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a b s t r a c t

Intermetallic compounds composed of transition metals and semimetals or post-transition metals have
been shown to exhibit elevated selectivity in olefins and aromatics production and other reactions that
require control of C@C activation and functionalization. The vast number of element combinations avail-
able for intermetallic compound production necessitates down-selecting to isolate catalytically useful
compositional spaces. In this study, we have investigated the semi-hydrogenation of acetylene over
isoelectronic intermetallic compounds composed of nickel and the boron group elements at a bulk
stoichiometry of 1:1. We have isolated that orbital overlap between IMC constituent elements tracks well
with the nature of their bulk bonding, surface reactivity, and catalytic preference for the semi-
hydrogenation of acetylene to ethylene. The trend isolated appears to be universal and marks a subspace
within intermetallic compounds that is promising to focus further studies upon. Results also suggest the
possibility of accessing New Brønsted–Evans–Polanyi relationships over a subspace of intermetallic
compounds.

� 2019 Elsevier Inc. All rights reserved.

1. Introduction

Unsaturated hydrocarbons are critical chemical building blocks
in the chemicals industry, yet their production and functionaliza-
tion continue to be a challenge as the chemical industry shifts from
cracking large petroleum-based polyaromatics to the upgrading of
small molecules to olefins and aromatics [1]. Unsaturated CAC
bonds exhibit elevated reactivity, which is both the source of their
value as well as the difficulties encountered in their production
and functionalization. A multitude of chemical processes rely upon
catalysts that preserve C@C bonds in product molecules or gently
activate C@C bonds in reactants to facilitate their selective func-
tionalization through hydroreactions, e.g., semi-hydrogenation of
alkynes, linear and cyclic alkane dehydrogenation, selective hydro-
genation of unsaturated aldehyde, many hydrofunctionalization
reactions, biomass deoxygenation, etc. [2–13]. However, in many
cases, selective and highly tunable catalysts are still lacking for
current and future catalytic applications [14–20]. In an effort to
expand the roadmap for new catalytic materials, we have focused
upon understanding the surface and catalytic chemistry of inter-
metallic compound (IMC) catalysts in a systematic fashion. Specif-
ically, Ni-based IMCs with p-elements from the boron group. This

class of materials has demonstrated uniquely favorable surface
and catalytic chemistry in olefins production and is naturally com-
positionally rich [10,21–32]. The reaction of semi-hydrogenation of
acetylene has been utilized to illustrate control of surface chem-
istry towards two different types of unsaturated CAC bonds in a
hydrogenation environment. Studies were limited to equimolar
bulk stoichiometry Ni + B-group IMCs such that all materials were
isoelectronic.

IMCs comprised of non-noble metals mixed with post-TMs or
semimetals, where bulk bonding is strong enough to drive the for-
mation of compositionally ordered compounds, marks a promising
compositional space that may exhibit wholly new surface and cat-
alytic chemistry due to strong electronic effects. Within the con-
text of olefin production, results from several studies suggest
IMCs that are comprised of elements of similar size appear to pro-
mote improved orbital overlap, strong bonding within the bulk,
reduced surface reactivity, and improved catalytic performance
in olefin production, e.g., Ni + Al, Ni + Ga, Ni + Sn, Pd + Ga, Pd + In,
Co + Ge, Pt + Sn, Pd + Sn, etc. [8,10,24,26,29,30,33–40]. Addition-
ally, bulk stoichiometry and surface compositions that are equimo-
lar or p-element rich also roughly correlate with elevated
selectivity towards olefin production and reduced oligomerization
in semi-hydrogenation of alkynes [24,34–36,41,42]. An effect asso-
ciated with IMC constituent element electronegativity manipulat-
ing the Fermi level energy and surface chemistry of the IMC is
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also evident, but has yet to be clearly established [22,43–45].
Nonetheless, understanding what produces and controls the favor-
able surface chemistry of IMCs is of significant interest.

A selection of experimental and computational studies have
already suggested that reduced surface reactivity and limited
hydrogenation activity are the source of the special catalytic activ-
ity of these IMCs. Experimental studies have shown that olefins,
aromatics, and CO all bind less strongly over IMCs in comparison
to their parent metals [21,29,31,38,46]. This less aggressive surface
reactivity correlates well with improved selectivity in olefins/aro-
matics production [10,24–27,32]. Indeed, improved control or lim-
ited hydrogenation has been connected to inhibited atomic H
transfer as tracked by markedly reduced H2/D2 isotope scrambling
[29,30]. Despite a lack of reaction site composition characterization
in experimental studies, computational surface science studies
have demonstrated that the p-element plays a crucial role in mod-
ifying the surface and catalytic chemistry of IMCs [22,47–52].
Specifically, that limited hydrogenation activity and reduced sur-
face reactivity towards C@C bonds are connected to p-element
contributions to the surface chemistry [22,34,47,50–55]. Strong
electronic effects that greatly modify the reactivity of both TM
and p-element in IMC surface chemistry have also been reported
as well as the formation of bulk electronic structures markedly dif-
ferent from the constituent elements [36,41,45].

Despite generally good agreement between experiment and
computational surface science studies thus far, several challenges
are still present in the study of IMC catalysts regardless of
approach. Computationally, many basic aspects of modeling IMC
surfaces must be determined on a case-by-case basis and/or
inferred from heuristics. Of critical concern is IMC surface facet
composition/termination, which cannot currently be treated with
ab initio thermodynamics approaches due to a lack of p-element
source reference that is both computationally convenient and
experimentally realizable [55–58]. In the Density-Functional The-
ory (DFT) approach, the most appropriate exchange-correlation
functional for calculating IMCs has also yet to be determined.
Because the bonding within IMCs may depart significantly from
that found in monometallic TM or TM + TM alloy solids, newer
functionals focused on capturing more localized bonding or highly
hybridized electronic structures may be needed [59–65].

Experimentally, study of IMCs is equally challenging due to a
lack of synthesis techniques that produce high surface area
nanoparticles in phase-pure form with specific surface composi-
tions. The degree at which element segregation occurs at the IMC
particle surface is also not well established and is likely dependent
upon individual IMC compositions and reaction condition features
[66–70]. The quality of IMC surface composition characterization is
also lacking with many investigators utilizing techniques that yield
information from the topmost several nanometers of the material
rather than the outermost few atomic layers, e.g., XPS, EDS line
scans, etc. [24,29,30,35–39,41]. Studies that utilize more appropri-
ate techniques such as TOF-SIMS or HS-LEIS becoming more com-
mon, yet are still fairly scarce compared to the number of possible
IMCs [42,58,73,71,72,74–76]. Noting these issues is critical such
that the source of any lack of correlation between experimental
and computational studies may be isolated and eventually
corrected.

