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ABSTRACT: Borides, an emerging family of materials with rich
and diverse stoichiometries and structures, have exhibited boron-
dependent catalytic properties where boron instead of the metal
governs the surface chemistry. However, boron motifs are
inherently polymorphic and can be prone to fluxional rearrange-
ment, making it difficult to resolve or control the active site
structures. Here, we show that metal doping can direct the
arrangement of surface boron and thereby tune the accessible
surface boron configurations. Using extensive global optimization
searches combined with ab initio thermodynamics, we identify
synthesizable surface phases across a range of surface boron
stoichiometries. The resulting surfaces display a wealth of
geometric and electronic structures, whose origins are traced to
dopant-stabilized boron rearrangements. These nonuniform multisite surfaces bind different adsorbates through distinct modes, thus
making it impossible to comply with conventional catalysis models such as scaling relations. We further demonstrate that
multiobjective searches can efficiently navigate this chemical space and reveal candidates that deliberately escape traditional activity-
selectivity-durability trade-offs. The results establish a promising catalyst system with highly controllable reactivity enabled by
dopant-dependent boron arrangements, and provide a generalizable workflow for other fluxional catalytic systems.
KEYWORDS: boride, doping, grand canonical ensemble, global optimization, surface phase diagram, surface rearrangement,
electrocatalysis, multi-objective Design

■ INTRODUCTION
Boron stands out within the periodic table due to its unique
electronic structure and valence count, affording unusual
chemical bonding modes rarely seen in other main group
elements.1 This underlies boron’s ability to form a large variety
of stable and metastable configurations in elemental poly-
morphs, inorganic clusters, and solid-state boride com-
pounds.2,3 The structural diversity inherent in boron-
containing materials directly translates into a broad distribu-
tion of physical properties and chemical reactivity.4 Different
arrangements of boron allow for distinct chemical bonding and
local environments, impacting how these sites behave and
interact with other chemical species or respond to external
stimuli.5

In catalysis, borides are emerging as a promising model
system due to their boron-dependent reactivity: boron, rather
than the other element in borides, has been identified as the
active species in various important thermal and electrocatalytic
reactions including oxidative dehydrogenation of light alkanes,6

hydrogen evolution,7 and CO2 reduction reactions.
8 Addition-

ally, the local chemical environment and surface arrangement
of boron atoms have been found to be key factors dictating
catalytic reactivity.9 Consequently, engineering the surface

chemistry of borides essentially amounts to manipulating
surface boron stoichiometry and arrangements to access the
richness of local environments seen in boron allotropes and
clusters.10

Metal doping, as a classic materials engineering strategy, has
been widely applied to improve various transition metal
compound catalyst systems such as chalcogenides or
pnictogenides.11,12 However, in the realm of boron chemistry,
doping has seen the most progress in isolated boron clusters.13

In contrast, explorations of metal doping effects in bulk solid-
state boride materials remain comparatively less extensive and
systematic. Furthermore, the surface of borides exhibits
significant fluxionality, often leading to dynamic surface
evolution or dramatic surface reconstructions.10,14,15 This
makes the investigation of doping effects especially challenging,
as the boron arrangement can strongly distort or even
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rearrange when dopants are introduced, unlike the simpler site
substitutions in most other compounds. Hence, understanding
how various dopants influence the resulting geometric and
electronic structures of boride surfaces remains a unique and
promising challenge.
In this work, we explore the chemical space of non-

stoichiometric diboride surfaces with various dopants through
grand canonical global optimization minima searches at the ab
initio level. We find that multiple distinct surface boron
arrangements can be present for each surface stoichiometry,
with the configuration being highly dependent on the dopant.
Synthesizable configurations are predicted from grand canon-
ical surface phase diagrams derived from ab initio thermody-
namics. We analyze the great diversity of geometric and
electronic structures induced by doping, as well as their
correlation with elemental properties of the dopants. The
diverse and heterogeneous surface boron sites afford different
binding modes for different adsorbates, inhibiting its
compliance with common catalyst design principles such as
linear scaling relations. Such an expansive reactivity space can
be explored by multiobjective optimization methods to identify
promising candidates considering multiple properties. We aim
to highlight the surprising structural diversity that arises from
simple doping and its catalytic consequences, and to provide a
general workflow for exploring the multidimensional reactivity
space of nonstoichiometric reconstructed catalyst surfaces.

