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The high-entropy boride (HEB) Alg>NbgoPto2Tag»Tio2B>, with its unique crystal structure and high
coordination (platinum coordinated to 12 boron atoms), has been shown in our previous work to exhibit
exceptional catalytic properties, especially in sulfur-rich environments, where traditional platinum cata-
lysts would succumb to sulfur poisoning. In this work, we investigate the mechanism of the HEB catalyst,
first by comparing the synthesis by flux growth, as previously reported, to an arc-melting preparation. It is
evident that the aluminum flux growth synthesis encourages the growth of single crystals, with clear and
defined crystal facets, whereas the arc-melted sample exhibits poorly defined facets with non-uniform
morphology. Here, we explore two potential mechanisms: hydrogen spillover effect (HSPE) and hydrogen
atom transfer (HAT), by which the catalytic pathway is performed. Hydrogenation reactions were per-
formed using WOs3 and 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO), which highlight the ability of the
heterogeneous HEB catalyst to perform hydrogenation through a suspended solid solution in addition to
a dissolved solution. We propose that the HEB Alg»Nbg »Ptg>TagsTig 2B, follows a hybrid HAT/HSPE
mechanism, where H; binds to the platinum atoms on the edges of the HEB and dissociates, and then the
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Introduction

Catalysis is vital to our modern world, and it contributes to
more than 35% of the global GDP, being the cornerstone of
many industrial processes, where 80% of manufactured goods
involve catalysis at some point in their processing."” Within
this catalysis sector, in 2023, global demand for hydrogen
reached 97 megatons with production coming mainly from
fossil fuels.” Given how deeply catalysis is embedded in
modern society, and how important hydrogenation is to
modern chemical industries, it is important to understand its
mechanisms to ensure its continued evolution and uncover
new applications in both commercial and research
industries.*® Hydrogen spillover (HSPE) refers to the phenom-
enon in which fundamentally, hydrogen atoms migrate along
the surface of a heterogeneous catalyst, typically by the use of
spilling over onto a catalyst support for the use of hydrogen-
ation catalysis.””® Similarly, hydrogen atom transfer (HAT)
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radical hydrogen departs to the substrate.

allows for the migration of hydrogen radicals through the use
of ligands in homogeneous catalysts.’ Given the dichotomy of
heterogeneous vs. homogeneous catalysis which is fundamen-
tal to their form as a solid state material versus a discrete mole-
cular compley, it is unusual to find a compound that exhibits
the behaviors of both.

In our previous work, Rosenberg et al. used the stabilization
from high mixing entropy to force platinum to alloy into the
high-entropy boride (HEB): Al, ,Nby »Pty T4, iy »B,. This was
the highest-coordinated platinum boride species reported thus
far, a remarkable 12-coordinated platinum boride phase.'®
Platinum borides, prior to the discovery of this HEB, were only
boron-poor phases with low platinum coordination: Pt;B,
(platinum coordinated by 6 boron atoms), PtB (platinum co-
ordinated by 6 boron atoms), and Pt,B (platinum coordinated
by 3 boron atoms)."*™** The fascination with forming a plati-
num high-entropy diboride comes from its unique crystal
structure of alternating borophene sheets and metal atoms
(Fig. 1). Platinum-based catalysts are poisoned by ppm concen-
trations of sulfur."**® Boron contributes sulfur resistivity for
poison-resistant catalysis, allowing it to avoid sulfur poisoning,
even at elevated sulfur concentrations, and enabling a longer
catalyst lifetime."””™"® What made Aly,Nbg,Pt,Tag,Tig B,
remarkable was its ability to catalytically reduce 4-nitrothio-
phenol which contains a thiol group directly functionalized to
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Fig. 1 Atomic representation of the AlgNbg>Ptg,Tag2Tio B2 hexag-
onal crystal structured high-entropy boride; the yellow spheres rep-
resent the boron atoms, and the purple spheres represent the random
distribution of metal atoms Al, Nb, Pt, Ta and Ti.

the substrate. This would have been the worst possible test
case for poison-resistant catalysts as the substrate itself is poi-
sonous at ~1000 ppm loadings, far exceeding the sulfur toler-
ance of previous poison-resistant catalysts. This remarkable
tolerance must be derived from the borophene sheets’ most
important function, that is, shielding platinum from sulfur,
while maintaining its high catalytic activity.

