fig. S8a-
c). However, as observed with HER, extending our analysis to
peripheral coordination shells substantially enhances correla-
tion strengths. First-shell sulfur-centered angles, particularly
the surface angle £S;5S1,S:0, exhibit a strong negative corre-
lation with OER overpotential (r = —0.90, Fig. S9a-c), while
second-shell sulfur-centered angles such as Z£S115,35;,
demonstrate an equally significant positive correlation (r =
0.90, Fig. S10a-c), indicating that smaller angles in this
descriptor family favor enhanced OER activity.

Extending our analysis to Mo-centered angles in the outer
coordination shells reveals that the internal angle Z SgMo0s,S36,
centered on the outermost Mos, atom, exhibits a good corre-
lation (r = 0.91, Fig. 3a), slightly exceeding all S-centered
descriptors. We therefore establish this Mo-centered angle as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the optimal OER descriptor, designated ¢ogr (Fig. 3b). This
descriptor identifies Pt;@MoS,-S as the most promising cata-
lyst within the TM;@MOo0S,-S system, with ¢orr = 67.98° cor-
responding to a predicted overpotential of 0.51 V.

The robustness of ¢ogr is confirmed through rigorous vali-
dation across four distinct material systems though we note
that experimental OER validation is not performed in the
present work: TM;@Mo8S,-S (r = 0.91), TM;@WSe,-Se (r =
0.89), TM;@WS,-S (r = 0.85), and TM;@MoSe,-Se (r = 0.86)
(Fig. 3c-f). Among these, Pt;@WSe,-Se exhibits the highest
predicted activity with ¢opr = 68.92° corresponding to an
overpotential of 0.36 V, while Pt; @WS,-S (¢porr = 68.21°) and
Pt;@MoSe,-Se (porr = 71.02°) show predicted overpotentials of
0.56 V and 0.60 V, respectively.

Our results demonstrate that the angular descriptor frame-
work successfully transfers from HER to OER, revealing both
universal principles and reaction-specific characteristics. While
both optimal descriptors, ¢ugr (£ S1S23Ss) for HER and ¢ogr
(£ SgMos,S36) for OER, exhibit strong correlations with their
respective activities (» = 0.85 and 0.91), confirming that coor-
dination shell geometry governs catalytic performance across
different electrochemical reactions, OER displays significantly
greater angular sensitivity. This is evidenced by both higher
maximum correlation coefficients and a greater number of
angles exhibiting |7| > 0.8. We attribute this enhanced sensitivity
to the more complex OER mechanism, which involves multiple
adsorbed intermediates along a convoluted reaction pathway,
making it particularly susceptible to subtle geometric varia-
tions. Crucially, despite these mechanistic differences, both
reactions adhere to a unified design principle in which dopants
modulate catalytic activity primarily through long-range struc-
tural perturbations in peripheral environments rather than
through local metal-centered effects. This fundamental under-
standing establishes angular descriptors as a universal strategy
for geometry-informed catalyst design across diverse electro-
chemical processes.

Transferability of angular descriptors from chalcogen-vacancy
to metal-vacancy systems

After establishing the efficacy of angular descriptors in
chalcogen-vacancy systems, we move on to investigate their
applicability to the fundamentally distinct metal-vacancy
configurations. MX, materials offer diverse doping sites,***
with surface chalcogen vacancies and subsurface metal vacan-
cies representing two predominant configurations that yield
substantially different reactive sites and catalytic behaviors.>***
To assess the universal applicability of our descriptor frame-
work, we extend our investigation to transition metal SACs
formed by substituting Mo/W sites within the MX, lattice,
which maintain the characteristic sandwich-like coordination
geometry but position the active site differently (Fig. 4a for MoS,
and Fig. 4d for WSe,; atomic labeling in Fig. S7). In these metal-
vacancy systems, reaction intermediates adsorb at surface
chalcogen atoms rather than at the dopant site.