To begin to systematically understand the effect of p-block ele-
ment selection on the surface and catalytic chemistry of IMCs in
the production of olefins, we have performed an exhaustive com-
putational surface science study over Ni + B-group IMCs (NiB, NiAl,
NiGa, NiIn, and NiTl) in the context of the semi-hydrogenation of
acetylene. Several aspects dictated the reaction and materials
selection. To simplify the reaction system to one that was depen-
dent only upon the surface chemistry towards carbon and hydro-
gen, acetylene semi-hydrogenation was a natural choice. The

reaction allowed for the investigation of the hydrogenation
of two unsaturated CAC bonds of differing reactivity. The
Ni + B-group IMCs of 1:1 bulk stoichiometry were chosen for
several reasons: (i) the existence of experimental studies in the
semi-hydrogenation of acetylene, (ii) simple bulk crystal struc-
tures, and (iii) easily identified surface facets and terminations.
The Ni + B-group IMCs are also isoelectronic at the 1:1 stoichiom-
etry. This allowed for the effect of orbital overlap between Ni and
the p-element in dictating the nature of bulk bonding and surface
and catalytic chemistry to be investigated. Four XC functionals
were utilized for the Density Functional Theory (DFT) calculations
to facilitate comparison and to determine where functional choice
may be more sensitive with respect to IMC composition. In addi-
tion to PBE-sol, PBE, RPBE, and PW91 were utilized to understand
if new non-metallic-solids-focused functionals (PBE-sol) are neces-
sary to capture the surface chemistry of IMCs [59,62,77–80].

2. Methods

Density-Functional Theory (DFT) quantum chemical modeling
calculations were performed using the Vienna Ab Initio Simulation
Package (VASP 5.3.5) and resources from Extreme Science and
Engineering Discovery Environment (XSEDE) [81–85]. Hydrogen
was modeled with an ultra-soft pseudopotential and larger atomic
cores were modeled with Projector Augmented-Wave (PAW)
potentials. Calculations were performed with the generalized gra-
dient approximation (GGA) of PBE-sol exchange-correlation func-
tional which is a modified version of PBE [62,86]. In comparison
to PBE, PBE-sol is tuned to lessen the dependency on the electron
density gradient in the functional. This modification can reduce
the nonlocality of GGA PBE such that more covalent bonding char-
acteristics within solids can be captured even if there is no band
gap present. PBE-sol has been shown to significantly improve the
calculation of surface energy, lattice parameters, surface exchange
and correlation, and energy for materials that contain covalent
bonds within solids. Therefore, the use of PBE-sol may be necessary
to properly capture the bonding within IMCs and more appropri-
ately capture IMC surface chemistry [59,62,77–80,86–88]. To
investigate the effect of XC functional choice, calculations were
also performed with PBE, RPBE, and PW91 (minor changes were
found, see Table S12 in the Supporting Information).

All calculations were performed using a plane wave basis with
an electronic plane wave cut-off of 400 eV. The vacuum space
between repeated slabs was set to up to 25 Å to eliminate the
interaction between slabs. For all calculations, the two topmost
atomic layers of slab models and adsorbates were allowed to relax
and optimize, and the rest of layers were fixed at DFT-optimized
bulk positions. To efficiently sample the first Brillouin zone, differ-
ent k-points grids were chosen depending upon areal slab size. The
first Brillouin zone was modeled with gamma centered grid of high
k-point (5 � 5 � 1) for hydrogen dissociative adsorption using a
smaller slab and k-point (2 � 2 � 1) for other calculations that uti-
lized a larger slab. For adsorption and surface energetics calcula-
tions, the slabs of 2 � 2, 2 � 2, 3 � 3, 3 � 3, 2 � 2, and 2 � 2 were
utilized for Ni, NiB, NiAl, NiGa, NiIn, and NiTl, respectively. The
choice of surface unit cell size for each IMC depended on the size
of adsorbates. Slabs were chosen such that adsorption resulted in
an approximate surface coverage of 1/4 monolayer such that lat-
eral adsorbate-adsorbate interaction could be minimized. The
climbing nudged elastic band (cNEB) and DIMER method were uti-
lized to isolate and confirm transition states [89–92]. The effect of
model size, k-point sampling, and cut-off energy on observed sur-
face chemistry was checked and the values stated above yielded a
reasonable balance of accuracy and computational efficiency. For
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all reported energies, positive values indicate endothermic ener-
getics and negative values indicate exothermic energetics.

Hydrogen dissociative adsorption energy was used as a marker
for the surface reactivity towards atomic hydrogen. Acetylene and
ethylene adsorption and distortion energies were chosen as mark-
ers to predict surface reactivity towards carbon. The adsorption
energies were calculated with Eq. (1) using gas phase molecular
references.

DEads ¼ Etotal � Eslab � Egas ð1Þ

For energetics within the reaction mechanism where stable gas
phase molecular species are not available to use as a reference,
changes in energy between initial and final state were used.

The distortion energy was defined as the energy difference
between a gas phase molecule and the molecule in the geometry
induced through adsorption in the absence of the catalyst surface.
Distortion energy may provide additional insights into the nature
of the changes brought about by adsorption and aid in deconvolut-
ing adsorption energies that include contributions from both the
adsorbate and changes in the catalyst surface.

Magnetic properties of Ni and Ni + B-group IMCs were calcu-
lated to properly capture their electronic structure and surface
chemistry. Nickel in the monometallic Ni(111) surface was calcu-
lated with an optimized magnetic moment of 0.63 lB [93,94].
Ni + B-group IMCs all exhibited no magnetic moments under any
circumstances, which agrees with literature results [95–98].

