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Boron can become unintentionally incorporated into transition
metals during the reduction of metal salts with borohydride. The
presence of boron at the surfaces of transition metals (TMs) such as
Pd and Pt is known to significantly influence their catalytic properties.
In this study, we employ density functional (DFT) calculations to
investigate the thermodynamics and kinetics of boron incorporation
into ~1.5 nm particles and extended (111) surfaces of fcc-Co, Rh, Ir, Ni,
Pd, Pt, Cu, Ag, Au, and Al. Our results reveal that boron exhibits high
thermodynamic stability in interstitial subsurface sites on (111) surfaces
and nanoparticles of Rh, Pt, and Pd. Unlike extended surfaces, metal
nanoparticles (NPs) can also stabilize boron within the coordination
environment of surface metal atoms, with such sites being particularly
stable in Rh, Ir, and Ni nanoparticles. Furthermore, the energy barriers
for B migration at NP edge sites from the surface to subsurface
decrease to <0.5 eV (for all metals except Ir), and the migration barrier
for boron incorporation into the in-surface sites is lower than 0.2 eV.
Notably, B incorporation induces a shift in the d-band center of
adjacent metal atoms, which indicates its pronounced impact on the
catalytic activity of transition metals.

Introduction

Enhancing the performance of transition metal catalysts is
crucial for the development of new processes in the chemical
industry. Common strategies to enhance the catalytic performance
of transition metals include elemental promotion, alloying, and
engineering nanoparticle-support interactions."”” Notably, some
papers report on the critical role of small main-group atoms such
as H,>* B,” C,° and N” incorporated into transition metal catalysts
on the electronic structure and activity of the latter.® The uninten-
tional incorporation of light elements into TMs can occur during
catalyst preparation or upon exposure to reaction conditions,
potentially leading to uncontrolled effects on the catalytic activity.
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New concepts

Transition metal nanoparticles of Pt, Pd, Rh, Ir, and Ni are calculated to
incorporate boron atoms between the surface atoms into “in-surface”
sites, which is a concept not observed in single-crystal surfaces. Moreover,
the metal nanostructuring reduces the barrier for the migration of boron
atoms from the surface to the highly stable in-surface and
subsurface sites.

For example, boron incorporation into metal nanoparticles
(NPs) has been achieved using precursors such as boric acid’
and diborane.'® Indeed, many transition metals as well as Al'*
form strong bonds with boron atoms, resulting in the for-
mation of metal borides, which exhibit a wide range of applica-
tions due to their exceptional mechanical’® and catalytic
properties.”® For instance, nickel boride is widely used as a
catalyst for reducing unsaturated hydrocarbons.* Moreover,
the incorporation of low concentrations of boron atoms into
TMs such as Co, Ni, Pd, and Pt has been reported in multiple
studies."*™*®

In particular, introducing boron enhances the stability of Pt
and Pd catalysts by inhibiting the sintering of nanoparticles on
metal oxide supports."®?° Additionally, boron doping was
shown to enhance the catalytic activity of Pd supported on
carbon black in the formic acid electro-oxidation reaction.'*>?*
For example, Chan et al.>® reported that boron residing in
interstitial lattice sites of Pd nanoparticles improves the selec-
tivity of the alkyne hydrogenation. A recent study on propane
dehydrogenation over Pt/Al,O; found that boron treatment
alters the selectivity of the catalyst."® Other studies suggest that
boron incorporation into supported Co NPs enhances CH, and
CO, activation by stabilizing boron in the interstitial sites of
fce-Co(100) facets."” Similarly, Xu et al.'® found that the addi-
tion of 1.0 wt% boron to Ni catalysts during methane steam
reforming significantly improves the catalytic stability, redu-
cing the deactivation rate by a factor of 3 and lowering carbon
deposition by 80%. Sargent et al.>* demonstrated that boron-
doped copper enables tuning of the Cu*/Cu® ratio and enhances
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the C, product generation in electrochemical CO, reduction.
Among coinage metals, the potential formation of subsurface
boron has been suggested computationally only in Cu.>* Addi-
tionally, Wang et al.>® found, using DFT calculations, that the
incorporation of dispersed boron atoms in Cu-based electro-
catalysts significantly improves the selectivity of the CO, hydro-
genation to ethanol. This enhancement arises from the B
dopant acting as a charge transfer mediator, stabilizing key
reaction intermediates and altering reaction pathways, ulti-
mately facilitating C-C coupling to form ethanol.

