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Generalizable mechanochemical impact of
curvature governing stability and reactivity
at catalytic sites on rippled supports

Sayan Banerjee * and Sampad Mandal

Graphene is inherently prone to forming ripples and curved regions, both with and without defects,

which modify its local geometry and, consequently, its electronic structure. Such curvature effects

become particularly important when graphene serves as a support for atomically dispersed single-atom

catalytic sites (M–N–C), which are key motifs for small-molecule activation. These sites can be regarded

as defect structures within a two-dimensional (2D) framework; however, the role of curvature as a

vector descriptor—capturing both the magnitude and the direction (sign) of curvature—remains largely

unexplored in reactivity analysis. Here, we investigate how the sign of curvature impacts the stability,

electronic structure, and adsorption properties of M–N–C sites using first-principles density functional

theory (DFT) calculations encompassing 3d, 4d, and 5d transition metal centers. We find that curvature

modulates the thermodynamic stability of single-atom sites, with larger metal centers being prefer-

entially stabilized in regions of higher curvature. Furthermore, curvature modulates key aspects of

chemical bonding, including covalency and ionicity, as demonstrated using H adsorption as a model

case. Curvature serves as a control parameter for tuning the M–H bonding strength, with the effect

being most pronounced for early transition metals. CO2 activation is then examined as a representative

example of small-molecule activation under curvature, revealing that the nature of curvature can drasti-

cally modify the activation mechanism at a given metal center. Notably, curvature enhances CO2

adsorption and activation even for metals that are inactive on flat surfaces. Overall, the response to

curvature depends on the nature of the transition metal: early transition metals exhibit a more pro-

nounced curvature dependence than late transition metals. This indicates that, in addition to tuning

adsorption properties by changing the transition-metal site, curvature can play a non-trivial and metal-

dependent role in modulating adsorption, adding an additional design dimension for active sites.

Because ripples are intrinsic to 2D materials and can also be engineered through external stimuli

or mechanochemical deformation, these findings demonstrate that exploiting curvature as a vector

descriptor in chemical space enables new forms of reactivity inaccessible on planar surfaces.

Introduction

Supported single site catalysts (SACs) on two-dimensional (2D)
materials catalyze a wide range of industrially relevant
reactions.1,2 Among these, coordinationally well-defined active
sites embedded within graphene supports—known as M–N–C
catalysts (M: metal, N: nitrogen, and C: carbon)—have been
investigated through both experimental and theoretical
approaches.2–4 M–N–C catalysts exhibit high activity toward a
wide range of thermal and electrocatalytic reactions, including
the oxygen reduction reaction (ORR), CO2 reduction reaction
(CO2 RR), and other small-molecule activation processes.2 Their

remarkable performance is ascribed to the ability of atomically
dispersed metal centers to host localized electronic states
within an otherwise delocalized carbon framework. These sites
afford molecular-level control over active-site chemistry, offer-
ing a unique lever for catalyst design.2,5 However, their struc-
tural sensitivity renders them susceptible to perturbations that
can compromise stability and performance, often leading to
rapid degradation under operando conditions.6,7

On a different front, 2D materials inherently exhibit sponta-
neous rippling and curvature, encompassing both transition-
metal dichalcogenides and carbon-based systems.8–11 In parti-
cular, graphene and related graphitic materials have been
shown to develop ripples even in the absence of defects.12–17

Such out-of-plane deformations introduce nonzero curvature,
leading to nontrivial effects on the electronic structure and
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influencing phenomena ranging from optoelectronic responses
to chemical reactivity.9,18 In this context, the emerging field of
rolltronics has introduced new avenues to dynamically control
material curvature.19,20 Curvature has likewise been shown to
modulate surface reactivity, influencing molecular adsorption
and migration on graphene.21–23

The active sites in SACs are often reported to be dynamic
under operando conditions.24–26 Previous studies have primar-
ily examined the effects of in-plane and out-of-plane strain by
treating curvature as a scalar descriptor (Fig. 1).27–31 However,
the role of curvature as a vector descriptor—accounting for
both its magnitude and direction—has been underexplored.
In particular, how local structural perturbations in SACs
embedded within 2D matrices at regions of differing curvature
(i.e., negatively curved concave and positively curved convex
sites) influence the electronic structure and catalytic properties
remains unknown (Fig. 1). Because ripples inherently generate
regions with distinct curvature types, systematic investigation
is essential to elucidate the atomistic mechanisms of SACs
under curvature and to predict new avenues of curvature-driven
reactivity.

