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Sign of Mechanochemical Curvature Governing O,
Activation Mechanisms and Reactivity on Rippled
Supports

Sayan Banerjee*

Department of Chemistry, University of Tennessee, Knoxville, TN 37923, USA

Abstract

Two-dimensional (2D) materials are inherently prone to forming ripples and wrinkles that

create regions of nonzero curvature-a mechanochemical landscape arising from intrinsic

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

deformation—thereby modulating their electronic structure and a range of associated properties.

Such curvature effects have implications for stability, quantum processes, and adsorption
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phenomena. The influence of curvature—treated as a vector descriptor distinguishing positive
and negative curvature—on reactivity remains underexplored, particularly in the context of
small-molecule activation and multistep catalytic reactions. Here, we investigate rippled N-
doped graphene and quantify how curvature, viewed as a local mechanochemical deformation,
modulates O reactivity on single-atom sites, denoted as M-N-C (M = Fe, Co, Mn, Pt), using
density functional theory. We find that the sign of curvature determines the O, activation
mode: for Mn and Fe, negatively curved regions (mountain-shaped) favor an n? side-on
configuration, whereas positively curved regions (valley-shaped) promote an n* end-on mode.
In contrast, Co and Pt exhibit only curvature-independent n' binding. The 1? mode observed

for Fe and Mn resembles molecular O, adducts in transition-metal complexes. Curvature-
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dependent charge transfer enhances electron donation at negatively curved sites, facilitating
O activation. We establish curvature-resolved scaling relations for oxygen reduction reaction
(ORR) intermediates (OOH, O, and OH), highlighting where the global linear relationships
remain valid and where they break down when curvature is introduced as a geometric
variable. The sign of curvature also modulates ORR overpotentials: positive curvature
regions yield lower overpotentials, whereas negative curvature sites lead to higher values for
Fe and Mn. Consequently, we predict that negatively curved, mountain-like sites can be
engineered for O-atom transfer reactions to organic substrates, which compete with ORR
under electrochemical conditions. Finally, we show that variable curvature further influences
the overpotential by enabling different ORR steps at varying curvatures on a corrugated
surface. Overall, curvature can be harnessed to enable distinct reactivity from identical
catalytic motifs, underscoring the importance of incorporating dynamic curvature effects in

future theoretical and experimental studies.

Introduction

Two-dimensional (2D) materials, including carbon-based systems such as graphene and
graphite, as well as transition-metal dichalcogenides (TMDs), exhibit ripples and wrinkles
that spontaneously form regions with nonzero curvature.'* Curvature couples mechanical
deformation with electronic structure by introducing strain gradients, thereby providing
a means to tune electronic structure properties with implications for optoelectronics and
catalysis. > Both free-standing and supported single-layer systems, with and without defects,
have been reported to exhibit ripples. 8899716 Moiré-type materials, which exploit geometric
tunability of electronic localization, have also been shown to influence adsorption energetics
on graphitic surfaces.”® In the presence of defects, adsorbates, or supporting substrates, the
degree of corrugation can vary further. However, the role of curvature as a vector descriptor

in influencing multistep catalytic reactions remains underexplored.
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Single-atom catalysts (SACs) supported on two-dimensional N-doped graphene, referred
to as M—N-C catalysts, are known to mediate multistep small-molecule transformations such
as the oxygen reduction reaction (ORR), CO, reduction (CO,RR), and related processes. %29
In such multistep catalytic transformations, scaling relations between reaction intermediates
remain largely valid even under varying external conditions, including thermal, electrochemical,
and photocatalytic environments.?! Overcoming these scaling relations is therefore a central
goal in the rational design of next-generation catalysts.?? Approaches to modify these relations
often involve tuning the geometric and electronic structure of the active site through catalyst
design or external stimuli.?* 2% Strain engineering, in particular, alters the local electronic
structure by redistributing charge density and modifying bond polarity (Fig. 1A).26728
Nevertheless, the role of curvature—particularly the distinction between positive (valley) and
negative (mountain) curvature—on catalytic thermodynamics and scaling relations remains
underexplored. Existing studies often treat curvature as a scalar quantity, such as the radius

of curvature, implicitly assuming a monotonic effect.?? 33 Such simplifications neglect the

geometric and electronic distinctions between negative curvature (mountain-like) and positive

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

curvature (valley-like) regions, which create distinct surface-adsorbate environments (Fig.