However, the limited availability of unambiguous experi-
mental characterization of B-treated transition metal catalysts
has hindered a deeper exploration of the effect of B incorpora-
tion on the activity of transition metal catalysts. In particular, it
remains unclear which metals preferentially form surface bor-
ides and how boron incorporation influences the geometric
and electronic structure of the host metals.

To address these questions, we conducted a comprehensive
thermodynamic and kinetic analysis of boron incorporation in
NPs and (111) slabs of metals with face-centered cubic (fcc)
crystal structures using statistical thermodynamics and transi-
tion state theory. Specifically, we examined group 9 (fcc-Co, Rh,
Ir), group 10 (Ni, Pd, Pt), group 11 (Cu, Ag, Au), and Al. Our
study investigates the adsorption and absorption behavior of a
single boron atom on all possible surface, subsurface, and
interstitial sites of metal (111) slabs as well as 140-atom NPs
(~1.5 nm) under varying thermodynamic conditions using
DFT calculations. The nanoparticle shape was chosen as trun-
cated octahedral because this morphology is commonly
observed experimentally®® and allows direct comparison of
the calculated properties with those of the (111) slab.

Results and discussion

The first step towards understanding boron incorporation in
transition metals is to systematically examine its binding to all
possible sites. Fig. 1 illustrates the fcc and hcp sites for a single
boron atom adsorption on a metal surface, as well as octahedral
subsurface sites (oss) and tetrahedral subsurface sites below
hep and top sites on the surface (tss and tss’, respectively). The
DFT binding energy and Gibbs energy (relative to gas-phase
B,H¢) of the most stable configurations for boron on the NPs
are shown in Fig. S1 and Fig. 2, respectively (more details are in
the SI, Tables S1-S4). Please note that our tests show that the
values calculated on the employed M,4, models may differ by
up to 0.08 eV from the respective values calculated on bigger
M,,s models (Table S3). Such modest dependence of the
calculated results on the nanoparticle size implies the high
transferability of the obtained results to NPs of various sizes,
including those common in experimental studies and catalytic
applications.

The binding energy of B is calculated to be negative on three-
fold hollow sites of Pt(111) and hcp sites of Ir(111), whereas on
other metals, boron is unstable on surface sites. In general,
boron subsurface absorption is energetically preferred over
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Fig. 1 Distinct surface/subsurface adsorption sites on {111} terraces,
edges, and corners of M40 nanoparticles. The boron atom is marked as
a green sphere; edge atoms are coloured with a darker shade.

surface adsorption among all metals except Ir. For other
metals, the most stable oss subsurface sites exhibit ~0.3,
~0.5, and ~0.7 eV stronger binding energies of B compared
to the most stable adsorption sites on the respective metals
from groups 9, 10, and 11, respectively.