All materials were modeled using the lowest energy facets as
determined from literature or manually through as-cut surfaces.
Surface termination was not adjusted for reaction conditions. The
model slabs contained at least four atomic layers. The most favor-
able surface facets of NiAl(110) [99,100] and NiGa(110) [26] have
already been established in previously published studies by others.
When surface facets were determinedmanually, the candidate sur-
face facets were those with the maximum surface ion packing sym-
metry and minimum surface ion-ion interaction and corrugation.
The surface composition of the slabs was not modified beyond
the as-cut compositions. The simplicity of the 1:1 bulk stoichiom-
etry crystal structures allowed for reasonable surfaces to be
selected and their surface energies calculated. The surface energies
of the candidate facets were compared and the lowest energy
facets were utilized as the most favorable facets. Surface energies
of different facets for each material are presented in Fig. S1. Using
this approach, the facets of NiB(001), NiAl(110), NiGa(110),
NiIn(001) and NiTl(110) were manually identified as the most
favorable surface facets. Because IMCs are produced through a
melting process or via reduced salts on a support surface, there
are no appropriate references for source elements for an ab initio

thermodynamics approach. Therefore, surface terminations were
dictated simply by the cut of the crystal in its as-cut composition.
The super-cell size of slab models was 2 � 2 or 3 � 3 multiples of
the most basic surface symmetry unit cell. It is important to note
that these super cells are significantly larger than those of the same
designation for close-packed pure metal surfaces.

The Gibb’s free energy of the surface reaction mechanism for
semi-hydrogenation of acetylene over each surface were calculated
under common reaction condition (425 K, 1 atmosphere with 5%
acetylene, 0.5% H2, and 49.5% ethylene). Gibb’s free energy was
calculated as Eq. (2).

G ¼ Eþ Evib þ PV� TS ð2Þ

where G is Gibb’s free energy, E and Ev ib are internal energy and
vibrational energy of the systems. Internal energy, E, is from DFT
calculation. The order of magnitude of PV term contribution is very
small, which can be treated as zero. The effect of entropy change
was considered only for the adsorption and desorption steps since
entropy changes of surface reactions are minor contributors

[101–103]. The entropic contributions to adsorption and desorption
as a function of temperature and pressure was obtained from NIST
thermochemical tables [104].

To isolate the active reaction pathways and rate determining
steps within the active mechanisms, microkinetic modeling was
utilized to calculate the rate constants and activity of rate-
determining steps for different reaction pathways. The reaction
conditions were set to 425 K, 1 atmosphere with 5% acetylene,
0.5% H2, and 49.5% ethylene. The rate constant is given by Eq. (3)
[105]:

k ¼
kBT

h

Q TS;v ib

Q IS;vib

e
�Ea
kBT ð3Þ

where kB is the Boltzmann constant, T is the absolute temperature,
h is the Plank’s constant, Q TS;vib and Q IS;v ib are the partition functions
for the transition state and the initial state, respectively, and Ea is
the activation energy calculated from DFT. Q

vib is calculated as:

Q
vib ¼

Y

i

1

1� e
�hvi
kBT

ð4Þ

where vi is the vibrational frequency of each vibrational mode of the
adsorbates computed from DFT calculations.

3. Results

As an outline, the study consisted of determining the energetics
for all reasonable pathways including the selective hydrogenation
of acetylene to ethylene, unselective overhydrogenation of ethy-
lene to ethane, oligomerization through CAC coupling of the inter-
mediates HCCH + HCCH2, and coke formation through acetylene
CAC cleavage before and after dehydrogenation. While determin-
ing the mechanism, an exhaustive search was performed to find
the most energetically favorable reaction site for each reaction step
over each material. Kinetic rate constants were then calculated
using DFT-determined activation barriers and pre-exponential fac-
tors and used to isolate rate-determining steps and dominant reac-
tion pathways for each material. Van der Waals interactions were
not included in the calculations. A minor substudy of the effect
of atomic H surface coverage was also performed for selected
materials, but was limited to thermodynamics at this point. This
effect will be fully studied using kinetic Monte Carlo simulations
in the future. Relative rates were utilized in a Sabatier analysis to
correlate with surface reactivity markers such as adsorption and
molecular distortion energy of acetylene and ethylene and disso-
ciative H2 adsorption. Due to the availability of three distinct reac-
tion pathways in the reaction network, the Sabatier analysis was
limited to individual pathways for clarity. In-depth electronic
structure analysis using band structure, density of states, and
Bader charge analysis was performed to correlate with calculated
surface and catalytic chemistry and surface reaction site preference
and composition. For bulk IMC crystal structure details see the sup-
plemental document.

3.1. Description of surfaces

First, a description of the surfaces of the 1:1 bulk stoichiometry
Ni + B-group IMCs used in the study to clarify the nature of the sur-
face reaction sites present. The highest symmetry, close-packed
surfaces with as little surface corrugation and like-element interac-
tion were considered and their surface energies compared (see
Fig. S1). The surfaces used for the reaction analysis exhibited the
highest surface packing symmetry and lowest energy. Because of
the simplicity and symmetry of the bulk crystal structures, facet
cuts were symmetric in the z-direction enabling unconvoluted
surface energy calculations. In addition, the composition of the
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surfaces was determined by as-cut bulk stoichiometry and not
modified further (see methods and Fig. S1). The most favorable
facets for Ni + B-group IMCs were NiB(001), NiAl(110),
NiGa(110), NiIn(001) and NiTl(110) with the lowest surface
energy. All surfaces besides NiTl exhibited in-plane close-packing
of elements of the highest degree possible with no surface corruga-
tion. As-cut surfaces were utilized for all surfaces, thus their termi-
nation/composition was naturally dictated by the bulk
stoichiometry of the crystals. The element packing of all surfaces
besides NiIn showed rows of Ni atoms separated by p-elements,
which provided Ni-Ni bridge, mixed composition three and four-
fold hollows, bridge sites consisting of two p-elements, and atop
reaction site possibilities.