1B).
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Out-of-plane deformation, or curvature, has received limited attention in the context
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of small-molecule activation and multistep catalytic transformations. Here, we investigate
how the nature of curvature influences such processes using O, reactivity and the ORR as

2234 The ORR serves as an ideal benchmark because its scaling relations

a model system.
and theoretical overpotentials are well established across many catalytic systems, enabling
quantitative assessment of reactivity trends when curvature is introduced as a vector variable.

In this work, we systematically examine how the nature and magnitude of curvature
affect Oy adsorption, activation, and the resulting scaling relations in M—N-C single-atom

catalysts (Fig. 1). Using first-principles density functional theory (DFT), we investigate a

series of M-N—C sites (Fe, Co, Mn, Pt), where earth-abundant metals are selected to assess
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Figure 1: A) Schematic overview of the oxygen reduction reaction (ORR) steps and the
influence of strain on ORR energetics. B) Summary of this study highlighting how curvature
can be exploited to achieve facile O, activation and curvature-dependent scaling relations.

curvature effects on Oy chemistry, and Pt is included as a reference to represent weakly
interacting sites.3#° Curvature differentially influences O, activation across metals, producing
curvature-dependent binding for Fe and Mn and curvature-independent binding for Co and
Pt. Specifically, n? side-on Oy binding occurs at Fe and Mn sites under negative curvature,
resembling Oy coordination observed in molecular catalysts. In contrast, positively curved
Mn and Fe sites, as well as all Co and Pt sites, favor ! end-on binding. Curvature-modified
scaling relations of ORR intermediates highlight both the bonding patterns for which linear
scaling remains largely valid and the cases where deviations emerge when 7n? O, binding is
achieved, providing a route to exploit this mode for O-atom transfer reactions. Furthermore,
we find that curvature modulates the ORR overpotential, with positive curvature yielding
lower values. Finally, we introduce the concept of variable curvature coupling, wherein
reaction steps occur across multiple curvature-defined sites. These results suggest that on

real, corrugated surfaces, the measured catalytic activity arises from a collective response of

Page 4 of 28


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mr00147a

Page 5 of 28 RSC Mechanochemistry

View Article Online
DOI: 10.1039/D5MR00147A

regions with varying curvature. Overall, this study establishes curvature as a fundamental
descriptor of reactivity in 2D catalysts and motivates experimental investigations combining
electrochemistry and spatially resolved microscopy to probe curvature-dependent catalytic

behavior on surfaces.

Results and Discussion

Curvature-Dependent O, Binding:

We first evaluated the Oy binding energy (AEo,) as a function of curvature by considering

M-N, active sites?0:41:42

embedded in a sinusoidally curved N-doped graphene framework
with varying curvature magnitude and sign (Fig. 1B and left panel in Fig. 2A). Calculations
were performed for four representative M-N—-C single-atom sites in the M—N, geometry,

where the metal center (M) is Mn, Fe, Co, or Pt. Oy adsorption on Co and Pt shows

negligible dependence on curvature, with the n' end-on binding mode preserved across all

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

curvature values (Fig. 2A and Fig. 2B). In contrast, Mn and Fe exhibit a significant curvature

dependence: regions at negative curvature (mountain) favor stronger O, adsorption and

Open Access Article. Published on 17 March 2026. Downloaded on 3/17/2026 8:33:45 PM.

enhanced activation compared to regions at positive curvature (valley). The preference for
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n? binding modes, particularly for Fe and Mn, is further corroborated by calculating the
relative preference between n' and n? binding modes at high negative curvature (—0.12 A_l,
mountain) and high positive curvature (+0.12 A_l, valley) through constrained optimization.
In other words, we quantify the feasibility of switching between n? and n' binding modes
and how this depends on curvature. We find that for Fe and Mn, ' is more preferred than
n* at the valley, whereas (as stated in Fig. 2A and B) 7? is more preferred than n' at the
mountain. In contrast, for Co and Pt, ' is more preferred than n? at both the valley and
the mountain (see Fig. S2 for more details).