The boron incorporation process into metal NPs could
involve various sites due to the presence of metal atoms with
different coordination numbers (for example, on corners and
edges). The binding of B atoms to terraces of Pd NPs is
exothermic due to their somewhat stronger adsorption strength
compared to Pd(111). In turn, corner atoms on Rh and Ir NPs
adsorb B atoms notably stronger than {111} NP terraces or (111)
surfaces of the respective metals, which makes binding of
surface B to corner Rh atoms exothermic. Finally, B atoms
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Fig. 2 Gibbs binding energies of the B atom at the most stable adsorp-
tion, “in-surface”, and subsurface positions on the M(111) slab and NPs
calculated at 298 K. Co is displayed as lavender blue, Rh — purple, Ir —
orange, Ni — red, Pd — dark blue, Pt — green, Cu — brown, Ag — grey, Au —
yellow, and Al — pink. The line (y = x) represents equal binding energies
between the surface and subsurface or “in-surface” sites. The shaded area
highlights the region with negative (i.e. exothermic) Gying for adsorption or
absorption of boron.
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exhibit weaker binding energy on the surface of Co, Cu, Ag, and
Al NPs compared to their (111) slabs. In contrast, the effect of
nanostructuring is less significant for Ni and Pt. However,
many adsorption sites are not locally stable for B atoms on
metal nanoparticles because geometry optimization moves
these B atoms in-between the surface metal atoms to a new
type of site that we call “in-surface” (Fig. S2). These new sites
become the most stable sites for B on all studied metal
nanoparticles except Pd, Pt, and Ag. In particular, B binds
stronger in the “in-surface” sites on Ni nanoparticles, with
more than 1 eV higher stability than other sites. Importantly,
these sites are not locally stable for B on (111) slabs of the
considered metals except Al, where these sites are relatively
unstable (Table S1).

In turn, metal nanoparticles exhibit weaker B binding
energies in all subsurface sites of fcc-Co, Ir, Ni, Cu, Ag, Au,
and Al compared to the respective (111) surfaces (Fig. S3). In
contrast, the stability of B is increased when it is located in the
oss terrace subsurface sites of Rh, Pd, and Pt nanoparticles
compared to respective (111) slabs. In contrast, the binding
energy of B to subsurface oss sites on Ag NPs remains positive
despite their highest stability among all sites. The B atoms are
calculated to be locally unstable in many of the subsurface sites
in the considered NPs because they move from them to
adjacent “in-surface” sites during geometry optimization. The
impact of boron on the geometric structure of metal surfaces is
a question of interest due to its role in the formation and
breaking of metal-metal bonds. To explore this effect, the
displacement of the three neighbouring metal atoms and the
final height of the boron atom above the metal surface were
analyzed (eqn (S1), (S2) and Fig. S4, S5). The boron absorbed on
Au and Al (111) generates the largest distortion and the closest
boron-surface distance among all examined metals. In general,
the distortion generated by the B adsorption on the edge sites
of the NPs is more pronounced than that of the (111) NP
terrace. However, once B migrates to the subsurface, the level
of distortion becomes comparable to that observed on the (111)
surface. Conversely, when B is adsorbed at a terrace site on the
NPs, the distortion is greater than that observed on the (111)
surfaces. The most substantial distortion occurs when the B
atom is positioned at the “in-surface” of the NP, as it generates
the breaking of M-M bonds. The presence of B at this “in-
surface” site could play an essential role in the catalytic proper-
ties of the new system, as it introduces a novel active site with
distinct characteristics compared to the host metal atoms in
the NP.

