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Noble-metal-alternative Ni—Si catalysts more active than Pd in the
hydrogen storage reaction were developed using a unique procedure,
i.e., surface dealloying with hydrofluoric acid treatment. The combi-
nation of the structural analysis and the DFT calculation revealed a
specific active site structure, a Ni cluster embedded in a SiO, matrix,
and its unprecedented role in the molecular conversion.

Hydrogenation is one of the most important chemical trans-
formations in various systems such as industrial processes,
pharmaceutical synthesis, and hydrogen storage." Noble metals
such as Pt and Pd have been used as efficient catalysts for the
hydrogenation of unsaturated hydrocarbons. However, because
these noble metals are rare, unevenly distributed, and extremely
expensive, the development of alternatives is strongly desired.> As
a non-noble metal, Ni has been used in various hydrogenation
reactions involving, for example, aldehydes,3 nitroarenes,*
aromatics,” and unsaturated fatty acids.® However, severe reaction
conditions such as high temperatures and hydrogen pressures are
typically needed to attain sufficient reaction rates. Therefore, a
drastic enhancement in the catalytic activity of Ni is a challenging
but attractive approach to develop an efficient alternative to noble-
metal catalysts.

Intermetallic compounds are receiving increasing attention
as attractive catalyst materials because of their specific crystal
structures, ordered atomic arrangements, and unique electronic
states.” Emerging research topics in this field include the use of
intermetallic compounds as a platform to develop more efficient
reaction environments viz a chemical treatment.* "' Two different
well-ordered and atomically dispersed metal elements can be
transformed into a composite with unconventional active sites via
an appropriate chemical treatment.
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In this study, we applied a “surface dealloying” methodology
to a series of Ni-based intermetallic compounds such that only
the surface structure was chemically modified, whereas the bulk
structure was retained. During an attempt to develop an efficient
hydrogenation catalyst based on surface dealloying, we discovered
that some Ni-Si intermetallic compounds treated with a diluted
aqueous solution of hydrofluoric acid (HF) exhibited outstanding
catalytic performances in the hydrogenation of unsaturated hydro-
carbons. In addition, a combination of X-ray photoelectron
spectroscopy (XPS), scanning transmission electron microscopy
(STEM) analysis, and density functional theory (DFT) studies
suggested that Ni clusters partially embedded in the SiO, matrix
acted as highly active hydrogenation sites. Herein, we report a
promising noble-metal-alternative material based on Ni with earth-
abundant Si and a novel concept in catalyst preparation.

The procedure for catalyst preparation was very simple: a
series of Ni-based intermetallic compounds prepared by arc
melting (Ni;Si, Ni,Si, NiSi, NiSi,, NizAl, Ni;Ge, and Ni;Sn as fine
powders; X-ray diffraction (XRD) patterns are shown in Fig. S1,
ESIt) was added to a vigorously stirred aqueous solution of HF
(typically 1.0 M) at 25 °C in air and the resultant solution was
allowed to stand for 15 min, followed by three washings with
deionized water. The thus-prepared catalysts were pre-reduced
under flowing hydrogen at 400 °C and tested in the hydrogenation
of ethylene as a model reaction (Table S1, ESIt). Fig. 1 shows the
catalytic activities of these samples relative to that of pure Ni.
Among the various materials, Ni;Si and NiSi, showed remarkably
high catalytic activities compared with Ni powder (a 20-fold higher
turnover frequency (TOF) and reaction rate, respectively) and
Ni/SiO, (Ni nanoparticles supported on silica gel: 7-10 nm,
Fig. S2, ESI+). NizAl-HF, which is a RANEY® Ni analog, did not
demonstrate such a large enhancement. The catalytic activity
did not change when pure Ni was treated with HF. No reaction
occurred when NizGe-HF or NizSn—-HF was used. These results
indicate that the observed high catalytic activity is specific to
the combination of Ni and Si.

We next characterized the structures of the Ni-Si catalysts before
and after the HF treatment. The XRD patterns (Fig. S3, ESIT) and
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Fig. 1 Relative catalytic activities of Ni-based materials in ethylene hydro-
genation at 70 °C. Specific reaction rate per gram catalyst and TOF relative
to those of pure Ni as unity are shown.