Mn and Fe sites at negative curvature provide greater geometric flexibility and stronger

electrostatic interactions, enabling n? side-on Oy coordination and thereby facilitating O—O
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Figure 2: A) Left panel: Curvature-dependent O, binding at MNy sites of M-N-C catalysts
(M = Mn, Fe, Co, and Pt). Middle and Right panel: Variation of O-O bond length (do_o)
and total charge on Oy (go,) in the Og-adsorbed geometries as a function of curvature. B)
Curvature-dependent O, binding motifs. For Mn and Fe, n? side-on binding occurs at regions
of higher negative curvature, whereas n' end-on binding is observed at all other curvature
values. Data points corresponding to n? O, binding motifs are highlighted in yellow. Color
code: C (black), N (light blue), Fe (golden brown), Mn (purple), Pt (silver).
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bond activation (Fig. 2B). The optimized geometries at these sites closely resemble those
reported experimentally for side-on O, activation in molecular Mn and Fe complexes. 4344
Moreover, the n? binding mode leads to a higher spin state compared to the n' configuration,
consistent with the molecular analogy between peroxo- and superoxo-type O. activation
mechanisms. These results demonstrate that, in heterogeneous systems, curvature can
be exploited to access distinct binding modes—analogous to how ligand design modulates
coordination motifs in molecular catalysis.

To quantify the extent and origin of O, activation, we analyzed the O—O bond lengths and
Lowdin charges in the adsorbed configurations (Fig. 2B). In Fig. 2A, we plot the O—O bond
length (doo) and the total charge on Os (go,) as functions of curvature to elucidate the origin
of the O, binding trends. We find that stronger O, binding correlates with elongated O-O
bonds, with distinct differences between the n' and n? coordination modes. For n' binding,
the O—O bond length remains below 1.30 A, and Pt exhibits the weakest O, activation,

consistent with the known limitation of Pt in activating molecular oxygen.?” In contrast, for

the n? activation mode, the O-O bond length extends to 1.40 A and 1.35 A for Mn and Fe,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

respectively. For comparison, O-O bond lengths of 1.41 A and 1.32 A have been reported for

molecular Mn and Fe catalysts with N-based coordination environments,*? consistent with

Open Access Article. Published on 17 March 2026. Downloaded on 3/17/2026 8:33:45 PM.

the values obtained for the curved MNy sites.
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Furthermore, the n? configurations exhibit enhanced charge transfer from the metal center
to the adsorbed O, resulting in more negative go, values (right panel in Fig. 2A). Overall, the
extent of charge transfer depends strongly on the nature of curvature, with Mn and Fe showing
a more pronounced dependence than Co and Pt. This trend can be attributed to the relatively
higher ionic character of Mn and Fe, where electrostatic interactions dominate metal-O,
coupling. Conversely, the later transition metals, such as Co and Pt, lack electrostatic
favorability, resulting in weaker sensitivity to geometric distortion. Overall, these results
demonstrate that the nature of curvature modulates charge transfer, thereby controlling the

O, binding strength, activation pathway, and overall degree of O, activation.
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Figure 3: Curvature-dependent binding energies and scaling relations among oxygen reduction
reaction (ORR) intermediates (O2, OOH, O, and OH) for M-N—C single-atom catalysts.
Each panel shows the correlation between the binding energies (AFE) of two intermediates
for Fe, Co, Mn, and Pt, with data points color-coded by curvature (red for positive and
blue for negative curvature). The dashed diagonal line is the linear scaling relation. Data
points corresponding to n? Oy binding motifs are highlighted in yellow, reflecting their outlier

character.
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Curvature-Dependent Binding Energy and Scaling Relations:

Figure 3 illustrates the curvature-dependent binding energy and associated scaling relations
of the ORR intermediates (O, OH, OOH, and O,) for representative M-N-C single-atom
catalysts (Fe, Co, Mn, and Pt). Each panel compares the adsorption energies (AFE) of two
intermediates, with data points color-coded according to curvature (red for positive and
blue for negative curvature). For metals with strong curvature dependence (Fe and Mn),
adsorption is consistently stronger at more negative curvature (mountain) than at more
positive curvature (valley). For metals with weak curvature dependence (Co and Pt), this
systematic mountain—valley trend is not observed.

The binding energies of OOH, O, and OH are correlated, indicating that the nature of
bonding remains consistent for these intermediates across curvature types. The correlations
involving AFo, weaken due to the n* Oy binding motifs at negative curvature for Fe and Mn
(yellow in Fig. 3), indicating that a change in Oy bonding mode affects the overall scaling

relations. The extent to which curvature perturbs adsorption energetics varies among metals,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

as shown in Fig. 3. Early transition metals such as Fe and Mn exhibit more pronounced

curvature sensitivity, showing larger changes in adsorption energies with curvature for all
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intermediates. In contrast, Co and Pt display minimal dependence on curvature, irrespective
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of the intermediate considered. This behavior suggests that, under experimental conditions,
Co- and Pt-based active sites are less susceptible to geometric perturbations and dynamic
fluctuations than Fe and Mn.