High-entropy alloys were first introduced by both Yeh and
Cantor who proposed that incorporating five or more principal
elements could promote the formation of a single-phase
structure.”®*" The high mixing entropy of the structure’s five
or more components thermodynamically stabilizes a single
solid-phase compound, enabling them to overcome the ten-
dency to separate into individual phases and form a single
solid-solution phase at elevated temperatures.”® Here, the
change in Gibbs free energy AG = AH — TAS (where G is Gibbs
free energy, H is enthalpy, T is temperature, and S is entropy)
where the larger AS will cause AG to become negative and
thus facilitate the spontaneous formation of a high-entropy
alloy. The four additional metals that were alloyed with plati-
num in our HEB were chosen diligently following the Hume-
Rothery rules for alloying; all these metals crystalize into
diborides, their metallic radii (size) differ by less than 15%
from that of platinum, and they have similar electronegativities
and counts of valence electrons.>** The Hume-Rothery rules
for alloying established a basic elemental scaffold, which was
then adjusted to break the Hume-Rothery rules to force plati-
num into this high-entropy boride. Our previous work had not
investigated the mechanism or route for how hydrogenation
catalysis occurs. We hypothesize that the HEB follows a hybrid
mechanism between the hydrogen spillover effect, as found in
heterogeneous catalysis, and hydrogen atom transfer, as found
in homogeneous catalysis.”®> Both mechanisms produce
mobile hydrogen radicals as the principal reducing agent. In
this work, we look to find convincing evidence that the HEB is
capable of using a hybrid HSPE/HAT mechanism for its cata-
lytic pathway.

In 1964, Khoobiar reported in his seminal paper that the
normally green WOj is reduced by H, gas to blue H,WO; when
in contact with a platinum metal catalyst through simple
mixing, thus being the first to establish the possibility of
hydrogen spillover.”® This process was later characterized as
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hydrogen spillover by Boudart et al., which is described as the
migration of hydrogen atoms from a hydrogen-rich platinum
surface, spilling over to a hydrogen-poor surface and reducing
the WO,.>* While the exact definition of HSPE is theoretical,
the most commonly accepted explanation is that a hydrogen
molecule (H,) attaches to the heterogeneous platinum catalyst,
dissociating into atomic hydrogen on the platinum surface,
and finally hydrogen spills over from the catalyst onto its
support toward the substrate.>® In addition to the work done
by Khoobiar and Boudart on their fundamental contributions
to understanding spillover as a concept, progress has continu-
ously been made in applications utilizing spillover for hydro-
gen storage and advances in catalysis.>*>° On the other hand,
hydrogen atom transfer with homogeneous transition metal
catalysts consists of a hydrogen source dissociating on the
metal complex, followed by a radical reaction with the co-
ordinated hydrogen.*°~?

1
L-M + 2 H, <~ L-M-H

L-M-H+ X — L-M + H-X

HAT specifically requires the formation of transferable
hydrogen radicals from homogeneous catalysts typically in
solution. These two reactions will be important to get closer to
identifying the actual mechanism that our HEB is using for
hydrogenation catalysis. It is important to note that pure
hydrogen gas is incapable of performing the HSPE or HAT, as
without a catalyst, the hydrogen will not dissociate into mobile
hydrogen atoms.’

In this work, we investigate whether our HEB catalyst can
hydrogenate both WO; and 2,2,6,6-tetramethyl-1-piperidiny-
loxyl (TEMPO) compounds, while comparing to a basic pure
platinum catalyst, which can readily hydrogenate these com-
pounds. While we observe the hydrogenation of WO; in the
traditional gaseous state reaction, we also further investigated
performing this reaction in a non-reducible liquid medium.
The TEMPO reactions were also examined in the same reaction
states. Researchers question whether HSPE can occur in a
liquid medium.>® The non-reducible solution is critical, as
otherwise the hydrogen radicals would reduce the solvent.
Here, we take a qualitative approach for analyzing the ability of
our HEB to hydrogenate WO; and TEMPO by observing their
prospective color changes after their respective reductions.
Furthermore, we show that our HEB catalyst maintains the
radical hydrogenation mechanism in poisonous environments
by purposely saturating the reaction environment with thiols.