Our descriptor mining methodology proves equally effective
in identifying key angular parameters within these metal-
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vacancy systems. Through systematic coordination shell anal-
ysis, we visualize the correlation landscape using a color-coded
scheme (Fig. 4b and e), where dark red (r = —1 to —0.5) and dark
blue (r = 0.5 to 1) represent the strongest correlations. This
analysis reveals two highly predictive angular descriptors:
@uer-Mo (an internal angle of £S,;S;0Moge in MoS, systems,
Fig. 4b) and ¢ugg-w (an internal angle of / SezoWs56Wee in WSe,,
Fig. 4e), collectively designated as ¢ugrm. These descriptors
exhibit robust yet fundamentally distinct correlations with
AG+y. Specifically, ¢urrmo displays a significant negative
correlation (r = —0.81), where larger angles correspond to
enhanced HER activity (Fig. 4c). Accordingly, V;@MoS,-Mo
emerges as the most active catalyst in this series with ¢yrr-mo =
139.31° and a near-optimal AG+y = 0.01 eV, while the least
active Pt;@MoS,-Mo shows ¢urrmo = 139.41° with a strongly
binding AG«y of —1.65 eV. Conversely, ¢uer-w demonstrates
a strong positive correlation (r = 0.86), where increasing angular
values improve catalytic performance (Fig. 4f). The optimal
Ir;@WSe,-W displays ¢uer-w = 47.06° with AG«y = —0.08 eV,
whereas Mo; @WSe,-W, which shows the lowest HER activity,
exhibits @yprw = 47.70° with AG+y = 1.26 €V.

The consistently high correlation strengths (average |r| > 0.8)
across both vacancy types establish the universal predictive
power and good transferability of angular descriptors in
TM;@MX, catalysts. However, we observe a fundamental
distinction in descriptor behavior between the two systems:
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chalcogen-vacancy systems employ a universal descriptor (¢uer
= /515,3Ss) across all catalysts, whereas in metal-vacancy
systems, different atomic angles serve as the key descriptors,
such as £5S;S;0Moge and / Se;oWssWee. This divergence in
correlation patterns stems from fundamental differences in
how the two vacancy types perturb the electronic structure,
a phenomenon we quantitatively explore in the following elec-
tronic structure investigation.

Electronic origins of angle-activity relationships

The established correlations between angular descriptors and
catalytic activity prompt us to investigate their underlying
electronic origins. While the connection between structural
distortions and catalytic performance is known to be mediated
by electronic structure,**** conventional electronic descriptors
show limited effectiveness in single-atom systems. Our
systematic density of states (DOS) analysis of TM;@MoS,-S
reveals the inadequacy of the conventional d-band center (eq)
theory for SACs. As shown in Fig. S11 and S12, ¢q shows only
weak correlations with both HER (AG+y, r = —0.30) and OER
(overpotential n, r = 0.32) activity. This limitation likely origi-
nates from fundamental characteristics of SACs: (i) anisotropic
d-orbital/adsorbate interactions create orientation-dependent
binding energies that are averaged out in ¢q analysis; (ii) the
localized nature of catalytic activity in SACs depends on specific
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MoS,, (d) WSe,, (e) WS,, and (f) MoSe,.
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/£ SezgWseWee, with purple, light red, and gold spheres representing W,

internal angle of /SeszsWscWge as showing the strongest positive
LseEQWSGWGG and AG*H

orbital contributions rather than global d-band properties.
These observations underscore the need for descriptors that can
bridge atomic-scale geometry with electronic structure—not as
a replacement for all existing descriptors, but as an additional
perspective.

To address these limitations, we develop a multidimensional
descriptor framework integrating d-band and p-band center
theory with our angular descriptors (¢uer and @oggr).>>*®
Inspired by the binary descriptor approach,*> we apply the
SISSO algorithm®” to derive band-structure descriptors Ipand-rer
and Ipand-oer- These incorporate s-, p-, and d-band contribu-
tions from both dopant TM; (eprs, em-q) @and surrounding atoms
(823-p, €1-sy €36-py 552-5)-

The Ipana-uer descriptor shows an outstanding correlation
with AG« (r = 0.88, Fig. 5a) and a strong anti-correlation with
ouer (r = —0.85, Fig. 5b). These dual correlations reveal
a coherent structure-activity relationship: while individual
orbital bands provide incomplete activity descriptions, the

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

Se, and dopant atoms, respectively. (e) Correlation matrix identifying the
correlation. (f) Linear regression analysis of the correlation between

integrated Ipang-mer descriptor captures essential electronic
features governing HER performance, including band-center
positions, bandwidth distributions, and multi-orbital
coupling. More importantly, these results establish a funda-
mental mechanistic link: geometric distortions directly modu-
late the catalyst's electronic band structure, which in turn
regulates AG+y through coordinated s-, p-, and d-orbital inter-
actions. This provides an atomic-level understanding of how
structural modifications drive catalytic enhancements in
TM; @MX,-X systems.