When data from both positive and negative curvature regions are considered together,
a single universal scaling relation emerges, encompassing all curvature regimes. Therefore,
we report curvature-modified scaling relationships for the binding energies of OOH, O,
and OH.3*%547 Next, we compare the slopes with literature values reported for ORR and
assess the impact of curvature on these relationships. Notably, the slope of the OOH-OH
correlation is 0.91, close to unity across all metals and curvature magnitudes, indicating a

similar metal-oxygen bonding character for these two intermediates throughout the curvature
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range. The near-unity slope is consistent with octet/electron-counting arguments, since both
*OH and *OOH lack one electron to reach the octet. In contrast, the OH-O correlation
exhibits an approximate slope of 0.5, reflecting the transition from predominantly single-bond
character in OH adsorption to partial double-bond character in atomic O adsorption. In other
words, oxygen in *OH lacks one electron to reach the octet, whereas *O lacks two electrons.
Furthermore, the slope for the OOH-O correlation is ~ 0.5, matching the expected value
associated with established scaling relations.3**47 Overall, these slope values are consistent
with previously established ORR scaling relations for metal and M-N-C catalysts, 344547
indicating that curvature preserves the fundamental nature of metal-oxygen bonding.
Although the scaling relations hold reasonably well across metals, adsorbates, and curva-
ture regimes, we find indications that they can break down when curvature induces a more
nontrivial perturbation of bonding—most notably for O, binding. Full metal-specific scaling
parameters are provided in the Supporting Information (Table S1, and Fig. S3-S6). For
all scaling pairs involving O, the corresponding data points systematically extend beyond
the spread defined by the other adsorbates—even within a given metal—indicating a clear
deviation from the otherwise near-linear trends (Fig. 3). As discussed in terms of reactiv-
ity (vide infra), these outlying O points therefore signal a breakdown of scaling behavior.
This deviation also manifests as metal-dependent scaling for Os-involving relations, i.e., a
breakdown of a single global scaling line. The effect is pronounced for AFq versus AFEo,,
where metals exhibiting strong curvature sensitivity (Fe and Mn) follow a different slope
than metals with weaker curvature response (Co and Pt). This interpretation is reinforced
by metal-specific regressions: the fitted slopes naturally cluster into strong-curvature (Fe
and Mn) and weak-curvature (Co and Pt) regimes, consistent with curvature-driven changes
in bonding being qualitatively different across these two regimes (Table S1). This opens
a route to selectively harness O, activation to drive chemical transformations that are not
typically accessible under reducing, ORR-relevant conditions, where conventional scaling

constraints tend to enforce correlated adsorption energetics and limit independent tuning of

10
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key intermediates.

Effect of Curvature on Electronic Structure

Next, we examine how curvature influences the electronic structure and, consequently, the
binding energy trends. In the absence of an adsorbate, the nature of curvature has no physical
significance, as adsorption itself breaks the symmetry between mountain and valley regions.
Therefore, all analyses presented here correspond to adsorbed configurations. The objective
of this analysis is explanatory rather than predictive—aimed at identifying the electronic
factors that are modulated under curvature. Linear regression (LR) models were constructed
using five key type of electronic structure descriptors: the metal d-band center ¢4, the oxygen
p-band centers ¢,, and PDOS overlap metrics S evaluated over different energy windows
(total, occupied, and unoccupied) to probe the nature of metal-oxygen bonding.

We perform metal-specific regression (i.e., separate models for Fe, Mn, Co, and Pt) rather

than a global model across metals, so that the fitted coefficients reflect the curvature response

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

within a given metal. Model selection and full statistical metrics (including R? values for

descriptor combinations) are reported in the Supporting Information (Figure S2). In addition,

Open Access Article. Published on 17 March 2026. Downloaded on 3/17/2026 8:33:45 PM.

we also report global adsorbate-specific models (i.e., LR models that include all four metals)
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in the Supporting Information (Figure S7-S9); however, these global fits do not capture metal-
specific trends and provide limited chemical insight into how electronic-structure descriptors
respond to curvature for different metals, particularly in cases where the curvature effect is
strong (Fe and Mn) versus weak (Pt and Co).