Regardless of whether our HEB exhibits an HSPE or HAT
mechanism, the crystallinity and crystal structure are crucial to
the hydrogenation reaction.****> Hydrogen needs to have
sufficient space and access to bond to platinum; if the crystal
facets are not well defined, hydrogen will not be activated and
cannot contribute to the catalysis. In this work, we investigate
the difference in the synthesis methods of the HEB, comparing
the molten aluminum flux growth method with highly defined
facets to the arc-melting synthesis, which produces undefined
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crystal facets. Here, we show that clear facets along the crystal
edge are capable of being catalytically active.

Results and discussion

The high-entropy boride Al, ,Nbg ,Pty,Ta, »Tip B, is a hybrid
catalyst that straddles the division between homogeneous and
heterogeneous catalysis. From a heterogeneous catalyst per-
spective, HEBs are refractory borides that are insoluble in solu-
tion which enables their recovery and reuse. From a homo-
geneous catalyst perspective, the HEB is comprised of boro-
phene sheets that sandwich metal atoms. In effect, the boro-
phene layers serve as shielding ligands and the edges of single
crystals would thus resemble a metallocene. This hetero-
geneous catalyst is comprised of significant extended covalent
structures that would provide the protective effect of ligands in
homogeneous catalysts while maintaining the recoverability
and industrial relevance of heterogeneous catalysts. Here, the
covalent network would isolate catalytically active metal
centers just like homogeneous catalysts, and the exposed
surface of the single crystal facets would perform like
anchored homogeneous catalysts but with exceptionally higher
stability owing to the refractory nature of heterogeneous
catalysts.

To gain a deeper understanding of how the crystal struc-
ture, or more specifically the morphology, affects its catalytic
activity, we investigated the crystallization of the HEB across
synthetic methods. In our previous work, we had prepared the
HEB Al ,Nb, ,Pty,Tay,Tip,B, by crystallizing it in molten
aluminum; this modified flux growth method was adapted
from single-crystal growth and thus we would expect to obtain
tiny single crystals as the product. Likewise, arc melting from
elemental Al, Nb, Pt, Ta, Ti, and B should result in an ingot
that upon crushing should result in a poorly faceted sample
with random morphology akin to crushed powder. When com-
paring the arc-melting vs. flux growth methods for synthesiz-
ing the HEB Al ,Nb ,Pt ,Ta, ,Tig2B,, we can see that the flux
grown sample is more crystalline, containing abundantly clear
facets and numerous hexagonal macrocrystals, which are
reflective of its hexagonal microcrystalline structure (Fig. 2).
Energy-dispersive X-ray spectroscopy (EDS) was performed on

n' | Regulus 15.0kV€ 6mm x¢. ;k sE(UY 10.04m

Fig. 2 Scanning electron microscopy images of the different synthesis
methods of the HEB AlO_ZNbO_ZPtO_ZTaO_ZTiO_2B0_2~ (A) Flux growth
method, showing its clear and numerous facets. (B) Arc-melting syn-
thesis, showing poorly defined facets.
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single microcrystals to show the homogeneous distribution of
metals on the surface of the crystals (Fig. S1-S371). The powder
X-ray diffraction (pXRD) patterns for both samples confirm the
crystal system as MB, (AlB, type) with the space group (191)
P6/mmm, while the arc-melted sample has some Al,O; impuri-
ties present, which is a result of grinding the HEB ingot into a
fine powder using a sapphire mortar and pestle for analysis by
PXRD and SEM (Fig. 3).>°

