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Production and functionalization of unsaturated hydro-
carbons (olefins and aromatics) are foundational to the
chemical industry. The reactivity of unsaturated hydrocarbons
makes them highly valuable yet also difficult to produce
efficiently.'~® Catalysts for olefins/aromatics production often
suffer from low selectivity due to improperly tuned surface
chemistry toward reactant and product, which leads to
unselective consumption of products.”*”'' Many are also
still composed of expensive noble metals.”>'*~* In an effort
to improve these processes, new and inexpensive catalysts that
exhibit appreciably tunable surface chemistry and low reactivity
toward olefins/aromatics are needed. Changes in chemical
feedstocks recently have further underscored these
needs.””>'° Herein, we focus on the discovery and develop-
ment of a non-noble-metal Ni+Ga-based intermetallic
compound (IMC) catalyst for the direct dehydrogenation of
propane to propylene.

Catalytic materials that have achieved some degree of
success in direct propane dehydrogenation for propylene
production are composed of platinum IMCs and metal oxides.
Pt-based IMCs, such as Pt+Sn, Pt+Ga, Pt+lIn, etc., exhibit
activity and selectivity, but are still comprised of expensive
metals, suffer from sintering, and require Cl, regenerative
treatments.”>'°"!® Several non-noble-metal oxides, such as
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CrO,, VO,, MoO,, GaO,, etc, also exhibit activity and
selectivity in alkane dehydrogenation reactions, yet suffer from
the loss of oxygen under reaction conditions, rapid
deactivation, and require frequent regeneration treat-
ments.”' 7%

Herein, we present the discovery of a stable and selective
propane dehydrogenation catalyst consisting of alumina-
supported (70% delta, 30% gamma phase) phase-pure Ni;Ga
IMC nanoparticles with Ga-rich surfaces (actual loading Ni:Ga
1:1, particle size average of 11.2 nm). Through new synthesis
techniques, the most stable IMC phase of Ni;Ga could be
kinetically promoted and trapped despite off-stoichiometric
actual Ni:Ga loading. This tunability enabled the production of
the high-performance main catalyst. However, due to the use
of alumina as an oxide support, some Ga was trapped on the
oxide surface and left unincorporated into the IMC nano-
particles, leading to a less well-defined core—shell-like IMC
nanoparticle composition. This complexity limited the
determination of the IMC surface composition through high-
sensitivity, low energy ion scattering spectroscopy (HS-LEIS),
yet was avoided when a silica support was employed.
Comparison of the main catalyst to well-defined, phase-pure,
bulk-like-terminated silica-supported catalysts of Ni;Ga/SiO,
and NiGa/SiO,, and Ni;Ga/Al,O; catalysts with a range of
actual Ni:Ga loadings, helped to suggest the active and
selective composition of the main catalyst.

Many complexities were presented in developing the
synthesis procedures for the supported IMC catalysts, too
many to outline fully in a Communication. However, a brief
overview of the understanding is presented to aid in
reproducing our results. Ni and Ga as nitrate salts were loaded
on alumina using a hydroxide method and on silica by
incipient wetness. In the hydroxide method, Ni and Ga nitrate
were transformed to their hydroxides in H,O using dilute
NaOH. The pre-catalysts were then subjected to a reductive
treatment to form the IMC particles. Annealing under Ar at
700 °C for 12 h was applied to select catalysts to grow IMC
particle size and manipulate IMC surface composition. The
bulk crystal phase of the Ni+Ga IMC particles was found to be
sensitive to the reactivity of the oxide surface and the
concentration of H, and temperature employed during
reduction. These effects were traced back to the diffusion
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Figure 1. (a) Catalytic activity, 82 h stability, and regenerability of (1:1 Ni:Ga)@Ni;Ga/ALO;. (b) HR-pXRD of (1:1 Ni:Ga) @Ni;Ga/AL O,
before and after reaction (c,d) HAADF and EDX per-particle elemental mapping over (1:1 Ni:Ga)@Ni;Ga/Al,O; before and after reaction. (e)

BF-TEM of annealed Ni;Ga/SiO,.

and availability of Ga during IMC particle formation and the
kinetic preference for Ni;Ga formation.