To compare descriptor sensitivities across metals on the same scale, descriptor values
are normalized prior to fitting. We summarize curvature sensitivity using the absolute
magnitude of the fitted coefficients, |c|, from the best-performing normalized models for each
metal-adsorbate pair (Fig. 4A). The best-performing models are either single-descriptor or
two-descriptor forms, selected based on predictive performance; when the single-descriptor

model yields R? < 0.6, we report the values associated with two-descriptor models. For

11
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Figure 4: Metal-specific linear regression analysis linking curvature-driven
electronic-structure changes to binding-energy variations. (A) Curvature-dependent
electronic-structure descriptors (z € {eq4, €,, S}, where S denotes the PDOS overlap met-
ric) were used to construct metal-specific linear regression models (one- and two-descriptor
forms). Descriptor values were normalized prior to fitting to enable comparison of coefficient
magnitudes across metals. The heat map reports the absolute coefficient magnitude, |c|, of
the normalized LR models for each metal-adsorbate pair, quantifying descriptor sensitivity
to curvature. (B) Relationship between electronic-structure sensitivity and curvature-driven
binding-energy variation. For each adsorbate (Oy, OOH, O, and OH), the binding-energy
range across curvature, AFE,,nee, is plotted against |c| for each metal (Fe, Co, Mn, and
Pt), showing that larger coefficient magnitudes are associated with larger curvature-induced
binding-energy ranges.
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two-descriptor models, we report the average absolute coefficient magnitude (Fig. 4A). All
model details and results are provided in the Supporting Information (Table S2).

We find systematically larger coefficient magnitudes associated with the electronic structure
descriptors in the constructed LR models (Fig. 4A) for Mn and Fe across adsorbates, whereas
Co and Pt exhibit smaller coefficients, indicating a weaker curvature-driven modulation of the
electronic descriptors (Fig. 4A). It is worth noting that the O binding mode difference can
also be captured through these coefficeitnts, as can be seen from high coefficients associated
with the LR models for Mn and Fe, than Co and Pt. In other words, the outlier nature can
be captured from the electronic structure descriptors of the binding modes, implicating it has
clear electronic structure connection. Collectively, these LR models establish that electronic
structure properties vary systematically under curvature, and that the magnitude of this
response is correlated with the influence of curvature on binding-energy trends.

We further relate descriptor-based coefficients to the magnitude of curvature effects on
adsorption energetics. In Fig. 4B we plot |c| against the binding-energy range AEange

spanned across curvatures for each adsorbate. Across metals, larger |c| is associated with

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

larger AE}ange, linking the curvature dependence of adsorption energetics to the curvature

dependence of the underlying electronic descriptors. This coefficient—range relationship

Open Access Article. Published on 17 March 2026. Downloaded on 3/17/2026 8:33:45 PM.

provides a quantitative way to compare curvature sensitivity across metals and intermediates

(cc)

using physically motivated electronic structure measures.

Overall, the metal-dependent curvature response (i.e., strong vs. weak curvature effects) can
be traced to corresponding changes in electronic structure, providing a physical interpretation
of these trends. Pt exhibits the weakest curvature dependence: the corresponding LR models
are dominated by small coefficients for descriptors based on either 4 of metal or ¢, of O,
consistent with limited curvature-driven variation in metal-adsorbate bonding. In contrast,
for metals exhibiting strong curvature effects (Mn and Fe), overlap descriptors S appear
consistently among the best-performing models and carry comparatively larger coefficients,

indicating that curvature more strongly perturbs hybridization-related bonding measures.
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Thus, curvature-driven changes in fundamental bonding indicators connect the observed

modifications in electronic structure to the corresponding curvature dependence of binding

energies.

Curvature-Dependent Overpotential:
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Figure 5: Curvature-dependent scaling relations among the reaction free energies (AG) of
ORR intermediates for representative M—N—C single-atom catalysts (Fe, Co, Mn, and Pt).
Each panel compares the free energies of two intermediates, with data points color-coded
according to curvature (red for positive and blue for negative curvature). The dashed line
represents the linear scaling relation.