With the flux grown sample found to be more crystalline,
what does this mean for their ability to perform hydrogen spil-
lover on WO;? To that end, we mixed WO; with our catalyst
and then performed the hydrogenation with hydrogen gas.
The flux grown HEB readily hydrogenates WO; in 5% H,, 95%
argon (Fig. 4C), whereas the arc-melted sample was unable to
hydrogenate WO; under the same gaseous reaction conditions.
To confirm that the arc-melted HEB was unable to catalyze
WO, first the time was increased to 24 hours in 5% H,, 95%
argon (Fig. 4D) and then the environment was changed to
100% H, over 24 hours (Fig. 4E). Neither method was success-
ful as the WO; was left in its green non-hydrogenated form,
whereas the flux grown HEB and platinum readily hydrogen-
ated WO; in a dilute hydrogen environment. This exemplifies
the necessitation for flux growth of the HEB, giving support to
the importance of platinum metallocene-like edges of the crys-
tals needed to drive catalytic activity. The arc-melted HEB
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Fig.3 (A) pXRD pattern of the flux grown HEB

Alp 2Nbg 2Ptg 2Tap »Tip 2B>. Note the three sharp peaks of the HEB with
their labelled Miller indices indicative of an MB, structure, the SiO,
peaks from grinding the unreacted powder using an agate mortar and
pestle, and AlB, forming from the aluminum flux. (B) pXRD of the arc-
melted HEB Alg ,Nbg >Ptg,Tag 2 Tip 2B,>. Note that the same HEB peaks
are present, and Al,O3 peaks are also prevalent, due to the final polish-
ing of the sample into a fine powder after breaking up the ingot using
the synthetic sapphire mortar and pestle.
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Fig. 4 (A) Unreacted WOs powder. (B) WO5 after hydrogenation with
pure platinum powder in the presence of 5% H,, 95% argon after 1 hour
shows H,WO3 formation. (C) WO5 after hydrogenation with the flux
grown HEB catalyst in the presence of 5% H,, 95% argon after 1 hour
shows H,WO3 formation. (D) WOs after exposure to the arc-melted HEB
catalyst in the presence of 5% H,, 95% argon, unreacted after 24 hours
shows no reduction. (E) WO after exposure to the arc-melted HEB cata-
lyst in the presence of 100% H, shows no reduction after 24 hours.

cannot bind hydrogen with platinum and dissociate or trans-
port hydrogen to the substrate. Here, facet expression around
the edges is less pronounced, which can be seen from the SEM
images and explained by the observance of size broadening
from the pXRD pattern of the flux grown HEB, confirming the
existence of smaller crystals.

Given the hybrid nature of Aly,Nbg ,Pty,Ta2Tip2B,, the
potential mechanism for hydrogenation can be viewed from
the lens of a homogeneous, hydrogen atom transfer mecha-
nism or a heterogeneous, hydrogen spillover effect mecha-
nism. As the edges of the single crystal particles should
resemble a platinum metallocene, each platinum atom can be
thought of as an isolated atom surrounded by ligands. In
effect, the edges should behave as a platinum complex which
is known to release hydrogen radicals.>® We hypothesize that
similar hydrogen atom transfer mechanisms can be explained
by Scheme 1. When viewing the mechanism from the lens of a
heterogeneous, hydrogen spillover effect mechanism, the boro-
phene sheet separation can be thought of as a pore. Based on
the pXRD pattern, we can determine the interlayer spacing
between borophene sheets by using the lattice parameters: a =
3.073(2) A and ¢ = 3.278(1) A.*® The [001] Miller indices would

B,,PtH —— B,,Pte + H
He + T —— R-T

Scheme 1 The mechanism of hydrogen atom transfer potentially
involved in the HEB. The hydrogen gas dissociates onto the platinum
complex, followed by a radical attack on the coordinated hydrogen from
T (representing a reducible moiety). Note that B;, represents the boro-
phene layer as the ligand on platinum.
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represent the d-spacing of the borophene sheets representing
the interlayer spacing. We can then subtract the Slater radii of
two boron atoms (0.85 A) to find the true pore size to be
1.578 A.*” This is just large enough for hydrogen atoms (1.0 A
in diameter) to access the platinum atom, while being small
enough to prevent any other species such as poisonous sulfur
(2.0 A in diameter) from binding to the catalytically active
site.’” From there, the hydrogen dissociates into atomic hydro-
gen, leaves the “pocket”, and then spills over the surface of the
particle. It could be argued that within the high-entropy
boride particles, the surface serves as the non-reducible
support for the entrapped platinum atom (Fig. 5).