To elucidate how spontaneous ripples in 2D materials affect
the stability and catalytic behavior of M–N–C sites—and to
establish a predictive framework for exploiting curvature in
tuning SAC performance—we investigate the influence of cur-
vature on the stability and electronic structure of SACs with
transition metal (TM) centers spanning the 3d, 4d, and 5d
series (Fig. 1). Hydrogen adsorption is examined as a model
case to probe how curvature modulates the fundamental nature
of chemical bonding, while CO2 activation is explored to reveal

how curvature can be harnessed to induce new reactivity and
small-molecule activation mechanisms. Specifically, we study
MN4 active sites for M–N–C SACs supported on a sinusoidally
curved graphene matrix, employed here as a model system to
quantify curvature effects.

We first examine the relationship between curvature and the
formation energy of single sites and find that TMs with larger
metallic radii are preferentially stabilized in regions of high
curvature. The relative stability correlates strongly with local
geometric descriptors, indicating that the observed stability
originates primarily from geometric effects. On the adsorption
properties front, the H binding energy increases with negative
(concave) curvature for all TMs, indicating universally stronger
binding in concave regions. We further show that curvature
fundamentally alters the nature of chemical bonding, providing
a new handle to control both covalency and ionicity as a function
of geometric deformation. We then extend this framework to
CO2 activation as a representative case of small-molecule activation
under curvature. The nature of curvature is found to drastically
modify the activation mechanism at a given metal center. Notably,
curvature can enhance CO2 adsorption and activation even for TMs
that are inactive on flat surfaces. Across the TM series, we find a
metal-specific curvature response that highlights a clear metal–
curvature interplay: early TMs consistently show a stronger response
to curvature than late TMs. Curvature-dependent charge transfer
and variable binding modes are observed, underscoring the inter-
play between local geometry and electronic structure. Overall, our
findings establish curvature as a critical design parameter for
controlling reactivity at single-atom sites by directly tuning their
local geometric and electronic environments.

Fig. 1 (A) Summary of literature reports illustrating the effects of in-plane and out-of-plane strain on single-site M–N–C catalysts and their known
limitations. The right panel emphasizes the lack of studies addressing the fundamental nature of curvature and its potential to overcome these limitations.
(B) Overview of this work, showcasing how curvature introduces new design directions by modulating covalency, charge transfer, CO2 activation, and the
underlying electronic structure of single-atom active sites.
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Results and discussion
Effect of curvature on stability of single sites

Formation energies (Ef) of TM single sites in M–N–C catalysts with
MN4 coordination were calculated for 3d, 4d, and 5d elements
supported on a curved graphene surface (curvature = 0.12 Å�1)
(Fig. 2A). The objective is to determine how curvature influences
the stability of SACs across the TM series. While the absolute Ef

depends on the magnitude of curvature, here we focus on trends
across metals at a fixed curvature. In Fig. 2A, the formation energies
(Ef) at a curvature of 0.12 Å�1 are presented as a representative case.

A more negative Ef indicates that site formation on the
curved surface is energetically more favorable, while a more

positive value corresponds to a lower tendency for site formation
under curvature. For MN4 sites, the variation in Ef follows the
trend in metallic radii. Within the 3d series, Sc and Ti favor curved
surfaces, whereas mid- and late-series TMs show lower stability
under curvature. Zn again becomes stabilized after Cu, consistent
with the size-dependent trend. A similar pattern is observed for
the 4d series, although the magnitude of stabilization is smaller,
consistent with the generally weaker metal–nitrogen interaction
for 4d elements. The same qualitative behavior extends to the 5d
series, again correlating with atomic size. Across all three rows,
the 3d elements show more negative formation energies than
their 4d and 5d analogues, consistent with stronger M–N bonding.
This trend persists down each TM group in the periodic table.

Fig. 2 Formation energies of MN4 sites. (A) Formation energy (Ef) is plotted, where a more negative value indicates higher stability at curved sites. The metallic
radius is shown as an additional axis for reference. The right panel shows representative cases illustrating preferred configurations: Cu and Hf correspond to less
and more negative Ef, respectively. (B) Plot of the change in N–M–N bond angle (DyN–M–N) between flat and curved supports versus Ef for 3d, 4d, and 5d TMs.
A lower deviation in DyN–M–N correlates with higher stability at curved sites. The curved structures are modeled at a curvature of 0.12 Å�1.
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To examine the origin of the Ef trends under curvature, the
computed Ef values were correlated with the relative change in
the diagonal N–M–N bond angle (DyN–M–N) between flat and
curved surfaces across the 3d, 4d, and 5d series (Fig. 2B).
A larger DyN–M–N—indicating greater structural reorganization
at the active site under curvature—correlates with reduced
stabilization on curved surfaces. For TMs on flat supports, late
elements exhibit nearly linear N–M–N angles (close to 1801),
whereas early TMs show greater deviation from linearity, con-
sistent with their larger metallic radii. Curved surfaces can
accommodate and promote such distortions, leading to stabili-
zation for larger metal centers, as reflected in smaller DyN–M–N