■ RESULTS AND DISCUSSION

Predicting Synthesizable Surface Phases
In this study, we choose the B-terminated (100) facet of α-
phase molybdenum diboride (α−MoB2) as the parent system,
as it has been reported to have high activity toward the
hydrogen evolution reaction, with the reactivity originating
from the hexagonal boron layer within.7,16 For doping, we
consider the substitution of one subsurface Mo atom by
elements in groups IV to VIII in periods 4 to 6, except for Tc
which does not have any stable isotope. This model represents
the dilute doping limit where the layered boron structure is
preserved in the bulk and at the surface termination. This
allows us to better probe the extent of structural changes that
can be induced by minimal doping, and to avoid the otherwise
complication of phase segregation at higher doping ratios.
Our first step is to identify the surface phases that can be

practically synthesized upon doping. Due to boron’s
fluxionality and tendency to reconstruct,17 we could not
assume a fixed lattice as in the bulk structure. The usually high
variation in the boron-to-metal ratio in reagents18 also prompts

us to consider B-rich and B-poor surface stoichiometries. To
account for these complexities, we perform grand canonical
global optimization minima searches at the density functional
theory level, using our GOCIA code.19

For each dopant system, we sample 1000 surface
configurations with surface B coverage (θB) between −2/9
and 1 ML (B-poor to B-rich relative to the stoichiometric
termination) and obtained about 300 unique minima
structures that are symmetrically nonequivalent. Considering
the usually high temperatures involved in boride nanocrystal
synthesis,5,20 we only consider the global minimum surface
phase for each surface stoichiometry. As can be seen in Figure
1, there exist multiple surface boron arrangements for each
surface stoichiometry: At the stoichiometric termination
(denoted as B0), the surface boron can either arrange in a
hexagonal lattice as in the α-diboride bulk (configuration (i) or
to displace one of the B atoms to occupy the center of a
neighboring hexagon unit (configuration (ii), forming an
adatom-vacancy pair. The visualization of the larger-scale
periodic pattern of surface boron layer is shown in Figure S2.
At B coverage of −1/9 ML (denoted as B−1/9), configuration ii
(denoted as B−1/9-ii) has one vacancy per simulation box
located in the center of the hexagon unit above the dopant or
its adjacent one, respectively. Configurations B−1/9-i and B−1/9-
iii, however, prefer to displace a surface B atom to form two
vacancies and one adatom, similar to the case in B0-ii. For the
B-rich cases of B1/9, B2/9, and B1/3, there are no more vacancies
in the global minima configurations, and variations arise from
the relative arrangement of adatoms to the dopant (despite
that some of them share the same surface boron pattern).
Some configurations prefer to have adatoms atop the dopant
(B1/9-ii, B2/9-ii, B1/3-ii, B1/3-iii), whereas some prefer to have
them in the adjacent hexagonal ring or the second adjacent one
(B1/9-i, B2/9-i, B1/3-i).
Different dopants lead to different global minimum

configurations of the surface boron at each θB. For example,
surface boron would prefer configuration ii in the presence of
Cr, Mn, Fe, or Ru dopants, while configuration i would be
preferred for other dopants. The preference for surface boron
configuration is dependent on the dopant but is not identical
across the stoichiometries. In Table 1, we summarize the global
minimum configurations (shown in Figure 1) identified for
each dopant.
The condition of boride nanocrystal synthesis typically

involves a controlled B-rich environment and high temper-
atures, i.e., the system is a well equilibrated grand canonical
ensemble with respect to boron, and the system can always