X-ray adsorption spectra (Fig. S4, ESIT) of the catalysts after HF
treatment were almost identical to those of the untreated
materials, indicating that the bulk structure was retained after
the HF treatment. However, CO adsorption experiments revealed
that the Ni dispersion substantially increased from zero depending
on the concentration of HF (Fig. S5a, ESIt). These results suggest
that Si species at the surface region were preferentially removed by
the HF treatment, thus forming a Ni-rich surface. With increasing
HF concentration, the Ni dispersion and the reaction rate initially
increased and then plateaued (Fig. S5a and b, ESIf). The TOF
reached a certain maximum at 1.0 < [HF] < 2.0 M for each Ni-Si
intermetallic compound (Fig. S5c¢, ESIt). Details of the effect of
[HF] are summarized in the ESIt (p. S25). SEM images of NiSi, and
NiSi,~HF revealed that the particle size and morphology did not
change, while the surface became rough (Fig. S6, ESIt). This is
consistent with the bulk and surface structures being retained and
chemically modified, respectively.

Next, we tested the catalytic activities of Ni;Si-HF and NiSi,-
HF in the hydrogenation of various unsaturated hydrocarbons
such as acetylene, benzene, and toluene (Table S2, ESIt). Acetylene
hydrogenation is the key process in purifying ethylene before
polymerization.’> Benzene and toluene have attracted attention
as promising hydrogen carriers;'>'* therefore, the development of
an efficient catalyst for aromatic hydrogenation using non-noble
metals is strongly desired. Fig. 2 shows the relative catalytic activity
of these catalysts. In addition to their excellent ethylene hydro-
genation performance, Ni;Si-HF and NiSi,-HF exhibited out-
standing catalytic activities compared with that of Ni in
acetylene hydrogenation. These catalysts also showed excellent
aromatic hydrogenation performance (TOFs typically 10 or 20 times
greater than that of Ni). NiSi,—-HF gave the highest reaction rate in
each reaction, likely because Ni was much more dispersed than in
Ni;Si-HF (Fig. S5b, ESIY).

Given the aforementioned high reaction rates, we further
studied the catalytic activity and stability of NiSi,-HF in aromatic
hydrogenation under optimized conditions.

Fig. 3 shows the change in reactant conversion in the
hydrogenation of benzene and toluene over NiSi,—~HF, Pd black,
and Ni catalysts. Here note that the Ni content in NiSi,—HF was
51 wt%. The pure Ni catalyst gave poor conversions less than
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Fig. 2 Relative catalytic activities of Ni, NizSi—-HF, and NiSi,—HF in the
hydrogenation of various unsaturated hydrocarbons. The specific reaction
rate per gram of catalyst and the TOF relative to those of pure Ni as unity
are shown.

5% in both reactions. NiSi,—~HF gave excellent conversions (ca.
93% for benzene and 91% for toluene) and retained them for at
least 8 h. We also tested the catalytic activity of Pd black,
in which the metal was slightly more dispersed than that in
NiSi,~HF (Fig. 3 and Table S3, ESIt). Compared with Pd black,
NiSi,~-HF exhibited much higher and comparable conversions
of benzene and toluene, respectively. NiSi,~HF also showed a
1.5-times higher TOF than Pd. The turnover number reached
5185 after 8 h on stream, which was much higher than that of
Pd (3038, Table S3, ESIt). These results highlight that NiSi,-HF
is a promising noble-metal-alternative material for hydrogen
storage applications.

To consider the surface states of HF-treated catalysts, we
conducted XPS analyses. Fig. 4a and b shows the Ni 2p;/, and Si
2p XPS spectra of NiSi, before and after the HF treatment and
the subsequent H, reduction.