values for more negative Ef. In contrast, metals that exhibit
minimal distortion on flat supports, typically smaller-radius
TMs, show limited stabilization under curvature since
the required geometric distortion is larger (higher DyN–M–N),
resulting in destabilization. Overall, the geometric descriptor
DyN–M–N captures how curvature affects TM stability differently
for early and late TMs, originating from the structural prefer-
ence of larger-radius metals for more distorted active sites.

Curvature-dependent H binding across transition metals

H binding energies (DEH) were calculated at four distinct
curvature values (0.12, 0.02, �0.02, and �0.12 Å�1), encom-
passing both high and low magnitudes of positive and negative
curvature, for 3d, 4d, and 5d TMs (Fig. 3A). The presence of an

adsorbate breaks the inherent symmetry between concave and
convex regions, providing a basis to treat curvature as a vector
quantity. This formulation enables examination of how both
the nature (sign) and magnitude of curvature influence H
adsorption, thereby establishing a model framework for under-
standing chemisorption as a function of curvature.

In all cases where substantial variation in adsorption energy
is observed, H adsorption is stronger at negatively curved
(concave) sites than at positively curved (convex) sites. This
trend holds across the 3d, 4d, and 5d series, although the
magnitude of DEH varies from one TM to another. Early TMs in
each series exhibit a pronounced curvature dependence, as
evidenced by the large difference in DEH between the highest
positive and negative curvature values considered (Fig. 3A). The
sensitivity of DEH to curvature decreases systematically toward
the late TMs. Notably, Cd and Au deviate from these general
trends, displaying stronger curvature dependence than
expected. This deviation arises from their preference for MN3-
type coordination, which distinguishes their behavior from that
of the other metals studied.32–34 Since MN3-type sites are not
considered in this work, Cd and Au are excluded from further
analysis. However, it is noteworthy that both Cd and Au exhibit
stronger H binding at negatively curved regions compared to
their positively curved counterparts.

For early TMs, H adsorption at concave and convex sites
results in markedly different local geometries. At concave sites,

Fig. 3 Curvature-dependent H binding energy. (A) Violin plots of H binding energy (DEH) as a function of curvature for all transition metals. The
curvature values are color coded, and their corresponding positions are shown in the inset. The presence of adsorbed H breaks the symmetry between
concave and convex sites. (B) Representative binding geometries for elements exhibiting high and low curvature dependence in DEH. Sc is shown as an
example of strong curvature sensitivity, while Cu represents a case with minimal variation. Geometries are shown for curvatures of �0.12 Å�1. Color code:
C (black), N (light blue), Cu (blue), and Sc (purple).
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a square-pyramidal configuration is favored due to the geo-
metric tendency of these regions toward pyramidalization
(Fig. 3B). The larger atomic radii of early TMs, combined with
their propensity to pucker the M–N–C framework, lead to
enhanced stabilization at concave sites. Such puckering cannot
be easily accommodated at convex sites, where the structure
instead adopts an inverse bowl-like geometry, resulting in lower
stability. Late TMs, which display minimal variation in DEH,
show less puckering at the active site as a function of curvature,
consistent with their lower affinity for curved surfaces (Fig. 2).
Moreover, at convex sites, the degree of puckering is signifi-
cantly reduced for late TMs (Fig. 3B), yielding relatively flat
geometries and consequently smaller variations in DEH.