Figure 1. All low-lying surface boron configurations at different stoichiometries. Each column corresponds to global minimum configurations (i, ii,
iii) of a surface boron stoichiometry.
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equilibrate to the thermodynamic global minimum surface
phase which depends on the dopant and μB.10 Therefore, the
appropriate thermodynamic metric is the grand potential ΩB
approximated as

G G nB nonstoi. stoi. B B= (1)

where G is the Gibbs free energy, nB is the difference in the
number of extra surface B atoms referenced against the
stoichiometric termination, and μB is the chemical potential of
boron corresponding to the condition of synthesis. By
calculating ΩB and formation energy Eform for all surface
phases at varying synthesis-relevant μB, we can construct a
surface phase diagram and identify the most stable surface
phase within the grand canonical ensemble, for each dopant of
study and any specific μB. This informs which surface
stoichiometries are thermodynamically accessible during syn-
thesis according to ab initio thermodynamics, with the
accessible ones marked by thicker colored lines in Figure 2.
Many surface stoichiometries become thermodynamically
inaccessible because they are less stable than neighboring
stoichiometries within the grand canonical ensemble; for
example, the B2/9 phase in the undoped system is always out-
competed in free energy. We mark such inaccessible phases

using strike-out text in Table 1. Importantly, being a local
minimum at a given stoichiometry does not guarantee
accessibility under synthesis-relevant conditions, as multiple
stoichiometries can coexist and compete on the same grand
canonical free-energy scale. The structures of all accessible
surface phases are provided in Figures S3−S7. From the
thermodynamic perspective of dispersed dilute doping, early
transition metal dopants (Ti, Zr, Hf, V, Ta) could be more
easily incorporated into the Mo diboride host than middle
transition metal dopants (Mn, Re, Fe, Ru, Os), but the
incorporation of all these dopants is thermodynamically
favorable relative to elemental forms. Note that, at a higher
doping ratio, alternative processes such as phase segregation,
in-bulk (instead of near-surface) redistribution, or the
formation of alternative compounds may become relevant.
These effects are beyond the scope of the present analysis,
which focuses on near-surface dilute doping scenario
motivated by available experimental evidence where well-
mixed diboride samples are prepared under a doping ratio of
0.3.4

We then investigate whether the surface boron would
rearrange in the synthesized catalysts, which is common in
some metal diborides such as MgB2.

17 The surface phase
transition from configuration i to ii for the stoichiometric
surface, as a representative scenario, is studied by nudged
elastic band (NEB) calculations for all dopants of study. In
Figure S8, we found that the transition must proceed by
migration of a B2 dimer, and the barriers are quite high for all
dopants, between 1.6 and 3.1 eV. Vibrational analyses and ab
initio molecular dynamics simulations also confirm the stability
of the as-formed surface phases (Supplementary Note S2).
Hence, it should be safe to assume that the surface boron
configurations would not easily rearrange at ambient temper-
ature on their own after the catalyst has been synthesized. This
also means that the metastable surface phases (gray lines in
Figure 2) may also be prepared, via nonequilibrium synthesis
techniques such as plasma or quenching, and they can remain
stable at room temperature to be potentially useful.
Origin of Dopant-Dependent Surface B Arrangement

The dependence of surface boron arrangement on the dopant
is intriguing. To systematically investigate this dopant-depend-
ent behavior, we take the configurations i and ii of the
stoichiometric surface as representatives of the pristine and

Table 1. Global Minimum Surface Boron Configurations of
All Doped Terminations with Varying Surface Boron
Stoichiometriesa

dopant B−1/9 B0 B1/9 B2/9 B1/3
Ti i ̵ i i i ̵ i
V ii̵i̵ ̵ i ii ii̵ ̵ i
Cr ii̵ ̵ ii ii ii ii
Mn ii̵ ̵ ii ii ii̵ ̵ iii
Fe ii̵ ̵ ii ii ii i ̵
Zr i ̵ i i i ̵ i
Nb i ̵ i i i ̵ i
Mo i ̵ i i ii̵ ̵ ii
Ru i ii̵ ̵ ii ii ii
Hf i ̵ i i i ̵ i
Ta i ̵ i i i i
W i ̵ i i i i ̵
Re i i ̵ ii ii ii
Os i i ̵ ii ii ii

aThe inaccessible phases are marked by strike-out lines.