The possible reaction sites for Ni + B-group IMCs are shown in
Fig. S4. Over the NiB(001) surface, one Ni atom was surrounded
with three B atoms. Six types of reaction sites were present includ-
ing a Ni atop site (A1), a B atop site (A2), a Ni-Ni bridge site (B1), a
B-B bridge site (B2), a Ni-B bridge site (B3), a threefold hollow of
2Ni and B (T1), a threefold hollow of Ni and 2B site (T2), and a four-
fold hollow site of 2Ni and 2B (H1). NiAl(110) and NiGa(110)
exhibited the same surface atom packing that contained one Ni
atom surrounded by four Al or Ga atoms. The possible reaction
sites over NiAl(110) and NiGa(110) surfaces were a Ni atop site
(A1), an Al or Ga atop site (A2), a Ni-Ni bridge (B1), a Al-Al (or
Ga-Ga) bridge (B2), a Ni-Al bridge site (or Ni-Ga bridge site) (B3),
a threefold hollow of 2Ni and Al (or 2Ni and Ga) (T1), a threefold
hollow of Ni and 2Al (or Ni and 2 Ga) (T2), and two hollow sites
of 2Ni and 2Al (or 2 Ga) (H1 and H2). NiIn(001) is unique in that
it presents an additional Ni-dominated threefold hollow site.
NiIn(001) presented a threefold Ni ensemble as well as a Ni atop
site (A1), an In atop site (A2), a Ni-In bridge site (B1), a threefold
hollow of 3Ni (T1), a threefold hollow of 2Ni and In (T2), and a
fourfold hollow of 3Ni and In (H1). The lowest energy surface of
NiTl(110) exhibited some free space thus tests were performed
by adding Ni or Tl to the surface to determine if alternate surface
terminations were stable and/or presented markedly different
reactivity (see Fig. S3). Added Tl was expelled from the surface
and added Ni lead to very similar surface reactivity in adsorption
probes as the as-cut surface. Therefore, in the limit of this study,
the as-cut NiTl surface was used throughout thestudy. The
NiTl(110) presents a Ni atop site (A1), a Tl atop site (A2), a
Ni-Ni bridge site (B1), a Ni-Tl bridge site (B2), a threefold hollow
site of 2Ni and Tl (T1), and a threefold hollow site of 3Tl (T2). In
the vernacular of physical TM ensembles, all surfaces besides NiIn
present twofold Ni ensembles.

3.2. Nature of reaction sites for adsorbates and intermediates

Summarizing where adsorbates and intermediates preferen-
tially adsorb and the composition of the reaction sites over each
surface before presenting the kinetic analysis helps to illustrate
how changes in the electronic structure of the materials promotes
differences in the relative contributions of Ni and the p-elements
to the surface and catalytic chemistry. In general, where the p-
element size starts to match that of Ni, as in NiAl and NiGa, strong
electronic effects begin to be evident. Once the p-element is larger
than Ni and reduced orbital-orbital overlap effects are present,
ensemble type Ni-dominated surface chemistry is more prevalent.
The covalent element sizes of Ni and B-group p-block elements as
determined through bonding with C are stated next to the model
surface pictures in Fig. 1a [106]. The radii track as B < Ni, Al and
Ga similar to Ni, and In and Tl > Ni. The relative element sizes were
used to approximate the orbital overlap between Ni and the
p-elements, and was found to track well with IMC surface and
catalytic chemistry. The effect of orbital overlap between Ni and

p-block element on electronic structure and surface and catalytic
chemistry will be discussed later.

The most favorable adsorption sites for acetylene, ethylene,
molecular H2, and atomic H over Ni and Ni + B-group IMCs are pre-
sented in Fig. 1a. The most favorable reaction site for molecule H2

over all surface was atop a Ni site. In the case of NiB, the most
favorable reaction sites for acetylene, ethylene, and atomic H were
a B-B bridge site (B2), hollow site (H1) that consisted of 2Ni and 2B,
and atop B site (A2), respectively. In the case of NiAl, acetylene
preferentially adsorbed on the hollow site (H1) that consists of
2Ni and 2Al atoms. The most favorable reaction site for ethylene
and atomic H were a Ni-Ni bridge (B1) and a hollow site of (H2)
that consisted of 2Ni and 2Al atoms, respectively. The two hollow
sites are compositionally distinct due to the geometry being differ-
ent. Similarly, in the case of NiGa, the most favorable adsorption
site for acetylene and atomic H was also a hollow site (H2) that
consists of 2Ni and 2 Ga atoms. However, ethylene adsorbed pref-
erentially at a Ni-Ga bridge site (B3). Over NiIn, the most favorable
reaction site for acetylene, ethylene, and atomic H were the three-
fold hollow site of 3Ni (T1). Over NiTl, acetylene was preferentially

Fig. 1. (a) illustrative model surfaces with acetylene, ethylene, molecular H2, and
atomic H adsorbed over Ni and Ni + B-group IMCs; (b) Rate constants for each
reaction pathway in semi-hydrogenation of acetylene. Elements in the model
figures are color coded: Ni (light blue), B (yellow), Al (light gray), Ga (magenta), In
(medium gray), Tl (dark gray), C (green) and H (black).
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adsorbed over the threefold hollow site of 2Ni and Tl (T1). On the
other hand, the most favorable ethylene and atomic H adsorption
sites were Ni-Ni bridge (B1).

The reaction pathways of acetylene hydrogenation include
selective hydrogenation of acetylene to ethylene, overhydrogena-
tion of ethylene to ethane, oligomerization of acetylene to butadi-
ene, and CAC and CAH cleavage of acetylene (see Fig. 1b). The
nature and composition of each surface reaction site for all inter-
mediates calculated are summarized in the Tables S5, S6, and S7.
Because atomic H can move to a meta-stable site directly before
hydrogenation events, the composition of the meta-stable site
was also highlighted (see Table S9). We find that NiB, NiAl, and
NiGa exhibit electronic effects that promote mixed Ni and p-
element composition reaction sites in almost all reaction steps
throughout the reaction network. NiB stands apart in that most
reaction steps occur over the B-B bridge or at an atop B site with
no direct Ni contribution, e.g., for CxHy intermediates and H. Only
two instances deviated from this trend: ethylene adsorption at
the H1 hollow site of 2Ni and 2B and CH adsorption (after CAC
cleavage of acetylene) favored the T1 site of 2Ni and B. Over NiAl
and NiGa, 18 of 24 reaction steps over NiAl and 23 of 24 reaction
steps over NiGa occurred at mixed composition reaction sites such
as T1, T2, H1, and H2 sites. The exceptions were: for NiAl, the 1st

and 2nd hydrogenation of ethylene to ethane and the hydrogena-
tion of C4H5 to C4H6 that occur atop a Ni site; for NiGa, the 2nd

hydrogenation step of ethylene to ethane favored Ni atop site.
Interestingly, the nature of metastable site of atomic H before
hydrogenation over NiB, NiAl, and NiGa was also dominated by
either mixed composition or only the p-element. The situation is
opposite over NiIn and NiTl where most reactions occur at Ni-
only bridge or hollow sites. Notably, 23 of 24 reaction steps over
NiIn occur at Ni-dominated sites. The only exception was CCH
(after acetylene dehydrogenation) favored the H1 site of 3Ni and
In. Reaction sites over NiTl were wholly dominated by Ni with no
Tl contribution. More details for the individual reaction sites can
be derived from Tables S5, S6, S7, and S9.