To assess whether curvature-dependent H binding could
be influenced by steric (secondary-sphere-like) interactions
imposed by the local geometry—differently at concave versus
convex sites—we carried out two complementary analyses.
We selected three metals: Sc, which exhibits a stronger curva-
ture dependence in H binding, and Fe and Cu, which exhibit
relatively weaker curvature dependence. First, we introduced an

additional concave layer to quantify the repulsive contribution
experienced by the adsorbed H at the convex face and found
that, while a repulsive term is present, it is largely interlayer in
origin and does not track the metal-dependent H binding-
energy trend. Second, we mapped the H potential energy
surface for displacements (i) toward nearby C/N groups and
(ii) along the M–H bond coordinate. Differences have been
observed between the concave and convex cases; however, the
magnitude is too small to account for the binding-energy
differences between convex and concave faces. In contrast,
the dominant curvature-dependent changes emerge along the
M–H bond coordinate, consistent with curvature primarily
modulating intrinsic metal–adsorbate bonding rather than steric
repulsion from the surrounding framework. Full computational
details and PES scans are provided in the SI (Fig. S9 and S10).

It is worth noting that the H binding energy varies with
transition-metal identity, highlighting the role of elemental
identity in setting the baseline H affinity. Beyond this, within
each transition metal the remaining spread reflects the impact
of curvature on the binding energy. Importantly, the magnitude

Fig. 4 Origin of curvature-dependent H binding energy. The extent of covalency is defined as Debonding
1s , which represents the difference between the

band center of adsorbed H and that of isolated H2 (ebonding
1s ). Ionicity is quantified using the Löwdin charge of the adsorbed H atom. The middle panel

shows Debonding
1s for different metals, while the lower panel depicts the Löwdin charge of H in the adsorbed geometry.
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of this curvature-driven variation depends on the metal, leading
to a metal-specific curvature response and underscoring that
curvature can be exploited as a design handle in a manner that
depends on the nature of the TM. Overall, these results demon-
strate that the nature of curvature fundamentally modulates
H binding, with chemisorption generally becoming stronger at
negatively curved (concave) sites.

Covalency and ionicity as a function of curvature

We investigate the origin of the DEH trends, specifically how
curvature modulates key aspects of chemical bonding—namely,
the covalency and ionicity of the M–H bond (Fig. 4). To this end,
we calculated the projected density of states (PDOS) and Löwdin
charges. The extent of covalency is defined as Debonding

1s (see
Methods section and the SI), which represents the difference
between the band center of adsorbed H and that of isolated H2

(ebonding
1s ) (Fig. 4). The 1s band center of H2 is evaluated by

placing the molecule within the simulation box of the curved
slab, but 10 Å away from the surface along the z-axis, enabling
direct alignment and comparison with the 1s band of H in the
M–H bond. This approach provides a consistent framework to
compare the band center shifts across different metals. A larger
value of Debonding

1s indicates a stronger covalent interaction, as a
greater shift relative to the H2 reference reflects enhanced
orbital mixing.35–37 Concave regions consistently exhibit higher
Debonding

1s values, corresponding to stronger M–H interactions
compared to convex regions (blue vs. red dots in the middle
panel of Fig. 4). Furthermore, early TMs display larger shifts

than late TMs, consistent with their stronger H binding across
curvature regions (Fig. 4). This universal trend of enhanced
covalency at negatively curved (concave) sites demonstrates that
curvature introduces a fundamentally new design parameter
whose qualitative effect is largely independent of the metal
identity.

Next, we evaluate the ionicity, quantified by how hydridic
the H atom is in the M–H bond. Similar to the covalency trend,
ionicity also exhibits a universal curvature dependence (Fig. 4),
as evidenced by the more hydridic nature of H at concave
regions. We find that H atoms bound at concave (negatively
curved) sites display greater hydridic character compared to
those at convex sites. Early TMs show both a higher degree of
ionicity and a larger variation across curvature values than late
TMs, reflecting their stronger electrostatic interactions. Conse-
quently, curvature modulates electrostatic effects in a metal-
dependent fashion, with early TMs being more susceptible
to curvature-induced charge transfer. Overall, these findings
demonstrate that curvature can systematically tune both cova-
lency and ionicity, offering a general route to manipulate
fundamental aspects of chemical bonding through curvature.

Curvature-dependent CO2 binding and charge transfer

To demonstrate that curvature can be exploited to facilitate
small-molecule chemistry, we investigated CO2 activation as a
function of curvature (Fig. 5). This analysis is motivated by
the well-established role of local electrostatics and the surro-
unding chemical environment in governing CO2 activation.38–42

Fig. 5 Curvature-dependent CO2 binding energy. (A) CO2 binding energy (DECO2
) plotted as a function of curvature for 3d, 4d, and 5d transition metals.

A larger variation is observed for early transition metals compared to late transition metals. The inset shows the regions where CO2 binding was evaluated.
(B) Representative binding motifs as a function of curvature.
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As shown earlier, curvature can fundamentally modulate elec-
trostatics and covalency; here, we explore how variations in
these factors can be leveraged to promote facile CO2 activation.