Figure 2. Surface phase diagrams of surface B arrangement as a function of chemical potential of B for all dopants. The pink dotted lines mark the
lower and upper limit of chemical potential of B in synthetic conditions (from boron oxide to elemental boron).
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symmetry-broken case, and calculate the energy difference
between them (ΔEi−ii = Eii − Ei) for all dopants studied.
In the color-filled periodic table block in Figure 3a, there is a

rough trend, where heavier and earlier transition metals (Ti,
Zr, Hf, V, Nb, Ta, Mo, W, Re, Os) tend to prefer configuration
i over ii, whereas, lighter and later transition metals (Fe, Ru,
Mn, Cr) exhibit the opposite preference. This trend largely
persists for other surface stoichiometries, as shown by the
variation of the energy gap between configurations i and ii
(ΔEi−ii) in Figure 3b. For the B-rich cases (B1/9 to B1/3), the
surface B vacancy is absent, and the configurational preference
reflects whether the extra B adatom prefers to reside atop or in
close proximity to the dopant site. Thus, this can be viewed as
a matter of affinity between the dopant atom and the
additional B adatoms, within the hexagonal lattice of surface B.
To further understand the origin of this configurational

preference, we examined correlations between ΔEi−ii and
various atomic properties including covalent radii, electro-
negativity, cohesive energy, and Bader charge of the dopant
atom (Figure S10). Among them, the covalent radius shows
the best overall agreement with an approximate linear
correlation, suggesting the primarily geometric origin of the
stability trends. For the stoichiometric termination (B0), ΔEi−ii
scales nearly linearly with the covalent radius (orange circle
markers in Figure 3c), indicating a predominantly geometric
origin. Larger dopants crowd the local lattice, promoting
corrugation and favoring formation of the B7 motif by hosting
an additional atop B. Smaller dopants, by contrast, interact
more weakly with the B6 ring and stabilize the original lattice,
thereby repelling B adatoms from its atop position. The
competition between these two stabilization mechanisms
depends linearly on the covalent radius for the stoichiometric
termination and determines the configurational preference of
surface B arrangements.
Figure S11 shows that, as the surface becomes more B-rich,

the linear region shortens due to stronger intrinsic local
crowding. The ΔEi−ii flattens as the covalent radius decreases,
suggesting that surface B becomes insensitive to very small
dopants. Larger compositional deviations from the stoichio-
metric termination yield a smaller linear region and a larger
flattening region. At B1/3, the onset of flattening appears as
early as the covalent radius of Mo (the parent system). By
comparison, the B-poor surface also shows some nonlinear
behavior due to intrinsic lattice distortion, but lacks a
pronounced flattening region.
Note that we also examined the atomic charges of the

dopants and their local environments (Figures S26−S28),

which exhibit a similar trend but a weaker correlation with
ΔEi−ii (Figure S10). This suggests that the dopant-dependent
configuration of surface B is governed primarily by dopant size
and its fit within the hexagonal B lattice of the parent bulk. The
minor deviations from a linear trend reflect some electronic
interactions beyond simple size and electrostatic effects.
However, the subtleties of chemical bonding in metal−boron
systems are notoriously difficult to probe and represent using a
few simple metrics21 in a high-throughput screening study.
Structural Diversity of Surface B Moieties
The dopant-dependent surface boron arrangements are
accompanied by varying degrees of structural distortion in
the surface B layer. In Figure 4, the x-axis denotes the average

height of surface B atoms relative to the pristine stoichiometric
B termination. The full plot with error bars in exact scales and
the tabulated data are provided in Figure S29 and Table S1,
respectively. In general, B-poor and B-rich surfaces exhibit
lower and higher surface B heights, respectively. The relative
error ranges (scaled standard deviations of the surface B
height) further reveal stronger surface corrugation effects.
These geometric features have direct electronic consequences:
B-rich and B-poor surface phases display a broad distribution
of atomic charges, and the dispersion widens as the surface
deviates further from the stoichiometric case, driven by the
increased surface concentration of adatoms.