These trends already show the effect of orbital overlap with
three distinct reaction site composition cases. Results also contrast
considerably with established understanding of the surface chem-
istry of PGM alloys and PGM IMCs where reaction sites are domi-
nated by TMs and ensemble or ligand effects are commonly
observed [21,36,41,45,107–112]. Results suggest that when a more
reactive TM is used in TM + p-element IMC compositions, more sig-
nificant reorganization of the TM electronic structure occurs and p-
states from the p-element are within range of the Fermi level such
that they can participate in the surface chemistry. This effect has
the potential to bring about wholly new surface chemistry for both
the TM and p-elements at the surface as well as in their combined
composition hollow or bridge sites. This assertion is supported by
our electronic structure analysis presented later.

3.3. Kinetic analysis of reaction pathways

A kinetic rate analysis was performed to understand the kinetic
preference for each catalyst for the selective production of ethy-
lene, unselective overhydrogenation to ethane, oligomerization
via HCCH + HCCH2 coupling, and coke formation via CAC cleavage
before or after acetylene is dehydrogenated (see Fig. 1b). Acetylene
hydrogenation is necessary to initiate all reaction pathways
besides those associated with coking; therefore, it may kinetically
limit both production of ethane and butadiene in the oligomer
pathway. As a basis, Ni is predicted to exhibit both ethane produc-
tion and oligomerization activity. Over the Ni + B-group IMCs,
results indicate that only NiAl would exhibit high selectivity
towards ethylene production with limited oligomerization. NiB is

predicted to be mostly catalytically inactive due to aggressive sur-
face reactivity. NiGa, with the hydrogenation rate of ethylene to
ethane several orders of magnitude higher than acetylene hydro-
genation, would suggest all ethylene would be converted to ethane
but be kinetically limited by acetylene hydrogenation. The relative
rates for ethylene and ethane production over NiIn indicate it may
show some selectivity towards ethylene, but because the oligomer-
ization rate over this surface is substantial, oligomerization is
likely preferred. A similar case is encountered over NiTl with acet-
ylene hydrogenation preferentially branching to oligomerization
rather than ethane production. Oligomerization over NiAl or NiGa
appear to be relatively limited. In the pathway to coke formation,
assumed to be associated with acetylene CAC cleavage before or
after its dehydrogenation, only Ni and NiTl exhibit rates that are
comparable with other pathways.

In addition, the effect of coverage of H on the reaction energet-
ics was investigated to a limited extent. As this is a study in and of
itself that requires appropriate simulation techniques, the effect of
H coverage was limited to the thermodynamics of acetylene hydro-
genation to ethylene over NiAl, NiGa, and NiIn (see Figs. S10, S11,
S12). A simulation study using kinetic Monte Carlo will be pub-
lished in a follow-up study. The results showed 0.3 eV maximal
change of thermodynamics of hydrogenation over these three
materials but with different trends. Over NiAl, the 1st hydrogena-
tion of acetylene actually became less favorable (DE changed from
�0.2 eV to �0.1 eV) when the H coverage increased from 0.2 to 1.
Whereas, the 2nd hydrogenation of acetylene became less favorable
(DE changed from 0.0 eV to +0.1 eV) when H coverage increased
from 0.2 to 0.6 and then became more favorable (DE changed from
+0.1 eV to �0.1 eV) when H coverage increased further to 1.0. Over
NiGa, the 1st hydrogenation of acetylene became less favorable (DE
changed from �0.3 eV to �0.2 eV) when the H coverage increased
from 0.2 to 1.0. The 2nd hydrogenation of acetylene over NiGa
became less favorable with DE changed from 0.0 eV to +0.3 eV
when the H coverage increased from 0.2 to 0.4, and then became
more favorable with DE changed from +0.3 eV to 0.0 eV when H
coverage increased further to 1.0. The NiIn case showed an oppo-
site trend where both 1st and 2nd hydrogenation of acetylene
became slightly more favorable when the H coverage increased
(DE changed from +0.9 eV to +0.8 eV for the 1st hydrogenation step
and remained the same for the 2nd hydrogenation step). These
trends contrast with the phenomenon observed over metal sur-
faces where high coverage of H promotes hydrogenation [113–
115]. The contribution of the p-element to the IMC electronic
structures clearly modifies this basic surface chemistry effect and
must be understood through further studies.

Comparing to experiments illustrates the role of inexactness in
IMC synthesis, most notably with respect to the surface composi-
tion of the IMC catalysts, which is an ongoing challenge
[25,28,30,31,37,38,116]. Because the synthesis of IMCs with bulk-
like stoichiometric surface compositions is not well established
nor is it common to characterize the IMC surface composition with
sufficiently surface-sensitive techniques, many studies suffer from
IMC catalysts with nonideal surface terminations
[10,21,24,26,27,29,30,38,39]. These issues convolute comparison
with computation, but once accounted for, some agreement can
be isolated.

For example, Raney nickel (NiAl) has been shown to exhibit low
selectivity towards ethylene in the semihydrogenation of acetylene
and appreciable C@C hydrogenation in selective hydrogenation
reactions [10,116–120]. However, this disagreement is likely due
to Ni-rich surfaces produced through the oxidation of Al and its
removal when ‘‘activating” the material through etching proce-
dures [118,120–122]. Therefore, careful oxygen-free synthesis
and storage of NiAl would be required to produce the activity pre-
dicted herein. Experimental observations for Ni and NiGa in the

Y. Song, S. Laursen / Journal of Catalysis 372 (2019) 151–162 155



semi-hydrogenation of alkynes agrees well with our calculations
that show high rates for C@C hydrogenation [2,24,26,123]. In the
case of NiIn for semi-hydrogenation, experimental results are lim-
ited to a study that utilized various Ni and In nominal loadings on
SiO2 [27]. It is noted that XRD of the materials showed mixed
phases throughout. Nonetheless, the NiIn/SiO2 catalyst exhibited
high selectivity (60%) towards oligomerization, which agrees with
our predictions. Studies using Ni + In IMCs in selective hydrogena-
tion further showed that C@C bonds were preferentially hydro-
genated [37]. No experimental studies of NiTl in catalysis are
currently available.