Figure 5 extends the curvature-dependent adsorption analysis (Figure 3) to the corre-

sponding reaction free energies (AG) of the elementary ORR steps (see Methods). AG defines

the four proton—electron transfer steps in the ORR pathway and collectively determines the

limiting potential (Uy,) and the theoretical overpotential (7heo)-

22,34

The free-energy relations among the ORR intermediates (Fig. 5) exhibit consistent linear

trends across metals and curvature regimes, similar to those in Fig. 3. Specifically, AGoon

and AGg correlate positively, indicating that sites with stronger OOH binding also stabilize
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O intermediates. In contrast, AGoon correlates negatively with both AGony and AGh,o0,
reflecting that stronger binding in the early ORR steps leads to less exergonic protonation in
the later stages. Finally, AGong and AGp,o show a positive correlation, consistent with their
similar metal-oxygen bonding motif in the OH* geometry.

Positive curvature corresponds to less exergonic AG values—i.e., weaker adsorption and
energetics closer to the optimal thermodynamic window of 1.23 eV per proton—electron
transfer step. Conversely, negative curvature enhances O, and OOH binding, producing more
negative AGoon and AGg values. This stronger initial adsorption renders subsequent steps,
such as OH* formation and the second HyO formation, less exergonic, thereby determining the
limiting potential and overall overpotential. For Fe and Mn, step-3 (O* to OH* conversion)
and step 4 (OH* to HoO conversion) emerges as the limiting potential step. For Co and Pt,
however, the intrinsically weaker O binding makes the OOH formation step rate-determining
across all curvature regimes, consistent with its weak O, adsorption.

The npeo values across different curvatures show metal-specific trends. As shown in Fig. 6A,

Fe- and Mn-based systems exhibit curvature dependence, with 7, increasing systematically

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

as curvature becomes more negative. In contrast, Co and Pt display minimal variation in nyeo

across the curvature range, indicating reduced sensitivity to geometric distortion. For Mn

Open Access Article. Published on 17 March 2026. Downloaded on 3/17/2026 8:33:45 PM.

and Fe, positive curvature (valley-like regions) generally corresponds to lower overpotentials,

(cc)

whereas negative curvature (mountain-like regions) results in higher 7e,. This behavior
originates from the overbinding of early ORR intermediates—particularly O3 and OOH*—at
negatively curved sites, which makes subsequent protonation steps thermodynamically less
favorable. The weaker binding at positively curved regions aligns adsorption energetics more
closely with the ideal thermodynamic window, leading to lower neo-

Overall, the curvature dependence of 76, establishes a geometric design principle for opti-
mizing catalytic activity on curved surfaces: regions of positive curvature are more favorable
for achieving high ORR performance. In contrast, negatively curved sites, characterized by

stronger O, binding and higher 7., exhibit lower ORR activity but may serve as promising
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active sites for O-atom transfer reactions to organic substrates, which often compete with
ORR under electrochemical conditions. We therefore predict that on uneven or dynamically
corrugated surfaces, negatively curved regions can promote selective O-atom transfer, whereas

positively curved regions remain the most active toward ORR.

Role of Variable Curvature on the Overpotential

We now introduce the concept of wariable curvature-driven overpotential tuning, where
catalytic sites located at regions of different curvature can interact and exchange intermediates
(see page 12-13 in the Supporting Information). In this framework, we consider a hypothetical
surface composed of a mixture of flat, positively curved, and negatively curved M-N-C
sites that together form a multi-curvature reaction network. Within this network, different
elementary steps of the ORR are allowed to occur on distinct curvature regions, representing
the possible spatial and temporal heterogeneity of real catalytic surfaces under reaction
conditions. Specifically, we evaluate the overall limiting potential by sampling combinations
of AG values for the four ORR steps at five curvature positions—two positive, two negative,
and one flat (zero curvature)—for each metal center. It is important to note that this analysis
does not capture dynamic ripple formation or explicit diffusion processes; in other words, the
actual mode of communication across different curvature sites is not modeled here. Rather,
the objective is to demonstrate that dynamic ripples, which are known to exist in these
systems, can influence the overpotential. Moreover, experimental measurements typically
report ensemble-averaged values that may inherently include contributions from regions of
different curvature.