Figure 3. Analysis of the energy difference to go from configuration i to ii, ΔEi−ii, of each surface boron stoichiometry. (a) Top views of the
configurations i and ii, and the dopant table colored by the ΔEi−ii of B0 surface phases. Color code: Mo: dark cyan, B: pink, dopant: yellow. Warmer
or cooler colors in the lower panel indicate configuration i or ii being favored, respectively. (b) The ΔEi−ii at varying surface boron stoichiometries
for all dopants studied. (c) Correlation between ΔEi−ii and the covalent radii of the dopants.

Figure 4. Structural distortion and charge variation of surface B atoms
for different surface stoichiometries and dopants. B1/9, B0, B1/9, B2/9,
and B1/3 are colored by yellow, orange, green, blue, and purple,
respectively. The width and height of the eclipses represent the scaled
standard deviation in height and Bader charge of surface boron atoms,
which reflects the multimodal nature and relative distribution breadth
of the site properties. The standard deviations of heights and charges
are scaled by 0.25 and 0.1 for visual clarity, respectively.
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The larger dispersion of surface charge originates from
distinct local environments in different surface B arrangements.
In Figure 5, the local environments of surface B atoms (from

the surface phases in Figure 1) are classified into three types:
pristine sites, corresponding to defect-free hexagonal rings;
vacancy sites, formed by the removal of one B atom from the
hexagonal lattice; and adatom sites, located atop the center of
an intact hexagonal B6 ring.
Beyond their structural differences, the three site types also

diverge in charge states. Figure 5 presents the distribution of
Bader charges of surface B atoms across different site types.
Pristine sites are mildly anionic, with an average Bader charge
of about −0.2 |e|. Vacancy sites are more strongly anionic,
averaging −0.5 |e|. In contrast, adatom sites are mildly cationic,
with an average Bader charge of approximately +0.2 |e|.
Even within the same site type, variations in second-sphere

environments and local structural distortions induced by
different dopants and ΩB further modify the charge
distribution within the surface B layer. This gives rise to an
ensemble of heterogeneous sites characterized by a broad
distribution of charge states and, consequently, a wide range of
distinct local chemical properties.22

Uncorrelated Adsorption Modes and Energetics
To further evaluate the catalytic consequences of dopant-
dependent surface B arrangements, we compute the adsorption
energetics of various adsorbates. Due to the high degree of
heterogeneity in surface boron sites (vide supra), as well as
boron’s capacity to form diverse local motifs and binding
modes, we perform extensive global optimization to identify
the most stable adsorption configurations for each adsorbate−

surface phase pair. No binding modes or graph representations
are prescribed during the sampling, thereby allowing for the
discovery of unconventional binding modes. Between 10 and
50 unique binding configurations are identified per adsorbate−
surface phase pair, which can be broadly classified into six
groups, as illustrated in Figure 5a. In the following discussion,
only the most stable binding mode is used to evaluate
adsorption energetics.
We begin with the hydrogen evolution reaction (HER), for

which the parent system MoB2 has been reported to exhibit
exceptional activity. From the sampling of H adsorption, we
find that H preferentially occupies the center mode atop the
adatoms, and the bridge mode on pristine sites when adatoms
are absent. Both modes overbind H, with adsorption energies
Eads(H) spanning from −0.75 to −0.51 eV for the bridge
mode, and from −0.52 to −0.41 eV for the center mode. In
addition to H adsorption, we also evaluate OH adsorption,
which provides insight into the susceptibility of surface B to
oxidative dissolution via hydroxylation. Unlike H, OH can also
occupy the edge mode at vacancies. For surface phases where
both H and OH bind via the same mode: either bridge (green
cluster) or center (orange cluster). As a result, a near-linear
relationship emerges between Eads(H) and Eads(OH), with
similar slopes but distinct intercepts. In contrast, on certain
surface phases, H and OH adopt mismatched binding modes,
such as H in the bridge mode and OH at the edge (blue
cluster), or H in the bridge mode and OH in the center (red
cluster). These mismatched adsorption modes arise from
differing chemical bonding of the surface boron moieties,
resulting in an uncorrelated scattering of adsorption energetics.
Consequently, the overall trend is not governed by a single
scaling relation (which assumes unchanged binding modes),
but rather by an aggregate of multiple linear and uncorrelated
clusters. The accessible energy range for HER, induced by very
dilute doping through surface boron rearrangements, can reach
up to 0.5 eV.
Next we examine the impact of surface B arrangements on