Comparing to experimental studies of NiBx compounds, none
have been used in acetylene semi-hydrogenation, but the selective
hydrogenation of the C@C bond within unsaturated aldehydes has
been demonstrated [124–127]. This activity contrasts with our cal-
culations only because we focused upon the lowest energy reaction
pathway and its reaction sites. The less reactive Ni-rich or Ni-only
sites present at the Ni boride surface may contribute significantly
to the more facile hydrogenation observed experimentally (see
Tables S3 and S4 for acetylene and ethylene adsorption at B and
Ni sites over NiB). Additionally, increasing the B concentration in
the NiBx has been shown to drive even more C@C hydrogenation
but result in severe deactivation [123,128,129]. Comparing with
IMCs produced from a PGM such as Pd supports the presence of
a systematic trend in the effect of element size in the IMC. Consid-
ering that Pd is larger, the p-elements that would produce similar
low surface reactivity would need to increase in comparison to the
Ni IMCs. For example, the special surface chemistry is observed for
PdGa and PdIn illustrated by improved selectivity towards ethy-
lene and inhibited oligomerization in the semi-hydrogenation of
acetylene [34–36,41]. The same size-match effect is evident in
our study of NiAl and NiGa. This trend was also demonstrated in
other IMC compositions where element sizes match, e.g., PdGa,
PdAg, and PtSn in selective hydrogenation, dehydrogenation,
and deoxygenation reactions and in computational studies
[2,36,47,130–131].

3.4. Sabatier correlation analysis

Sabatier correlations between activity and surface chemical
reactivity markers were investigated to shed light upon the contri-
butions of different surface chemistries to the calculated relative
rates. Significant changes in surface chemical reactivity of the suite
of IMCs towards intermediates and reactants as a function of p-
block element produces an equally significant range of relative
activities in each reaction pathway (see Fig. 2a, b, and c). Sabatier
correlations for hydrogenation of acetylene to ethylene, hydro-
genation of ethylene to ethane, and oligomerization of acetylene
to butadiene are shown in Fig. 2a, b, and c, respectively. The x
and y- axis are the surface chemical reactivity markers acetylene
or ethylene adsorption energy, and H2 dissociative adsorption
energy. The z- axis is the relative activity calculated as a normal-
ized kinetic rate constant (log(k/kmax)). Correlations were produced
for individual reaction pathways due to the lack of a common sur-
face reactivity marker that dictated activity in all three pathways.
Significant sampling of each correlation space by the suite of mate-
rials indicates no one surface reactivity marker is able to describe
the relative activity of the materials. General observations locate
the maximum in activity for acetylene hydrogenation around
DEdiss:ads;H2

of �0.5 eV and DEads;C2H2
of �2.3 eV (shown in Fig. 2a).

Likewise, in ethylene hydrogenation, the maximum is predicted
around DEdiss:ads;H2

of �0.5 eV and DEads;C2H4
of �1.0 eV, which is in

line with the established understanding of lower surface reactivity
towards hydrogen and moderate binding of the molecule to be
hydrogenated leads to more rapid hydrogenation (shown in

Fig. 2b). The maximum in activity for the production of the oligo-
mer precursor butadiene resides at DEdiss:ads;H2

of �0.8 eV and
DEads;C2H2

of �1.8 eV (shown in Fig. 2c). The lack of systematic
and localized linear trends that were a function of only one surface
chemical reactivity marker, as commonly encountered over
monometallic surfaces, further suggests significant ensemble or
electronic effects in the Ni + B-group IMC surface and catalytic
chemistry [2,21,110,132–134]. As all Ni + B-group IMCs are iso-
electronic, the changes in surface chemistry are driven predomi-
nantly by changes in orbital-orbital overlap, electronegativity
differences between Ni and the p-element, and a minor ensemble
effect (threefold to twofold Ni reaction sites, where applicable).

4. Discussion

4.1. Deviations from established metal-derived BEP relationships

In developing structure-activity relationships for the Ni + B-
group IMCs, the nonmonotonic changes within the electronic
structure and surface chemistry as a function of p-element selec-
tion must be accounted. Correlating kinetics with individual sur-
face chemical reactivity markers, thermodynamics for reaction
steps, or d-band centers over all materials show a rough general
linear trend, but significant deviations are found for the IMCs that
exhibit stronger electronic effects and p-element contributions to
reaction sites, e.g., over NiB, NiAl, and NiGa (see Figs. S13, S14,
S15, S16, and S17). Specifically, the deviations in correlation
between DE and Ea indicate that new BEP correlations may be
accessed over IMCs despite the limited materials studied herein.

Considering adsorption probes as surface reactivity makers,
general changes in surface reactivity as a function of p-block

Fig. 2. (a) Sabatier correlation between acetylene hydrogenation activity and
acetylene adsorption and H2 dissociative adsorption; (b) Sabatier correlation
between ethylene hydrogenation activity and ethylene adsorption and H2 disso-
ciative adsorption; (c) Sabatier correlation between oligomerization activity and
acetylene adsorption and H2 dissociative adsorption; (d) acetylene and ethylene
adsorption energy over Ni and Ni + B-group IMCs; e) acetylene and ethylene
distortion energy over Ni and Ni + B-group IMCs; (f) H2 dissociative adsorption
energy over Ni and Ni + B-group IMCs on different adsorption sites, points
connected by line are on the most favorable sites, and others not connected by
line are on the less favorable sites.
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element agrees roughly with observed reaction pathway prefer-
ence, but some critical deviations are present over NiAl and NiGa.
Acetylene, ethylene, and dissociative H2 adsorption follow a rough
volcano-like trend with NiAl and NiGa exhibiting the lowest reac-
tivity towards the adsorbates (see Fig. 2d, e, and f). The reduced
surface reactivity of NiAl and NiGa correlate well with improved
orbital overlap where the element sizes match. Whereas, for smal-
ler (B) or larger (In or Tl) p-block elements where a size mismatch
occurs with Ni, greatly elevated surface reactivity is encountered. It
is first noted that all surfaces readily dissociate H2 (Ea ranged from
0.0 to +0.3 eV) (see Table S8). Therefore, the availability of atomic H
is not likely a controlling factor in the predicted catalyst perfor-
mances. The aggressive nature of B-dominated reaction sites of
NiB correlates well with high barriers throughout the reactions
on its surface. Weaker yet still significant adsorption of acetylene
and ethylene over Ni-dominated sites of NiIn and NiTl correlates
well with CAC coupling, yet hydrogenation is limited. The reduced
binding of key hydrocarbon and intermediates adsorbates over
NiAl and NiGa would naturally suggest more facile complete
hydrogenation to ethane and more facile CAC coupling, yet this
is not observed in the reaction energetics analysis further indicat-
ing a departure from metal-derived BEP correlations. The energet-
ics of hydrogen transfer from the surface to the intermediate
appear to drive these differences. For example, acetylene hydro-
genation is an order of magnitude faster than ethylene hydrogena-
tion over NiAl and the opposite over NiGa.