For CO2 binding (DECO2
), we find that early TMs exhibit a

strong dependence on the nature of curvature (Fig. 5A). Speci-
fically, curvature-dependent activation mechanisms are observed:
at negatively curved (concave) sites, early TMs bind CO2 more
strongly through metal–CO2 bond formation, whereas at positively
curved (convex) regions, the same metals do not activate CO2 and
only weak noncovalent interactions are present. In other words,
the nature of curvature can fundamentally switch the adsorption
process between chemisorption and physisorption at the same
metal center. This behavior arises because convex structures
restrict CO2 binding due to geometric puckering of the M–N–C
framework, which limits orbital overlap at the convex face
(Fig. 5B). Depending on both the nature of curvature and the
identity of the TM, variable CO2 adsorption modes are observed.
For large-radius TMs such as Ti and Hf, Z2-type binding through a
C–O bond accompanied by C–O bond activation is observed
(Fig. 5B). Additionally, for Sc, we identify a k2-type CO2 binding
mode involving both O atoms, consistent with coordination
motifs previously reported in organometallic chemistry.41,43 In
contrast, late TMs show negligible CO2 activation, even on curved
surfaces. Moreover, CO2 activation is not observed at low curva-
ture magnitudes for any TM; it emerges only at higher curvature
values. At low curvature, early TM sites undergo significant
structural distortion, preventing CO2 from binding effectively
and resulting instead in weak physisorption.

The number of metals exhibiting significant curvature
dependence increases from the 3d to the 5d series—specifically,
Sc, Ti, and V among the 3d metals; Y, Zr, Nb, Mo, and Tc among
the 4d; and Hf, Ta, W, Re, and Os among the 5d (Fig. 5A). This
systematic behavior highlights the critical role of atomic size in
determining curvature-induced activation. Notably, several TMs
that do not activate CO2 on flat supports (e.g., Sc, Ti, V, Y, Zr, Hf,
and Os) can activate CO2 on curved surfaces. We further
quantify the extent of charge transfer at different curvatures
by computing the Löwdin charge on CO2 in the bound geome-
try (Fig. 6). Appreciable curvature-dependent charge transfer is

observed for early TMs, with enhanced charge transfer at
negatively curved (concave) regions, whereas late TMs show
little variation. As shown in Fig. 5 and 6, the degree of charge
transfer strongly correlates with the extent of CO2 activation.
Overall, metals exhibiting stronger electrostatic interactions
demonstrate a higher sensitivity of charge transfer to curvature.
These results establish that curvature-dependent charge trans-
fer from curved surfaces to small molecules such as CO2 can be
harnessed to enable facile activation.

These findings demonstrate that curvature can fundamen-
tally alter the CO2 activation mechanism at a single atom metal
site. This reveals new design principles in which curvature can
be exploited to tune local bonding environments and enable
novel mechanistic pathways for CO2 activation. Conversely, in
most cases, weaker CO2 binding is observed at positively curved
(convex) regions, suggesting that such motifs are less promis-
ing for catalyst design. That said, the influence of curvature on
the solvation structure near the active site and the associated
dynamics under an external bias are not addressed here. These
effects could be non-trivial and may introduce additional
design principles for harnessing curvature under realistic cat-
alytic conditions, including electrocatalytic CO2 reduction.

Overall, these results indicate that catalytic performance on
2D supports—particularly for adsorbates such as H and CO2

can carry an inherent curvature dependence and/or be engi-
neered through deliberate curvature control. This further sug-
gests that catalytic responses on corrugated surfaces should
account for multiple curvature motifs to predict performance
under realistic, dynamic conditions. In this context, synthesis
and dynamic mechanochemical effects can play critical roles:
static curvature may be introduced via strain-engineered
synthesis,18 while dynamic curvature could, for example, be
induced by mechanical perturbations such as AFM-tip drag-
ging.44,45 To quantify such effects experimentally, combining
operando electrochemical measurements with spatially resolved
microscopy offers a route to correlate spatially varying curvature
with adsorption properties.

However, it is worth noting that the present work models a
simplified, sinusoidal curvature motif. In contrast, realistic

Fig. 6 Curvature-dependent charge transfer associated with CO2 activation on curved surfaces across the metal series.
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surfaces can exhibit a heterogeneous combination of curvature
features (e.g., ripples, domes, and bubbles) and corresponding
catalytic motifs. Capturing such complexity will ultimately
require an ensemble-averaged description over possible curva-
ture motifs to predict performance at spatially extended scales,
motivating future methodological development. The current
study provides a foundation by demonstrating that curvature
can influence the electronic structure and associated properties
in a non-trivial manner, thereby offering an underexplored
design dimension to exploit.