To analyse the contribution of structural displacements to
the stability of B atoms in the metals, we decompose their
binding energies into electronic interaction energy and distor-
tion energy of the metal substrate (eqn S3-S5). The distortion
energies are quite small when B atoms are adsorbed on metal
slabs or nanoparticles and seem to become higher for heavier
transition metals (Fig. S6, S7). In turn, the distortion of the
metal substrate is much higher when B is located in subsurface
sites and correlates with the group of the metal atoms in the
periodic table. Surprisingly, the distortion of metal NPs is
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similar for the B location at the subsurface and at the surface
positions. In general, the results suggest that increasing the
coordination of the B atom enhances the interaction energy but
also induces larger geometric distortion, which imposes a
penalty on the system’s stability. However, this penalty is
smaller than the gain in interaction energy, resulting in higher
stability of the subsurface and “in-surface” sites for most
metals. This finding is particularly important for NPs, where
the most distorted “in-surface” sites emerge as the most stable
configurations for certain metals. Please note that the calcu-
lated binding energies of B atoms only roughly correlate with
the size of the metal atoms composing the NP, although
previous studies suggested that structures with five-fold sym-
metries may be stabilized at certain degrees of size mismatch.>”
Another question is whether the subsurface or “in-surface”
boron atoms can form in metal substrates during a typical
synthesis procedure. To address this, we evaluate the Gibbs free
energy of a typical source of B in the experiment, namely B,Hj,
decomposition into H, and B atoms under different thermo-
dynamic conditions (eqn (S6), S7 and Tables S5, S6). We focus
our analysis on B,Hg because its gas phase under ambient
conditions makes it more reactive than other boron precursors
like H3BO;. For the boron atom interacting with (111) slabs, all
the surface and subsurface sites of Pd and Pt are more stable
relative to the boron precursor (B,Hg) in the gas phase at
standard temperature and pressure (Fig. 2). In turn, for Ni,
Gpind is negative only in the subsurface of (111) slabs and NP. In
contrast, group 11 elements and Al do not have any site where
the B adsorption or absorption possesses a negative Gping value.
Furthermore, Ir and Rh stabilize B on the surface of single
crystals or “in-surface” of NPs, whereas fcc-Co stabilizes B
slightly only on the “in-surface” sites of the NP models (Table
S6). The incorporation of B in cobalt nanoparticles and its effect
on the catalyst activity in the methane dry reforming reaction
have been described by Takanabe et al. in previous studies."”
The higher stability of subsurface and “in-surface” sites
compared to those of the surface sites raises the question of
the kinetic feasibility of boron migration (Fig. 3 and Tables S7,
S8). For Rh and Ir (111) slabs, the barriers for boron migration
from surface fcc sites to subsurface oss sites (G, > 1.1 eV) are
the highest of all the metals studied, making these transition
processes unlikely even at relatively high temperatures. In
contrast, the fcc-Co NP and Pd group exhibit lower energy
barriers for boron boring from fcc to oss sites on the (111)
slab, ranging from 0.37 to 0.84 eV. The lowest barriers on the
(111) surfaces are observed for Cu, Ag, and Au in group 11, with
values of 0.47, 0.29, and 0.22 eV, respectively. Moreover, the
barrier for boron incorporation into Al NPs is below the thermal
energy threshold (kgT). We also studied B migration from hcp
to tss sites for metals, where the latter sites are stable for B (Ir,
Pd, Pt, and Au). The results show that the activation barriers for
B migration from hcp to tss sites are similar to the barriers for
the migration from fcc to oss sites on all considered metals.
Please note that such low migration barriers do not undermine
the stability of subsurface boron. For example, our molecular
dynamics simulations confirm that B in a subsurface oss site in
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Pd nanoparticles is stable for, at least, 10 ps at 300 K. However,
the Gibbs barrier for its migration to the surface is around
1.4 eV (Fig. S9). The stability of boron located at the tss site of
the Pd NP, where the barrier to migrate to the surface is only
0.45 eV, was also determined using a similar MD simulation. In
this case, the B atom preferred to diffuse to the neighbouring
oss site after 1.5 ps.

Interestingly, the energy barriers for B incorporation
decreased significantly at the NP edges relative to the barriers
on M(111) slabs. For fcc edge sites, nanostructuring of Rh and
Ir reduced the barriers of B migration by 0.70 and 1.20 eV,
whereas on Ni and Pd the nanostructuring reduced these
barriers to 0.43 and 0.03 eV, respectively (Fig. 3). The B transi-
tion from fcc to oss sites on terrace nanoparticle positions
presents only minor variations in their barriers compared to
the (111) surfaces because of similar coordination numbers of
terrace metal atoms. On the other hand, the B transition from
hep to tss sites on terrace nanoparticle positions exhibits a
great reduction for Rh and Pd compared with the other sites.
Notably, the exceptionally low barrier for B migration on Pd NPs
is of particular interest, as the stability of B at oss sites is the
highest among all metals. Additionally, the absence of stable
surface sites for B adsorption on Al and Au NPs could suggest
that B migration in the subsurface is spontaneous on these
metal NPs. In turn, most metals present barrierless B migration
from the surface into “in-surface” sites. The only exceptions are
fce-Co, Ni, Rh, and Ir with barriers below 0.2 eV. These results
indicate that the “in-surface” sites are readily accessible across
all metals. Overall, the B migration barriers from the surface to
subsurface of the NPs decrease in all cases compared with the
metal (111) surfaces; the barriers of group 9 (Co, Rh, Ir) are still,
on average, higher than those of group 10 (Ni, Pd, Pt), and group
11 (Cu, Ag, Au). Finally, the surface/“in-surface” migration
exhibits barriers below 0.2 eV due to the highest stability of
the latter sites on all metals except Pd and Pt.