the CO2 reduction reaction (CO2RR). Here, the key
descriptors are Eads(H) and Eads(CO).

23 Similar to HER, H
and CO adsorption exhibit no overall correlation, owing to
their decoupled binding motifs. The accessible energy range
for CO adsorption reaches 0.8 eV, ranging from the weakest
binding at bridge sites to the strongest binding at edge sites.
Motivated by previous reports highlighting orbital symmetry

alignment between the π* orbitals of N2 and boron frontier
orbitals,24,25 we also evaluate N adsorption, using gas-phase N2
as the reference. This descriptor reflects the propensity for N2
activation. We find an even broader energy range of 1.6 eV for
N adsorption, with the embedded mode providing the
strongest binding and the bridge mode the weakest.
For the nitrogen reduction reaction (NRR), high activity

requires balancing N2 activation with NH3 desorption, a
relationship often correlated on metallic surfaces. On boron-
rearranged surfaces, however, adsorption energetics are largely
uncorrelated, mirroring the cases of HER and CO2RR. Due to
the fundamentally distinct bonding characteristics of *N and
*NH3 on the diverse surface motifs afforded by boron, the
binding modes of N and NH3 never coincide on any studied
phase. On pristine surfaces where N binds via the bridge mode,
NH3 favors the atop mode. On surfaces with adatom-vacancy
pairs, N stabilizes at the embedded vacancy site, while NH3
adsorbs at the edge. On B-rich surfaces, N preferentially binds
in a trifold mode at adatom sites, while NH3 stabilizes in the

Figure 5. Classification of surface boron motifs. (a) The
configurations and adsorbate binding modes and (b) the distribution
of Bader charge for surface B atoms in different local environments.
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center mode atop the adatom. The electronic origins of these
binding preferences yield nearly decoupled energetics between
the embedded-edge cluster (orange) and the trifold-center
cluster (green): Eads(N) remains nearly constant, whereas
Eads(NH3) varies substantially. It is a similar case for larger
adsorbates such as *NNH which adopts slightly different side-
on bidentate binding mode over vacancy, pristine, and adatoms
sites (Figure S31). Hence, we expect there to be more drastic
decorrelating behaviors for larger and more flexible poly
atomic adsorbates, which could provide a greater design space
for complex multistep reactions.
Multiobjective Design of Boride Catalysts

Inspired by the energy range accessible through surface boron
rearrangements induced by very dilute doping, we next explore
the space of different dopants and surface B stoichiometries in
search of promising catalytic candidates. The key advantage of
this system lies in the heterogeneity of surface sites and the
resulting decoupling of adsorption energetics. To leverage this
property, we design a Pareto multiobjective search scheme
(Supplementary Note 3) aimed at optimizing multiple

adsorption-energy-based metrics within the defined chemical
space.
We first focus on identifying HER catalysts with both high

activity (using |ΔGads(H)| as the descriptor) and resistance to
oxidative dissolution (using Eads(OH) as the descriptor). In
Figure 7a, the Pareto frontier and the corresponding optimal
candidates are highlighted. For acidic HER, where hydronium
serves as the primary proton source, V-, Zr-, and Hf-doping in
B-rich surfaces markedly enhances HER activity. In contrast,
for neutral or alkaline HER�where proton supply originates
from water dissociation�W- or Fe-doped stoichiometric and
B-poor surfaces prevent hydroxylation of surface B while
retaining high HER activity.
For CO2RR, both activity and selectivity are jointly dictated

by the binding strength of H and CO. To promote selectivity
toward multicarbon products, the design principle is to weaken
H binding while strengthening CO binding.23 Figure 7b
presents the Pareto frontier and optimal candidates with
Eads(H) and Eads(CO) as the descriptors. Relative to the parent
system, the Re-doped B-poor surface strengthens CO binding
by 0.19 eV while weakening H binding by 0.10 eV. V-doped B-