EM.s Tt €23p
)
EM-d T €1

Lyang-HER = (1)
where e\ and eyq represent the s and d-band center values of
the doped metal TMy, respectively; e;3, and ey represent the p-
band center value of atom S,; and the s-band center value of
atom S, in angle £S;S,3Sg, respectively (Tables S1-4).
Extending our descriptor framework to OER, the composite
descriptor Inang-opr integrates key electronic features: ey and
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em-a represent the s- and d-band centers of the dopant TM;,
while &3¢, and e, correspond to the p-band center of S36 and s-
band center of Mos, within the ZSgMos5,S36 angular configu-
ration. Remarkably, Iyand-opr demonstrates good dual linear
correlations with both ¢ogr and OER overpotential, achieving
identical correlation coefficients of r = 0.91 (Fig. 5¢ and d).
These robust relationships establish that dopant-induced
structural modifications systematically alter catalyst geometry,
which linearly modulates OER activity through well-defined
electronic structure changes.

(2)

The versatility of our electronic descriptor framework is
further demonstrated by its successful application to metal-
vacancy systems. For TM;@Mo0S,-Mo, Ihana-mo iDcCOrporates
em-s and ey from the dopant TM;, along with ¢;9., and eeq.5 (p-
band center of S; and s-band center of S¢o) derived from the key
angle /S,S10Mogo (Table S5). Inanamo €xXhibits a significant
correlation with AG«y (r = 0.71, Fig. S13) and a strong anti-
correlation with ¢ygrmo (¥ = —0.67, Fig. S14). Similarly, for

Tand-0ER = (eM-d — €36-p) X EM-s X €525

Chem. Sci.

TM;@WS,-W, Ianaw integrates ey, (p-band center of TM;)
and ¢5¢6.q (d-band center of Ws¢) from £ Se3oW56Wee (Table S6),
demonstrating strong anti-correlations with both AGsy (r =
—0.85, Fig. S15) and ¢ugrw (r = —0.80, Fig. S16).

€19.p — EM-s

Iband-Mo = 3 [3)
EM-d — €69-s
S EM-s
Toangw = €567 — —— 4
band-W A G*H ) ( )

Our electronic structure analysis provides a unified mecha-
nistic understanding of the observed descriptor behaviors
across different vacancy types. Quantitative analysis reveals that
metal doping induces markedly different electronic perturba-
tions in the two systems: d-band center shifts of 0.008-0.640 eV
in chalcogen-vacancy systems (Table S7), compared to
substantially larger shifts of 0.013 to 1.760 eV in metal-vacancy
systems (Table S8). This order-of-magnitude difference in elec-
tronic perturbation directly manifests in the geometric struc-
ture, explaining why angular descriptors exhibit limited
transferability between vacancy types while maintaining strong

© 2026 The Author(s). Published by the Royal Society of Chemistry
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predictive power within each category. Importantly, these
results successfully resolve the “structural distortion — elec-
tronic structure — catalytic activity” causal chain in TM; @MX,
catalysts through electronic descriptors that surpass conven-
tional single-parameter approaches.

Reliability assessment

To rigorously evaluate the predictive accuracy of our angular
descriptors, we perform systematic comparisons between
descriptor-estimated catalytic activities and their corresponding
DFT-computed values across all descriptor families: @ygr
(Fig. S17-20), ¢ogr (Fig. S21-24), and ¢ugr-m (Fig. S25 and 26).
The predictive performance is quantified by analyzing the
slopes between predicted and computed values, where slopes
approaching unity indicate superior accuracy. Our analysis
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demonstrates that all angular descriptors exhibit remarkable
agreement with DFT benchmarks, confirming their reliability
for catalytic activity prediction.