The incorporation of B modifies the electronic structure of
adjacent metal atoms (Fig. 4 and Table S9), which is crucial for
their catalytic properties. For example, oss subsurface B
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Fig. 4 Relationship between the d-band center shift on adjacent metal

atoms to B in surface fcc (Acl™) and subsurface oss (Ae3™®) sites, as well as

in-surface (A¢l) sites on M(111) surfaces and NPs. Co is displayed as
lavender blue, Rh — purple, Ir — orange, Ni — red, Pd — blue, Pt — green,
Cu - brown, Ag — grey, Au — yellow, and Al — pink. The diagonal line (y = x)
represents equivalent values in the d-band shift for surface and subsurface
positions. The horizontal line (y = 0) represents a zero shift of the B-doped
metal compared to the pristine material.

bestows negative charge between 0.3 and 0.6 to the adjacent
surface metal on (111) surfaces of Rh, Ir, Pd, and Pt. The
charging of surface metals by B is amplified between —0.8
and —0.5 a.u. on Pd and Pt NPs. Similar charges between —0.55
and —0.4 a.u. are calculated on Rh and Ir atoms adjacent to “‘in-
surface” B atoms in nanostructured metals, whereas no charge
is found on Co and Ni atoms.

In turn, the d-band shift is the most pronounced for
adsorbed B atoms, because subsurface and in-surface B atoms
induce tensile strain in the metal substrate, which pushes the
d-band in the opposite direction.'® Thus, the subsurface B in
(111) surfaces shifts the d-band centers, Aeq, of adjacent metal
atoms to 0.3-0.5 eV towards more negative values, whereas
these effects can be reduced almost to zero on metal
nanoparticles.

Conclusions

Our comprehensive computational analysis of B binding to
various sites on (111) surfaces and nanoparticles of fcc-Co, Rh,
Ir, Ni, Pd, Pt, Cu, Ag, Au, and Al revealed that non-coinage
transition metals can incorporate B. Namely, boron atoms are
highly stable in the subsurface region of the (111) surfaces of
Rh, Pd, and Pt. However, the activation energies for subsurface
B formation in the (111) surfaces of fcc-Co, Rh, Ir, and Pt are
above 0.8 eV, and only for Pd(111), this barrier is as low as
0.34 eV. Moreover, this barrier for B migration into the subsur-
face decreases below 0.2 eV on {111} terraces of the Pd NPs. The
calculated barriers for boron incorporation are also below
0.5 eV at the NP edge sites, for all metals except Ir.

This journal is © The Royal Society of Chemistry 2025
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Interestingly, on Co, Rh, Ir, and Ni nanoparticles, B atoms
have the highest stability at “in-surface” edge sites, where B is
in the same plane as surface metal atoms. The activation
barriers for B migration from surface to “in-surface” are
calculated to be below 0.2 eV, which indicates a high rate of
this process under exposure of the metal to B-containing
compounds. Our analysis shows that the distortion of metal
substrates is similar upon B incorporation into “in-surface” or
subsurface sites, but much higher than the distortion by
adsorbed B. At the same time, B dopants have low stability
on nanostructured or single-crystalline Cu, Ag, Au, and Al,
although the barriers for B migration between various sites
on these metals are below 0.4 eV.

The incorporation of B can decrease the charges on adjacent
metal atoms in Rh, Ir, Pd, and Pt by 0.3-0.8 a.u., and shift their
d-band by up to 0.5 eV towards more negative energies. Hence,
controlled or uncontrolled incorporation of B into subsurface
or “in-surface” sites on non-coinage transition metals during
catalyst synthesis could be expected to dramatically change
their catalytic properties.
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