When an alumina support was utilized, lower concentrations
of H, and lower temperatures led to the preferential formation
of the Ni;Ga phase, yet also resulted in some amount of Ga
remaining on the oxide surface, unincorporated in the IMC
particles due to the reactivity of alumina (Figures 1b and S1).
Employing silica, a less reactive support, allowed for nearly all
Ga loaded to be incorporated into the IMC particles. This
phenomenon enabled the production of catalysts that
consisted of either NijGa particles with tunable surface
composition over alumina (2% H, for 1 h at 500 °C) or
bulk-like terminated Ni;Ga or NiGa particles over either
support (100% H, at 700 °C for 2 h for alumina and 10% H, at
700 °C for 2 h for silica, see Figures 2 and S2—S4).

Annealing treatments under Ar at 700 °C for 12 h were used
to grow IMC particle size and found not to affect the bulk
phase of the IMCs (Figure S6). For the silica-supported
catalysts, this treatment also aided in driving the surface
composition to be bulklike (Figure 2b). The effect of
annealing on the surface composition of the alumina-supported
catalysts could not be determined because of the effect of
unincorporated Ga. For the alumina-supported catalysts that
exhibited bulk crystal phases that differed from actual Ni and
Ga loading, the naming convention of (actual loading element
ratio) @particle-bulk-phase/oxide-support is utilized, e.g., (1:1
Ni:Ga) @Ni;Ga/Al,0;. This naming convention does not
imply an exact IMC surface composition. ICP-OES measure-
ments confirmed that actual loadings were within a few percent
of target loadings (Table S1). Ni+Ga IMC crystal phase was
found to be particle-size-independent. Co-feed of H, was not
employed in any of our tests. We note that the off-
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stoichiometric composition at the surface of the alumina-
supported particles was un-detectable via XRD.

The main catalyst of the study, (1:1 Ni:Ga) @Ni;Ga/Al,O,,
exhibited high steady-state selectivity towards propylene
production (~94%) using only Ar-diluted propane. Stability
was appreciable, with only moderate deactivation in long-term
performance tests at 600 °C (~94% to 81%, Figure la).
Conversion remained moderately stable as well (~13% to 9%)
over the 82 h test. Ethylene, another valuable olefin, was the
only other major product. Selectivity towards total olefin
production was nearly constant at ~94%. Methane and ethane
were minor products (Figures S7 and S8). Regeneration was
possible through in situ O, and H, treatment. Comparison with
published catalytic performance of commercial catalysts, Pt—
Sn (Oleflex, 80—91% selectivity at 25—40% conversion under
1.2—2 bar) and CrO, (CATOFIN, 80—90% selectivity at 48—
65% conversion under 0.3—1.0 bar), as well as with in-house-
produced Pt—Sn and CrO, catalysts (Figures S9 and S10),
indicated that (1:1 Ni:Ga) @NiyGa/Al, O, exhibited compara-
ble or higher selectivity and stability.”*~*°

Turnover frequency (TOF) rates for the catalysts were
determined using chemisorption of H, or CO to determine
reaction site concentration for overall rate normalization (see
Figure S11 for isothermal plots). The TOF rate of 4.7 X 1072
s™! for propylene production over (1:1 Ni:Ga) @Ni;Ga/AlLO5
was comparable to or greater than the TOF rates for the in-
house-synthesized catalysts of Pt+Sn (4.5 X 107 s™!) or CrO,
(1.3 x 107 s7') and within an order of magnitude of
published results for Pt+Sn and CrO, (Table $2).**'~** TOF
values of industrial catalysts could not be found in the
literature or patents.
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Figure 2. (a) HS-LEIS depth-profiling of annealed Ni;Ga/SiO, (red)
and as-prepared (1:1 Ni:Ga)@Ni;Ga/AlLO; (blue); gray boxes mark
where signal-to-noise ratio affected the HS-LEIS data. (b) HS-LEIS of
just-reduced Ni;Ga/SiO, (blue), annealed Ni;Ga (red), just-reduced
NiGa (black), annealed NiGa (magenta), and (1:1 Ni:Ga) @Ni;Ga/
AL Oj; before (olive) and after reaction (gray).
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Figure 3. Catalytic performance of propane dehydrogenation over
Ni;Ga/Al,O; with different Ni:Ga actual loadings.

Post-reaction catalyst characterization indicated the IMC
nanoparticles were surprisingly stable. XRD showed phase-
pure Ni;Ga persisted with no new phases present. TEM
indicated little change in particle size or morphology (average
112 nm to average of 12.5 nm). Coke formation as carbon
nanotubes was found to be selectively present about the main
catalyst and associated with smaller IMC particles (Figure
S12). Expulsion of Ga and the formation of Ni carbide in less
stable small particles may be responsible for the coke
formation, but this was not directly investigated.