Through this multi-site interaction model, we observe a significant variation in the
calculated 7., compared to the static, single-curvature and flat surfaces (Fig. S10). In
general, we observe variations relative to flat surfaces, implying the need for an ensemble-
averaged framework that accounts for the involvement of sites with variable curvature. In

other words, across all metals, mixing of curvature sites produces an appreciable range of e,
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Figure 6: A) Variation of the calculated overpotential (7e0) as a function of curvature for
Fe, Co, and Mn M-N-C catalysts. For Pt, see Supporting Information. B) Effect of variable
curvature on the overpotential. The dashed line denotes the overpotential for the flat-surface
MNy sites, whereas the solid line represents the lowest overpotential obtained from Fig. 6A for
each metal. In all cases, deviations from the flat-surface overpotential occur in the presence of
surface corrugation. C) A schematic representation illustrating the coupling between regions
of different curvature to model a corrugated surface with variable curvature. This schematic
is not based on a specific modeled or experimentally observed surface, but rather serves as
a conceptual framework to convey that the presence of corrugation can influence catalytic
performance.
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underscoring that catalytic activity on corrugated surfaces cannot be fully represented by a

single-site model. Instead, an ensemble average over multiple curvature motifs is necessary.

Overall, we predict that on corrugated or dynamically deformed surfaces, cooperative effects
between regions of differing curvature can modulate intermediate binding and alter overall

reaction energetics.

Conclusions

In summary, we have systematically examined the influence of curvature as a vector descriptor
on Oy activation and the multistep ORR on M—N-C single-atom catalysts. We find that the
mechanism of O, activation depends on the sign of curvature, enabling selective harnessing of
oxygen atoms for orthogonal reactions—such as O-atom transfer versus ORR—on chemically
identical active sites located at regions of different curvature. The curvature dependence

of the ORR overpotential is more pronounced for Mn and Fe than for Co and Pt, where

curvature-dependent charge transfer and electrostatic effects can be more effectively exploited.

Furthermore, we introduce a variable curvature-interaction model demonstrating that, on
corrugated surfaces, the overpotential can be governed by the collective behavior of multiple
sites with varying curvature, underscoring the importance of incorporating such structural
sampling when predicting experimental observables. Experimental efforts combining operando
electrochemical measurements with spatially resolved microscopy could provide direct insight
into dynamic curvature effects, thereby linking geometric modulation with electronic structure

control in catalyst design.
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Methods

The adsorption (binding) energies of the ORR intermediates were calculated using the

following expressions:

AFEo, = Eoz — Evare — Eo,, (1)
A-E'O == EO* - Ebare - E02 + %EH27 (2)
AEon = Eon+ — Evare — Eny0 + 3 B, (3)

AEoon = Eoonr — Evare — Fo, — % En,. (4)

2

Here, E}.e denotes the energy of the M-N-C surface, and Ex- represents the nergy of
the surface with the adsorbed species X (O2, O, OH, or OOH). Eq, and Ey, correspond to
the gas-phase reference energies of Oy and Hj, respectively. The overall oxygen reduction

reaction (ORR) was represented by the following four elementary steps:

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 17 March 2026. Downloaded on 3/17/2026 8:33:45 PM.

Oy + H" + e + % — OOH*, (5)
OOH* + H + e~ — O* + H,O, (6)
K O*+H" + e~ — OH", (7)
& OH* + H" + e~ — Hy0 + . (8)

The corresponding reaction free energies were determined as:

AGoon = Goonr — Grare — Go, — 3G, 9)
AGo = Go- — Goon+ + Guy0 — 3G, (10)
AGon = Gon- — Go- + 1Gu, — Guso, (11)
AGu,0 = G0 — Gonr — 3G, . (12)

Here, Gyare denotes the Gibbs free energy of the M—N-C surface, and G x- represents the
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free energy of the surface with the adsorbed species X. Go,, Gu,, and Gy, correspond to the
gas-phase reference free energies of Oy, Hy, and HyO, respectively. All density functional theory
(DFT) calculations were performed using the QUANTUM ESPRESSO software package.
The generalized gradient approximation (GGA) with the Perdew—Burke-Ernzerhof (PBE)
exchange-correlation functional was employed with ultrasoft GBRV pseudopotentials. 49>
Dispersion interactions were included via the DFT-D3 correction developed by Grimme
and co-workers.’!A (6 x 6) graphene supercell was modeled with a vacuum spacing of
approximately 20 A. One hydrogen atom was placed at the mountain region away from
the active sites to maintain consistent rumpling amplitude and sinusoidal curvature across

metals and curvature values. More computational details are provided in the Supporting

Information.

Associated Content

Supporting Information is available on the RSC Mechanochemistry website, including addi-

tional density functional theory (DFT) calculation details and electronic structure analyses.
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