Figure 6. Deviation from linear scaling relations due to surface boron configuration-dependent binding modes. The reactions are (a) hydrogen
evolution reaction, (b) CO2 reduction reaction, and (c) selective and (d) active nitrogen reduction reaction. Marker code: triangle: B−1/9, circle: B0,
inverted triangle: B1/9, square: B2/9, and pentagon: B1/3. Coloring indicates the binding mode combinations as in each legend. The black text next to
each marker indicates the dopant.

Figure 7. Pareto searches of doped diborides for (a) alkaline hydrogen evolution reaction, (b) selective CO2 reduction reaction, and (c) selective
N2 reduction reaction. A rough search direction is labeled by an blue arrow in each plot.
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rich surfaces, on the other hand, weaken both CO and H
binding by 0.24 and 0.59 eV, respectively. Under alkaline
conditions, Fe-doped stoichiometric surfaces and Ta-doped B-
rich surfaces exhibit weakened H binding while also
demonstrating increased resistance to hydroxylation. Although
all Pareto-optimal candidates remain comparable to Cu in
CO2RR activity, the energy range accessible through dilute
doping is nevertheless highly promising.
For the nitrogen reduction reaction (N2RR), the optimal

catalyst must balance N2 activation and NH3 desorption in
accordance with the Sabatier principle.26,27 As shown in Figure
6d, most boride surface phases readily activate dinitrogen but
tend to overbind NH3. We therefore define an N2RR
descriptor as |Eads(N) − Eads(NH3)|, which reflects the balance
between reactant activation and product desorption. To
account for competition with HER, we additionally incorpo-
rate the HER descriptor and target suppression of HER
activity. Given the critical role of reduced B species in nitrogen
reduction, an oxidation resistance descriptor is also included,
with higher values favoring improved stability against
hydroxylation or oxidation. In Figure 7c, Pareto-optimal
candidates are labeled, with yellow and blue markers denoting
more oxidation-resistant cases. Zr-doped stoichiometric
surfaces and Ti-doped B-rich surfaces exhibit higher N2RR
activity and lower HER activity than the parent system.
Meanwhile, Fe- and Cr-doped stoichiometric surfaces achieve
significantly enhanced N2RR, albeit with a slight compromise
in HER selectivity.
It is important to note that these designed systems are not

yet competitive with Cu in CO2RR or with nitrides in N2RR,
largely because the parent system herein (MoB2) is intrinsically
an exceptionally active HER catalyst. Nevertheless, this analysis
highlights the large energy range across different reactions that
can be accessed by very dilute doping, and the decorrelated
adsorption energetics that enable multiobjective catalyst
design.
Looking forward, the most promising research direction lies

in understanding and controlling nonuniform, reconstructed,
and heterogeneous surface configurations. Rather than
targeting a uniform surface dominated by a single type of
active site, the design of boride catalysts should aim to
engineer a distribution of local motifs�distinct local environ-
ments resulting from variations in dopant type/concentration
and surface B stoichiometry. Such heterogeneity in surface
motifs has the potential to decorrelate reaction energetics,
unlock new catalytic pathways, and manipulate conventional
activity−selectivity−stability trade-offs across a range of
reactions.