We further evaluate the practical utility of our framework by
comparing descriptor-predicted activity trends with experi-
mentally measured performances from published studies.
Experimental overpotentials, compiled as averaged values from
previous studies, are benchmarked against theoretical predic-
tions obtained by converting AG«y to overpotential via n =
|AG+y|/e. As shown in Fig. 6a, theoretical predictions for
Co;@Mo0S,-S,**%%%°  Pt;@Mo0S,-S,°°*> V,;@MoS,-S,** and
Ir;@MoS,-S align well with experimental trends. Notably,
Ir;@Mo8S,-S is predicted to exhibit good HER activity with an
overpotential of only 0.11 V. Correspondingly, as shown in
Fig. S27, Ru;@MoS,-S,** Co;@Mo0S,-5,*” and Ni;@MoS,-S*
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Fig. 6 Reliability assessment of angular descriptors. (a) Comparison between experimental measurements and ¢uer-predicted HER over-
potential in chalcogen-vacancy systems. Blue and red lines represent fits to experimental and predicted values, respectively. (b) Correlation
distributions for angles centered on different atomic sites (from left to right): dopant atom (M54), first-shell sulfur (S;,), second-shell sulfur (S,3),
first-shell molybdenum (Mosg), and second-shell molybdenum (Moss). Box plots show statistical variations while overlaid curves indicate normal
distributions. (c) Comparison between experimental measurements and ¢per-mo-predicted HER overpotential in metal-vacancy systems, with
blue and red lines representing experimental and predicted fits, respectively. (d) Correlation distributions for angles centered on different atomic
sites in metal-vacancy systems (from left to right): first-shell sulfur (S49), second-shell sulfur (Sg), further-shell sulfur (S;o), first-shell molybdenum

(Mosg), and second-shell molybdenum (Moy3).
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show good agreement with the OER performance trends
experimentally measured in the literature. Among them,
Pt;@MoS,-S demonstrates optimal OER performance at 0.29 V,
which aligns with experimental report of Pt SAC as efficient OER
materials,*” providing independent validation of our descriptor
approach. These results validate the predictive capacity of our
angular descriptors and establish a rational foundation for
dopant selection in catalyst synthesis.

To investigate the spatial dependence of descriptor effec-
tiveness, we systematically analyze angular descriptors centered
on five representative atomic sites across coordination shells:
the dopant Mo, first-shell S;,, second-shell S,3, first-shell Mose,
and second-shell Moss. Considering only angles with mean-
ingful correlations (|7| > 0.6, Fig. 6b), we observe that second-
shell-centered angles are substantially more abundant than
those from dopant or first-shell sites and exhibit higher average
correlation coefficients. This spatial analysis definitively
demonstrates that structural perturbations beyond the first
coordination shell exert more substantial influence on HER
activity than local metal-centered geometries.

The predictive power of angular descriptors is further vali-
dated in metal-vacancy systems through comparison of ¢er-mo-
derived overpotentials with experimental values. The strong
agreement between predictions and measurements for
Pt;@Mo0S,-Mo,**® Ni;@Mo0S,-Mo,**’® Rh;@MoS,-Mo,”* and
Ru;@MoS,-Mo”*”* confirms descriptor transferability across
vacancy types, with V;@MoS,-Mo exhibiting solid predicted
HER activity (Fig. 6¢). Supplementary analysis (Fig. 6d) filtering
for angles with overpotential correlation |r| > 0.6 reveals that
descriptors centered on outer-shell atoms are not only more
numerous but also show stronger correlations, further high-
lighting the dominance of peripheral environments. While
there is an optimal descriptor for HER, the results also indicate
that some other angles exhibit good descriptive performance.
The relatively reduced number of effective descriptors (|7 > 0.6)
in Mo-vacancy systems compared to S-vacancy systems may
originate from smaller atomic size mismatch between dopant
and host metal atoms, resulting in less pronounced lattice
distortions than those generated at chalcogen vacancy sites.