Indeed, spillover has been the mechanism in previous
attempts at poison-resistant catalysts where the restrictive pore
size selectively ensures that atomic hydrogen is the mobile and
active species. Yang et al. implanted platinum nanoparticles
inside zeolite cages with 3 A pores, and were able to demon-
strate sulfur tolerance by sequestering platinum and using
spillover hydrogen as the reducing agent.’® Likewise,
Calderone et al. encapsulated platinum colloids in nanoporous
silica with ~4 A pores and were able to achieve some degree of
sulfur tolerance.’® Regardless of the mechanism, both HAT
and HSPE rely on mobile hydrogen radicals to serve as the
principal reducing agent. It could be argued, what makes the
HEB sulfur-resistant is that boron’s role in the mechanism is
more than just a steric shield against sulfur. To confirm
whether a boron-hydrogen bond is formed, we exposed the
HEB catalyst to H, under 1 atm for 24 hours and measured the
sample using FTIR, which showed no peak around 2500 cm™,
suggesting that no boron-hydrogen bond is formed in the
catalytic process (Fig. S41).*° Additionally, the WO; samples
were analyzed via pXRD before and after the reduction to
confirm that a hydrogen insertion is taking place rather than
forming a suboxide or ordered oxygen vacancies (Fig. S51).

1l
O W)

00g 0

Fig. 5 Potential hydrogen spillover effect on the HEB. The hydrogen
gas (red) dissociates, binds to platinum (purple) and spills over along the
surface of the particles.
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To further study the mechanism and identify the principal
reducing agent, we investigated WO; and TEMPO reduction in
methanol solution under 100% hydrogen gas. Holzapfel et al.
reported using platinum catalysts to reduce TEMPO, a stable
radical solution, via a hydrogen spillover pathway.*! Similar to
the WO; hydrogenation, the TEMPO reduction results in a
color change from its natural amber coloration to a water-
white coloration.*’ Both the HSPE and HAT mechanisms
produce hydrogen radicals; we use TEMPO as a secondary con-
firmation of whether our HEB is able to indeed perform hydro-
gen spillover.*’ The TEMPO compound necessitated a liquid
medium, due to its volatility. The possibility of HSPE occurring
in solution is still debated, particularly whether a hydrogen
radical can transfer and remain stable, even in a non-reducible
solution. HSPE occurring in solution is still up for debate,
whether it is possible for spillover to occur in solution and
whether a hydrogen radical is willing to spillover and be stable
in solution, even if the solution is non-reducible. This hetero-
geneous catalysis was done with a suspended solid solution -
WO; - and in a dissolved solution - TEMPO. The HEB and
platinum catalysts were both able to hydrogenate both WO,
(Fig. 6D) and TEMPO samples (Fig. 6H). The control HEB
Aly 55Nbg »5Tag 25Tig 25B, Was used to show that platinum was
required to facilitate the hydrogenation catalysis (Fig. 6B and
F). Switching from a gaseous environment to a liquid medium
meant that the reaction time needed to be increased as the
rate of reaction was slowed down significantly; we increased
the time from 1 hour to 48 hours. While the HEB was able to
readily hydrogenate the samples spiked with benzyl mercap-
tan, the pure platinum sample, expectedly, was poisoned and
was unable to perform its hydrogenation reaction. As expected,
the borophene layer acted as a poison-resistant shield, where
the pure platinum sample was left vulnerable to sulfur and
was inevitably poisoned and deactivated catalytically (Fig. 7).