■ CONCLUSIONS
In this work, we have explored the chemical space of surface
boron rearrangements and demonstrated how these config-
urations can be tuned in a controlled way via metal doping and
surface boron-enrichment. Extensive ab initio global optimiza-
tion proves to be a powerful tool for sampling non-
stoichiometric reconstructed surfaces, revealing unconven-
tional binding modes and enabling thermodynamic predictions
of synthesizable phases. The resulting symmetry-broken,
heterogeneous surface phases introduces uncorrelated adsorp-
tion modes and energetics, challenging scaling-based catalyst
design principles. By performing multiobjective design, we
efficiently navigate the uncorrelated energy landscape and
identify candidates that escape conventional activity-selectivity-

stability trade-offs. Our findings highlight the potential for
highly tunable boride catalysts through very dilute doping and
suggest that complex, non-mean-field systems represent a new
frontier for catalyst design. More broadly, this study provides a
generalizable framework for exploiting fluxionality and local
structural diversity to engineer advanced catalytic surfaces.

■ COMPUTATIONAL DETAILS
The hexagonal face of α-phase molybdenum diboride (P6/
mmm) is modeled by a 6-layer 3 × 3 supercell of (001)
termination with a surface area of 71.581 Å. The bottom 3
atomic layers of the slab are constrained as the bulk region, and
all others are allowed to relax as the interface region. A vacuum
slab of 15 Å is added in the z direction to avoid spurious
interactions between periodic images.
The density functional theory (DFT) calculations are

performed with the PBE functional28 and PBE_PAW
pseudopotentials29,30 (H, B, and Mo_pv) using the VASP
program (version 5.4.4).31−34 The D3 correction is added to
better account for dispersion interactions.35 This combination
is based on our functional test (Supplementary Note 4) and
previous work.10 The convergence criteria for electronic and
force minimization are 10−5 eV and 2.0 × 10−2 eV/Å,
respectively. The Brillouin zone is sampled using Γ-centered 2
× 2 × 1 k-points, and the kinetic energy cutoff for the plane-
waves is 500 eV.
The adsorption energies are calculated from the DFT-

computed energies via:

E E E E(X) (surf X) (surf) (X)ads = (2)

where X is H, OH, CO, N, and NH3. The reference states are
gas-phase 1

2
H2, H2O-

1
2
H2, CO,

1
2
N2, and NH3, respectively. For

the free energetics, we consider zero-point energies and
vibrational contributions, all in standard conditions.
All electronic structure analyses are performed based on

converged wave functions or charge densities. Bader charges
are computed using the Bader Charge Analysis program.36 The
transition states are located using the nudged elastic band
method.37

The global optimization minima searches are performed
using our open-sourced Python package, GOCIA.19 The
structures of the undoped and doped surfaces, with varying
amounts of surface boron, are sampled with the box-sampling
method. The most stable adsorption configurations are
sampled with the fragment-based box-sampling approach. No
fixed lattices or connectivities are assumed during the
sampling. More details are in Supplementary Note S1.
Ab initio molecular dynamics simulations are performed

using the same DFT methods as mentioned, except for a lower
kinetic energy cutoff of 400 eV. The simulations are performed
within the NVT ensemble at 300 K with a Nose-́Hoover
thermostat.38,39 The simulations are run with a time step of 1
fs, and a 10 ps trajectory is collected after pre-equilibration for
analysis.

■ ASSOCIATED CONTENT
Data Availability Statement

All global and local minima structures from the global
optimization minima searches are available on the catalysis-
hub.org repository40 at data entry#ZhangDopant-de-
pendent2025. Full ensemble files, Bader charges, and
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GOCIA inputs are available on Zenodo at https://doi.org/10.
5281/zenodo.18136681.
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.5c08265.

The details of the grand canonical global optimizations,
the stability of the surface phases, the Pareto search
scheme for the multiobjective design, and the test of
density functional methods; statistics of the sampling of
nonstoichiometric doped surfaces; visualization of the
larger-scale periodic pattern of the surface boron layers;
structures of all accessible surface phases; the energy
difference between configurations i and ii for non-
stoichiometric doped surfaces and their correlation with
dopant properties; ab initio molecular dynamics
simulations; Bader charge of surface atoms of all
accessible surface phases; statistics of the sampling of
adsorption configurations; and structures of all global
minima adsorption configurations (PDF)
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