Experimental verification by case studies over Ir;@MoS, and
V,@MoS,

Guided by computational predictions identifying Ir; @MoS, (S-
vacancy) and V;@MoS, (Mo-vacancy) as notable candidates,
we synthesized these SACs with controlled atomic dispersion. X-
ray diffraction (XRD) patterns (Fig. S28) confirm the phase
purity of all samples. Notably, the characteristic diffraction
peaks for V;@MoS, and Ir; @MoS, exhibit a slight but consis-
tent shift toward lower angles compared to pristine MoS,, which
is indicative of lattice expansion induced by the doping of
single-atom metal species into the MoS, matrix.*>”® Aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (AC HAADF-STEM) images provide direct
visual evidence of single-atom dispersion state, which are
consistent with Ir atoms occupying S-vacancy sites (Fig. 7a)
and V atoms substituting the Mo sites (Fig. 7b). In addition, X-
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ray photoelectron spectroscopy (XPS) was performed to identify
the electronic states. As shown in Fig. S29, the Ir 4f;/, binding
energy for Ir;@MoS, is 62.70 eV, consistent with the oxidation
state of Ir species. These configurations are consistent with our
theoretically modelled TM;@MX,-X and TM;@MX,-M struc-
tures (Fig. 1b and c). The corresponding intensity line profiles
(Fig. 7a and b insets) quantitatively corroborate the atomic-scale
substitution, showing contrast variations consistent with the
atomic numbers of the dopants (Ir, V) relative to the host atoms
(S, Mo). We note that while AC HAADF-STEM provides direct
visualization of single-atom dispersion and allows site assign-
ment based on atomic number contrast, the precise local
coordination remains inferred from microscopy contrast and
image analysis.

The HER performance of Ir;@MoS, was evaluated in an
acidic electrolyte. Despite an ultralow loading of only 0.1 wt% Ir,
this catalyst exhibits good activity, achieving a low overpotential
of ~0.22 V at a current density of 10 mA cm > (Fig. 7c). With
increasing content of Ir, the overpotential at 10 mA cm™>
decreases from 220 mV at 0.05% Ir to 216 mV at 0.1% Ir, then
increases to 227 mV at a higher Ir content of 0.3% (Fig. S30). At
the same time, the current densities at identical overpotentials
present a volcanic trend with increasing Ir content. The
optimum Ir content of 0.1% (Ir;@Mo0S,) leads to the highest
HER activity. This performance is competitive with commercial
Pt catalysts under identical conditions. To account for the
minute precious metal content, we compared mass activities. As
shown in Fig. 7d, the mass activity of Ir;@MoS, at —0.05 V vs.
RHE compares favorably with that of a commercial Pt/C catalyst
with >20 wt% Pt loading. The electrochemically active surface
area (ECSA), estimated via double-layer capacitance (Cgj)
measurements (Fig. $31), increased from 16.4 mF cm > for
pristine MoS, to 25.6 mF cm > for Ir;@MoS,, indicating
a greater density of accessible active sites. Furthermore,
Ir;@MoS, demonstrates good stability, maintaining its activity
through 1000 continuous cyclic voltammetry cycles (Fig. 7e).
Moreover, electrochemical impedance spectroscopy (EIS) was
employed to gain further insight into reaction kinetics and
mechanisms. The charge transfer resistance (R.) was related to
the electrocatalytic kinetics and its lower value corresponding to
a faster reaction rate. Compared with MoS,, Ir;@MOoS,
possesses the lowest charge transfer resistance (Fig. S32). These
results demonstrate that an ultralow content of Ir is essential to
induce a high HER activity. The reaction step diagram shows
that in Ir; @MoS,-S, the doped Ir; metal center site becomes the
core active center for HER compared to other non-central
surface sites (Fig. S33). Differential charge density and Bader
charge analyses reveal that Ir; doping induces electron transfer
from the surrounding Mo atoms to the Ir;-H region, recon-
structing the local electronic environment of MoS, and forming
a strongly polarized adsorption site, thereby facilitating *H
activation and enhancing HER performance (Fig. S34).

The earth-abundant V;@MoS, catalyst also shows
a substantial enhancement in HER activity compared to pristine
MoS,. Linear sweep voltammetry (LSV) in Ar-saturated 0.5 M
H,SO, shows that the overpotential required to achieve
a current density of 10 mA cm ™ * decreases significantly from

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

~0.27 V for pristine MoS, to ~0.22 V for V;@MoS, (Fig. 7f).
Across the tested potential range, V;@MoS, consistently
delivers current densities that are 2 to 3 times higher than those
of the undoped baseline (Fig. 7g). This activity boost is sup-
ported by an increased Cgq value (Fig. S31), suggesting a more
favorable surface structure or improved conductivity. V;@MoS,
also maintains good stability over 1000 CV cycles (Fig. 7h),
demonstrating the inherent stability of the single-atom archi-
tecture within the MoS, lattice.