Focusing on correlations between thermodynamic driving forces
and kinetic barriers, similar deviations frommetal-derived BEP cor-
relations (Ni specifically) are encountered for NiB, NiAl, and NiGa
(see Figs. S7 and S8). In acetylene hydrogenation, the 1st hydrogena-
tion over NiB and both 1st and 2nd hydrogenations over NiGa deviate
with higher barriers than expected with respect to their thermody-
namic driving forces. In ethylene hydrogenation, both hydrogena-
tions over NiB and NiAl and the 2nd hydrogenation over NiGa
deviate similarly with higher barriers than expected from the gen-
eral metal-derived BEP correlation. Again, these deviations occur
over the three materials that exhibit the greatest electronic struc-
ture changes upon IMC formation or significant/dominant contri-
butions from the p-element in the surface reactions. These trends
are most evident in comparing Ni, NiAl, and NiGa, as presented in
Fig. 3. Within acetylene hydrogenation, the greatly elevated reac-
tivity of acetylene likely played a role in normalizing hydrogenation
BEP correlations due to it circumventing changes in surface reactiv-
ity driven by changing the p-element in the IMC. These results sug-
gest that scrutinizing simple reactivity markers is insufficient to
understand the surface and catalytic chemistry of the IMCs. Instead,
the electronic nature of the bonding of critical surface species and
the role of IMC electronic structure in dictating surface chemistry
must be scrutinized in detail to understand the predicted surface
and catalytic chemistry as a function of p-element selection. Similar
indications of new BEP correlations have been isolated in the study
of other IMCs such as PdIn, PdGa, Al13Fe4, Al13Co4, Al5Co2, and Ni3Ga
[23,34–36,41,45,47–51,68,135,136] and in our prior studies of the
surface and catalytic chemistry of Ni and Ti ceramics [43,44].

4.2. Analysis of electronic structures

Electronic analysis of the Ni + B-group IMCs beyond a focus on
d-band center was found to be necessary to understand the
marked changes in their surface chemistry. The critical features
of the electronic structure of the IMCs are: (i) the degree of
hybridization of the d- and p-states as indicated by band spread
in the energy spectrum, (ii) the density of d- and p-states near
the Fermi level that may participate in the surface chemistry, (iii)
the density of non-bonding-like d-states and their proximity to
the Fermi level, and (iv) the location of the Fermi level dictated

by the effective electronegativity of the IMC as modified by the
p-element (see Fig. 4). The distribution of d-orbital of Ni and s-
and p- orbitals of p-block elements in the band structure and band
spreading in energy may be used to approximate the degree of
hybridization in the IMC solids (see Fig. 4, all bands plotted on a
similar energy scale). Within this framework, NiB exhibited selec-
tive hybridization of d- and p-states and less energetically dis-
persed p-states near the Fermi level that significantly promoted
B reactivity. NiAl and NiGa exhibited highly hybridized bulk bond-
ing with significantly energetically dispersed d- and p-states. The
presence of both d- and p-states near the Fermi level also pro-
moted both Ni and Al or Ga surface site reactivity. NiIn exhibited
selective hybridization between the d- and p-states and less pro-
nounced band spreading. The nature of this hybridization pro-
moted Ni surface reactivity. NiTl showed even less hybridization
and Ni states near to the Fermi level. Again, unhybridized d-
states in NiTl promote the reactivity of surface Ni sites. In general,
the electronic features highlighted here correlated well with the
composition of the more reactive sites over the IMCs. Results also
are similar to those obtained in the electronic analysis by others of
IMCs comprised of similarly sized TM and p-elements, e.g., PdGa,
PdIn, FeAl, CoAl, and NiAl [36,41,45,97,137,138]. Several also not-
ing more covalent bonding leading to lower surface reactivity. It
should be noted that this electronic structure analysis is not
intended to be quantitative. On the other hand, it is aimed at char-
acterizing electronic features that correlate with observed surface

Fig. 3. Comparison of thermodynamic driving forces and kinetic barriers over Ni,
NiAl, and NiGa. (a) in the hydrogenation of acetylene (b) and hydrogenation of
ethylene. Elements in the model figures are color coded: Ni (light blue), Al (light
gray), Ga (magenta), C (green) and H (black).
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and catalytic chemistry. In the end, these observations promoted a
more in-depth electronic analysis of key adsorbates, namely ethy-
lene and atomic H, to understand how IMC electronic structure

dictates activity in a key selectivity turning point as well as the
departures from metal-like BEP correlations for hydrogenation
kinetics.