Conclusions

Overall, we demonstrate that curvature, treated as a vector
quantity, provides an underexplored design dimension for
tuning the stability, electronic structure, and reactivity of
single-atom M–N–C catalysts. Through systematic analysis
across the 3d, 4d, and 5d transition metal series, we show that
curvature fundamentally alters the local bonding environment
and, consequently, the thermodynamics of site formation and
adsorption. Moreover, we demonstrate that the nature of the
TM dictates the curvature response, thereby providing a clear
avenue to harness curvature in a targeted manner for specific
classes of active sites. Negatively curved (concave) regions act
as active pockets that stabilize larger metal centers, strengthen
H adsorption, and facilitate CO2 activation, whereas positively
curved (convex) regions suppress chemisorption. These effects
arise from curvature-induced modifications in both geometric
distortion and electronic structure, which together control the
interplay between covalency and ionicity at the active site.
By simultaneously tuning the covalent and ionic character
of metal–adsorbate interactions, curvature enables distinct
mechanisms of small-molecule activation that are not accessi-
ble on flat surfaces. From a broader perspective, engineering
curvature through approaches such as mechanochemical defor-
mation, strain patterning, or substrate-induced rippling can
open new directions in catalyst design. Such strategies offer
opportunities to access reactivity regimes that are traditionally
unattainable through chemical substitution or planar strain
engineering.

Methods

All density functional theory (DFT) calculations were performed
using the Quantum Espresso software package.46 The general-
ized gradient approximation (GGA) with the Perdew–Burke–
Ernzerhof (PBE) exchange–correlation functional was employed.47

Ultrasoft GBRV pseudopotentials were used with kinetic-energy
and charge-density cutoffs of 35 Ry and 350 Ry, respectively.48

Dispersion interactions were included via the DFT-D3 correction
developed by Grimme and co-workers.49 All structures were fully
relaxed until the forces on each atom were below 1.0 � 10�3 a.u.,
and the total-energy convergence criterion was set to 1.0 � 10�4

a.u. A (6� 6) graphene supercell was used to investigate the effect
of curvature on adsorption and migration behavior. A vacuum
spacing of approximately 20 Å was introduced along the surface

normal to eliminate spurious periodic interactions. A G-centered
(2� 2� 1) Monkhorst–Pack grid was used to sample the Brillouin
zone.50 To ensure consistent rumpling amplitude and sinusoidal
curvature profiles, a single hydrogen atom was placed near
the crest (mountain) region in all simulations. The use of one H
adsorbate per supercell preserves the intrinsic curvature and
minimizes artificial electronic effects; this approach has been
validated previously, and our results confirm its qualitative
consistency.22 Further computational details are provided in the
SI. The adsorption (binding) energies of H and CO2 were
computed as

DEH = EH* � Ebare � EH, (1)

DECO2
= ECO2* � Ebare � ECO2

, (2)

where EH* and ECO2* correspond to the total electronic energies
of the adsorbed systems, and Ebare, EH, and ECO2

denote the
total electronic energies of the clean slab, gas-phase H atom,
and isolated CO2 molecule, respectively. Formation energies
(Ef) were calculated relative to the bulk metal reference (EM) as

Ef = Eslab+M � Eslab � EM. (3)

ebonds ¼
Ð EF

Emin
EDsðEÞdE

Ð EF

Emin
DsðEÞdE

: (4)

The bonding s-band center is defined as ebond
s , where Ds(E) is

the s-projected density of states (PDOS), and Emin denotes the
lower integration limit, chosen sufficiently below the valence
manifold (typically Emin = �15 eV with respect to the Fermi
level). The denominator normalizes the PDOS weight below EF,
while the numerator yields the first moment of the occupied s-
state distribution. To enable a consistent reference of the
calculated ebond

s values across different systems, the descriptor
is referenced to the 1s band center of a gas-phase H2 molecule
placed in the same simulation cell. The relative bonding s-level
shift is therefore expressed as

Debond
s = ebond

1s (M–H) � ebond
1s (H–H), (5)

where ebond
1s (M–H) and ebond

1s (H–H) denote the 1s-derived bond-
ing levels of the surface-bound H atom and H of the H2

molecule.
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