The exceptional experimental performance of both
Ir;@MoS, and V;@MoS, provides strong validation for our
computational framework. We compare the HER performance

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

of Ir;@MoS, and V;@MoS, with currently reported excellent
catalysts. Our catalysts exhibit good activity under ultra-low
loading conditions, of which the intrinsic activity is superior
to commercial Pt/C, demonstrating competitive performance
under ultralow loading conditions.”**>”*77 These results
emphasize that the key outcome is the descriptor-guided
discovery, as our angular descriptors successfully led to exper-
imentally active candidates and validated the predictive
framework. Together, these case studies complete a rigorous
design cycle, from data-driven descriptor discovery and theo-
retical screening to targeted synthesis and performance
validation.
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Discussion and conclusions

The rational design of advanced catalysts is fundamentally
limited by a translational gap: we lack descriptors that are both
predictive of activity and prescriptive for synthesis. While
electronic-structure-based parameters have advanced our
understanding, they often fail to translate into actionable
geometric guidelines for experimentalists.**™® Critically, even
promising structural descriptors, such as ensemble-averaged
distortion metrics,* typically operate at a macroscopic level.
They capture the existence of lattice strain or distortion, long
recognized as crucial for catalysis, but lack the atomic-scale
resolution to reveal which specific, local geometric motifs are
functionally decisive. This gap between observing macroscopic
strain and deciphering its atomically precise origins has
hindered the development of a true “synthesis-to-function”
blueprint.

Our work bridges this gap by introducing angular descriptors
as the missing link between macroscopic lattice distortion and
atomic-scale catalytic function. We propose that the doping-
induced macroscopic strains, often probed by techniques like
HAADF-STEM and XRD, are fundamentally manifested and
quantifiable as precise changes in key structural angles within
the coordination network. Through systematic data mining of
single-atom doped transition metal dichalcogenides, we decode
this relationship, developing interpretable angular parameters
that directly quantify how atomic-scale geometry governs cata-
lytic activity. We demonstrate that activity correlates more
strongly with long-range angular parameters, such as the surface-
oriented angle /5:5,3Ss (¢uer) and the internal torsion angle
Z/ SgM0s,S36 (9orr), than with local coordination environments.
These structural descriptors exhibit both remarkable predictive
accuracy (|| > 0.81 for HER, |r| > 0.85 for OER) and good trans-
ferability, precisely because they capture the essential geometric
signatures of functional strain.

A fundamental insight emerging from this decoding process
is the dominant role of peripheral structural environments over
first-shell coordination spheres. This finding challenges
conventional design paradigms and provides a new geometric
principle: catalytic activity is tuned not merely by the immediate
neighbors of the active site, but by how the dopant atom
reconfigures the entire local lattice. This geometric dominance
is electronically rooted in multi-orbital interaction mecha-
nisms, which are quantitatively captured by our developed
multidimensional electronic descriptor (Ipang)- This descriptor
demonstrates superior predictive power (|7| = 0.88 for HER; |r| =
0.91 for OER) compared to conventional d-band theory, while
providing a mechanistic understanding of how geometric
distortions modulate electronic states and adsorption
energetics.

The practical utility of our framework is demonstrated
through experimental validation. Guided by our angular
descriptors, we identified and synthesized Ir;@MoS, (S-
vacancy), which achieves a low overpotential of 0.22 V at an
ultralow loading of 0.1 wt%. When normalized by precious
metal content, the intrinsic activity surpasses that of
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commercial Pt/C catalysts requiring >20 wt% Pt. Simulta-
neously, the earth-abundant V;@MoS, (Mo-vacancy) exhibits
significantly enhanced HER activity compared to pristine MoS,.
These successes are not isolated discoveries; they are direct
validations of the predictive framework that connects synthe-
sizable atomic-scale geometry (specific doping-induced angles)
to targeted high performance.

In conclusion, this work establishes a generalizable
geometric framework for single-atom catalysis, demonstrating
that “peripheral geometric regulation” applies across different
reactions and vacancy types. By decoding macroscopic lattice
distortion into key angular descriptors, we bridge the long-
standing gap between structural effects and atomic-scale cata-
Iytic function. Unlike previous electronic-model - confined
studies, our angular signatures can serve as a generalizable
blueprint and predictors that show good transferability for the
discovery of high-performance single-atom electrocatalysts for
sustainable hydrogen production. Nevertheless, its applicability
to other catalyst classes (e.g., alloy nanoparticles or metal
surfaces) and to more complex reaction networks remains to be
explored.
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