We believe that our HEB carries out hydrogenation catalysis
through a hybrid HAT/HSPE mechanism reflective of its

'
=
Fig. 6 Hydrogenation reactions of WO3 and TEMPO under 1 atm H; in
methanol for 48 hours with constant agitation. (A) WOz with no catalyst
shows no reduction. (B) WOs with the platinum-free HEB
Alg 25Nbg 25Tag 25Tip 25B2 shows no reduction. (C) WOz hydrogenation
with the pure platinum catalyst shows reduction. (D) WO3z hydrogenation
with the HEB catalyst shows reduction. (E) TEMPO with no catalyst
shows no reduction. (F) TEMPO with the platinum-free HEB
Alp 25Nbg 25Tag 25Tip 25B2 shows no reduction. (G) TEMPO hydrogenation
with the pure platinum metal shows reduction. (H) TEMPO hydrogen-
ation with the HEB catalyst shows reduction.
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Fig. 7 Comparison of the benzyl mercaptan doped hydrogenation
reactions between WOz and TEMPO under 1 atm H, in methanol for
48 hours. (A) WO3 hydrogenation reaction with the pure platinum cata-
lyst shows no reduction. (B) WOz hydrogenation reaction with the HEB
catalyst shows reduction. (C) TEMPO hydrogenation reaction with the
pure platinum catalyst shows no reduction. (D) TEMPO hydrogenation
reaction with the HEB catalyst shows reduction.

unique crystal structure. When we recreated the seminal
hydrogen spillover paper by Khoobiar et al. and compared
WO; hydrogenation between the HEB and pure platinum, both
the HEB and platinum metal demonstrated H,WO; formation,
suggesting the HSPE mechanism and reinforcing the idea that
the mechanism occurs under identical conditions. The reac-
tion with TEMPO helps confirm our suspicions that HAT/HSPE
is the preferred mechanism, as both generate hydrogen rad-
icals as the principal reducing agent. While the borophene
layer does a great job of protecting the platinum atoms on the
edges of the diboride single crystals, while doing this, it is cal-
culated based on the Slater radii that the d-spacing between
boron atoms is 1.578 A. This spacing is what prohibits sulfur
(2.0 A) from adhering to platinum, and this also contributes to
strong interactions with hydrogen, allowing sufficient room for
the hydrogen-platinum bond to form, followed by the dis-
sociation of hydrogen atoms on the surface. Hydrogen, stick-
ing out of the platinum ‘pocket’, has abundant room for reac-
tions to occur, whether it be through HSPE or HAT mecha-
nisms. In contrast, the catalyst exhibits a HAT-like mechanism
in solution. It is generally accepted that for hydrogen spillover
to occur, a non-reducible support must be present to allow the
hydrogen spillover to occur.” This coupled with performing
the reactions in methanol solution suggests a more homo-
geneous catalyst-like mechanism.

Conclusions

While it is not abundantly clear whether the HEB
Al ,Nbg ,Pty,Tag ,Tip,B, uses the hydrogen spillover effect
(HSPE) or the hydrogen atom transfer (HAT) mechanisms as a
catalyst in hydrogenation reactions, some valuable insights
have been obtained from the work done here; for example, it is
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critical that the HEB is synthesized using a flux growth
method, and this is pivotal for obtaining clear facets along the
crystals, allowing abundant room for platinum to perform the
catalysis within the diboride. The heterogeneous hydrogen-
ation reactions of both WO; and TEMPO and comparing their
successful reactions between the HEB and pure platinum cata-
lyst without a support suggests that the mechanism for the
HEB hydrogenation catalysis proceeds through a hybrid HAT/
HSPE mechanism. We propose that the mechanism for hydro-
genation is a hybrid of the two, where the H, binds to the
platinum atoms on the facet edges of the HEB and dissociates,
and then the radical hydrogens will depart to the substrate.
Future in situ and facet-dependent characterization will
examine the binding of hydrogen radicals and their exact
chemical state in relation to the HEB surface and subsequent
hydrogenation of oxides.*>** Additionally, theoretical model-
ling is planned to investigate the facet-dependent catalytic pro-
perties of the HEB using DFT calculations.** Time-resolved
UV-VIS spectroscopic measurements will be conducted in situ
using an alternative hydrogen source to gather kinetic data.*®
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