Efforts to capture the surface composition of the main
catalyst using HS-LEIS such that it may be correlated with
catalytic performance failed due to the presence of
unincorporated Ga on the oxide surface. Therefore, con-
nections between IMC surface composition and catalytic
performance were instead derived through comparison with
well-defined phase-pure silica-supported catalysts where the
IMC surface composition could be measured reliably. The
suite of silica-supported catalysts consisted of phase-pure
Ni;Ga and NiGa in just-reduced and annealed states. EDS
analysis of these samples showed that the majority of Ga was
incorporated into the IMC particles. Depth profiling of the
annealed Ni;Ga/SiO, sample was used to calibrate the HS-
LEIS data. The measured surface concentrations of Ni and
average particle sizes of the well-defined catalysts were 92%
and 4.3 nm, 77% and 6.8 nm, 46% and 3.6 nm, and 55%
(particle size not determined) for just-reduced Ni;Ga,
annealed Ni;Ga, just-reduced NiGa, and annealed NiGa,
respectively, with the balance of the composition being Ga
(Figure 2b). HS-LEIS depth profiling data for the main catalyst
is presented for completeness, which showed an approach to
the bulk Ni;Ga composition, but profiling was stopped before
this value was reached.

Activity tests for just-reduced Ni;Ga/SiO, catalyst yielded
no presentable data, as deactivation and significant coke
production occurred within the first hour. This indicated that
the Ni-rich surface or smaller average particle size of this
catalyst was responsible for driving unselective reactions. The
annealed Ni;Ga/SiO,, where the surface composition was
bulk-like (77% Ni and 23% Ga), showed measurable activity
over 3.5 h but exhibited mostly unselective activity and rapid
deactivation (Figure S15a). The annealed NiGa/SiO, dis-
played selectivity (82%) and stability similar to those of the
main catalyst yet exhibited lower conversion (Figure S16).
These results demonstrated that a systematic increase in
propylene selectivity was directly connected to elevated
concentrations of Ga at the Ni+Ga IMC surface. An
alumina-supported NiGa catalyst with phase-pure NiGa
particles and Ni:Ga loading of 1:1 was also prepared and
tested. This catalyst is expected to be Ga-lean at the NiGa
particle surface. Its performance showed selectivity comparable
(~90+%) to that of the main catalyst, but it deactivated more
rapidly (Figure S16). Comparison of the catalytic performance
between SiO,-supported Ni+Ga IMCs and (1:1 Ni:Ga)@
Ni;Ga/Al,O; suggested that a surface composition between
3:1 and 1:1 Ni:Ga was potentially responsible for favorable
performance of the main catalyst. An IMC particle size effect is
also likely present, yet was not studied directly.

Because the Ni;Ga phase could be preferentially stabilized
despite off-stoichiometric actual loadings of Ni and Ga, a suite
of catalysts that consisted of Ni:Ga of 3:1, 1:1 (the base case),
and 1:2 actual loadings were prepared and tested. Because
some Ga is lost on the oxide surface, the IMC particles are
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expected to be lean in Ga in comparison to actual Ga loading.
A systematic reduction in the induction time was observed as
Ga loading increased, suggesting that over-reactive surface sites
were being modified or blocked by Ga. At a Ni:Ga ratio of 2:1,
conversion was reduced. Similar trends have been observed for
noble-metal IMC catalysts®**° and in well-defined surface
science studies of olefin adsorption.””’ " Systematic improve-
ment of selectivity and reduction in conversion suggest that
some concentration of Ni must be present at the IMC surface
to drive the reaction, yet too much Ni leads to surface
chemistry that drives unselective propane conversion. Catalyst
loading in the reactor was then modified to investigate
conversion vs selectivity effects. As selectivity was not a strong
function of conversion, the performance of the catalysts could
not be ascribed simply to lower conversion (Figure 3c).

Non-noble-metal IMC catalysts present a relatively new
compositional space that exhibits unique surface and catalytic
chemistry which is promising for olefin production. Through
the current understanding of their synthesis as supported
nanoparticles, well-defined and tunable bulk and surface
compositions could be achieved and their catalytic activity
tuned. Results suggest that a surface composition between 3:1
Ni:Ga and 1:1 Ni:Ga is responsible for the high performance
of the (1:1 Ni:Ga)@/NiyGa/Al,Oy catalyst. Further inves-
tigations are needed to fully understand the nature of the IMC
surface reaction sites, yet the attenuation of surface reactivity
that leads to elevated selectivity toward propylene production
was nonetheless achieved.
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