An electronic analysis of adsorbed ethylene and atomic H over
Ni and the Ni + B-group IMCs illustrated that specific types of
bonding disruption within the adsorbed ethylene as well as the
nature of the bond between atomic H and the surface dictate the
calculated kinetics. Within the ethylene adsorbate, disruption of
the pi bonding/antibonding states occurs universally over all
surfaces, as expected, yet new and energetically localized carbon-
surface states occur only over NiIn and NiTl (see Fig. 5). The disrup-
tion of the pi bonding states may prime the molecule for sigma
bond addition through hydrogenation. However, this is dependent
upon the ability of the surface to transfer hydrogen. Analysis of the
center of the s-state of adsorbed atomic H illustrates a clear con-
nection between lower energy s-centers and limited hydrogena-
tion and vice versa (see Fig. 4). The s-centers track from least to
most negative as Ni < NiTl < NiGa < NiB < NiIn < NiAl. Contrasting
Ni, NiGa, and NiAl in ethylene hydrogenation, a clear correlation
with atomic H electronic state energy and hydrogenation are evi-
dent, e.g., Ni > NiGa � NiAl. This was a trend not captured well
with the energetics of surface chemical reactivity markers. The ele-
vated s-center energy of atomic H over Ni and NiTl correlates well
with more facile hydrogenation throughout the entire reaction
mechanism. Focusing upon cases where ethylene adsorption leads
to carbon-surface states near the Fermi level, e.g., over NiIn and
NiTl, we find this feature leads to CAC bond disruption and more
facile CAC coupling. Correlation between kinetics and the degree
of disruption in the sigma bonding network within adsorbed ethy-
lene was much less clear, yet suggested another degree of adsor-
bate activation that may be correlated with reaction pathway
preference. The effect of p-element electronegativity in dictating
the position of the s-state of atomic H leads to generally limited

Fig. 4. Electronic analysis of Ni and Ni + B-group IMCs from left to right: band
structure and DOS of clean surfaces and DOS of adsorbed atomic H over Ni and Ni
+ B-group IMCs. Vertically materials are listed as (a) Ni, (b) NiB, (c) NiAl, (d) NiGa,
(e) NiIn, and f) NiTl. D-band centers of clean surfaces and s-centers of adsorbed
atomic H are indicated by red triangles to the right of the DOS plots. To make the
DOS comparisons more facile, DOS were normalized by number of electrons present
and scaled. Scaling is noted in each plot box.

Fig. 5. Molecular orbital analysis of ethylene adsorption utilizing gas phase
ethylene symmetry designations throughout to ease comparison to the gas phase.
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hydrogenation kinetics over the IMCs in comparison to Ni. This fea-
ture may be useful to further manipulate the stability of atomic H
and its transfer to surface-bound intermediates. These results sug-
gest that electronic analysis of adsorbates may be necessary to
fully understand how IMC surface chemistry is produced.

4.3. Effect of XC functionals

The effect of exchange-correlation functional choice on the
results derived herein was investigated by recalculating all ener-
getics with PBE, RPBE and PW91 in addition to PBE-sol. PBE-sol
has been shown to treat the more localized and hybridized bond-
ing within semiconductors greatly improving the accuracy of
calculated band gaps in comparison to PBE, RPBE, or PW91
[62,86–88]. Because the bonding within the IMCs varies consider-
ably depending upon the p-element selection and exhibited a
range of metallic and more hybridized bonding characteristics,
use of the PBE-sol functional may produce more realistic results
on a case-by-case basis. It should be stated that PBE-sol has been
noted to suffer inaccuracy in capturing the bonding within isolated
molecules, which translates to a small degree of error in the calcu-
lation of adsorption energies [139–142]. Because adsorption/des-
orption is unlikely to dramatically affect the major pathways of
interest, these errors are unlikely to affect conclusions drawn.
However, it was important to investigate the reaction energetics
of surface reactions to determine whether error induced by the
functional would affect conclusions (see Table S12).

In general, marginal changes were found in reaction energetics
as the XC functional was modified. Select thermodynamic energet-
ics were affected to a greater degree, but, interestingly, calculated
kinetic barriers were generally within a few tenths of an eV leaving
conclusions unmodified. On a material-specific basis, both thermo-
dynamic energies and kinetic barriers calculated using PBE-sol
deviated most significantly from PBE, RPBE, and PW91 when mod-
eling the solids that exhibited more hybridized/covalent bonding,
namely NiB, NiAl, and NiGa (strict covalent bonding is not implied).
Because of markedly varying bulk bonding nature and a lack of
experimental and computational surface science studies to com-
pare with, it is still unclear which XC functional is most accurate
for IMCs or if it is IMC specific. These same trends were found in
our studies of compounds of Ti or Ni bound with the nonmetals
and their surface and catalytic chemistry in the deoxygenation of
a woody biomass model compound [43,44].

5. Conclusions

In conclusion, our studies presented herein have helped to shed
some direction on how constituent element selection, orbital over-
lap, bulk bonding, and reaction site composition systematically
dictate the surface and catalytic chemistry of TM IMCs in the
semi-hydrogenation of acetylene. Results demonstrate that the
nature of the electronic structure of the Ni + B-group IMCs trans-
forms from moderately hybridized (NiB) to highly hybridized (NiAl
and NiGa) back to moderately hybridized (NiIn and NiTl) as a func-
tion of the Ni-p-element orbital overlap. The changes in the nature
of the bulk bonding of the IMCs also translates to markedly manip-
ulated surface chemistry towards C@C bonds and significantly
modulates hydrogenation activity. Changes in IMC bulk bonding
also produced a full spectrum of surface chemical traits that would
be characterized as electronic and ensemble-like depending on the
contribution of the surface p-elements to the observed surface
chemistry. New BEP correlations are also evident over the Ni + B-
group IMCs that exhibit strong electronic effects and pronounced
p-element contributions to the surface chemistry. Correlations of
hydrogenation thermodynamics and kinetics over these materials

(NiB, NiAl, and NiGa) depart significantly from the trends observed
over monometallic TM surfaces suggesting that new and unique
control of catalytic chemistry is possible through the new elec-
tronic structures presented by select IMCs. The new surface chem-
istry encountered over the IMCs also necessitated an in-depth
electronic analysis of both the IMCs and the critical adsorbates
ethylene and atomic H to understand the trends in reaction ener-
getics. Analysis of the disruption of molecular orbitals within
adsorbed ethylene and the center of the s-state for adsorbed
atomic H with respect to the Fermi level provided additional mark-
ers that tracked well with observed hydrogenation kinetics of ethy-
lene. In the end, the observations made in this study suggest that
the surface chemistry of IMCs may be abundantly tunable beyond
simple physical ensemble effects and may be made to present
wholly unique surface chemistry towards unsaturated CAC bonds
and modified hydrogenation activity that has heretofore been
mostly inaccessible over monometallic TMs, TM + TM alloys, and
TM + CM IMCs and alloys. An IMC compositional space where size
match of constituent elements improves orbital overlap and signif-
icantly modifies surface and catalytic chemistry has also been
identified.
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