The spectrum of NiSi, shows emission peaks at 854.6 and
100.3 eV in the Ni 2pj3, and Si 2p regions, respectively,
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Fig. 3 Change in reactant conversion in the hydrogenation of benzene and
toluene over NiSi,—HF, Pd black, and Ni catalysts at 150 °C. The selectivity
toward cyclohexane or methylcyclohexane was 100% for each catalyst.
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consistent with reported values for zero-valent Ni and Si of
NiSi,."® An intense peak assignable to SiO, was also observed at
103.6 eV,'® suggesting that the Si species at the surface were
partially oxidized (Fig. 4c, left). After the HF treatment, the Ni
2ps» peak intensity increased, whereas the Si 2p intensity
decreased, consistent with the removal of surface Si and an
increase in Ni dispersion, as previously mentioned. Moreover,
Si® species disappeared and two Ni species were newly
observed at 852.8 and 856.0 eV, which were assignable to
elemental Ni'® and NiO,'® respectively. These results indicate
that Ni was separated from the parent intermetallic phase
during the dealloying process by HF and that part of the Si
remained as SiO, (Fig. 4c). The presence of NiO after H,
reduction implies that some Ni species are fully embedded in
the resulting SiO, matrix, which hardly comes into contact with
gaseous H,. Fig. 4d shows the bright field-STEM image of
NiSi,~-HF, where a specific layered structure is indeed observed
(see also Fig. S7 for several viewpoints, ESIf). The elemental
map in this field (Fig. S8, ESI}) revealed that each layer
consisted of a number of small Ni clusters (2-5 nm) embedded
in SiO,, SiO,, and NiSi,, which demonstrates the structural
model shown in Fig. 4c. Thus, a specific surface structure
consisting of Ni-SiO, composites was obtained by applying
the surface dealloying protocol. Given that Ni/SiO, showed a
TOF similar to that of bulk Ni, the high catalytic activities of
Ni-Si-HF cannot be explained by a simple contact between the
Ni and SiO,, as observed for supported nanoparticles. A similar
trend in peak intensity was also observed for the XPS of Ni,Si
and Ni;Si-HF (Fig. S9, ESIT). However, for Ni;Si, the surface of
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Fig. 4 (a) Ni2ps/> and (b) Si 2p XPS of NiSi, before and after HF treatment.
(c) Plausible change in the surface structure upon HF treatment and
H, reduction. (d) The bright-field-STEM image of the surface region of
NiSi,—HF in the cross-section.
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the parent Ni;Si was already segregated: the hard X-ray photo-
electron spectra of Ni;Si revealed that the as-prepared Ni;Si had
a thick SiO, layer (>20 nm, Fig. S10, ESIt) at the surface. The
presence of this thick SiO, layer at the catalyst surface can
explain why the untreated Ni;Si was inactive. The Ni;Si phase

17,18
T we

itself is known to be active toward hydrogenation:
recently reported that Ni,;Si fine powder prepared by sodium
melt synthesis (Ni;Si-p) exhibited high phase purity and a much
less oxidized surface; hence, it exhibited a higher TOF than Ni
in ethylene hydrogenation.'” However, emphasis should be
placed on the observation that Ni;Si-HF still afforded a TOF
more than two times that of Ni;Si-p under the same reaction
conditions (Fig. S12, ESIt).

To clarify the role of surface structures in the observed
enhancement in hydrogenation ability, we performed DFT
calculations for the relevant Ni-based materials. The flat surfaces
of Ni(111) and Ni3Si(111) were considered the standard active
surfaces of Ni and Ni;Si-p, respectively. On the basis of the XPS
and STEM analysis results, we considered a Ni cluster partially
embedded in an SiO, matrix to be the active site of Ni-Si-HF
(hereafter, Ni@SiO,). In this study, we modeled a Ni,, cluster as a
small truncated octahedron with or without a surrounding SiO,
matrix (Fig. S12, ESIf). For the Ni@SiO, model, a cavity was
made in a SiO, framework with an appropriate size and OH
terminations for the embedded Ni,, cluster to fit within the
cavity. The closest contact between Ni and the lattice oxygen or
OH groups ranged within 1.86-2.16 A in the optimized structure
(Fig. S12d, ESIt), which would provide moderate steric restric-
tion or strain to the Ni cluster. Fig. 5 shows the activation
energies associated with hydrogen attack at ethylene adsorbed
onto the relevant Ni-based surfaces (detailed structures are
shown in Fig. S13, ESIf). The Ni,, clusters gave an activation
energy of 0.80 eV, which is similar to that on the Ni(111) surface
(0.76 eV). This similarity indicates that the metal size weakly affects
the reactivity, as reported in the literature."® The Ni;Si(111) surface
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Fig. 5 Activation energies of the hydrogen attack at ethylene on Ni(111),
NisSi(111), a Nig cluster, and a Niyg cluster embedded in an SiO, matrix, as
calculated by DFT. Transition-state structures are also shown.
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showed a lower activation energy of 0.67 eV, consistent with the
catalytic activity of Ni;Si-p being higher than that of Ni. The lowest
activation energy of 0.56 eV was observed for Ni@SiO,, where a
substantial decrease in the energy barrier (0.24 eV) with the aid of
the SiO, matrix was observed. Thus, our calculation results could
explain the experimental activity trend: NizSi-HF (Ni@SiO,) >
NizSi-p > Ni & Ni/SiO,. The substantial stabilization observed for
Ni@SiO, was attributed to the specific structure of the transition
state: the active site of the Ni-atom-absorbing ethylene was uplifted
compared with that of the free Ni cluster (Fig. 5 and Fig. S12, ESI).
Hydrogen attack to the upper-lying alkenyl carbon can be facilitated
over the uplifted active sites, thereby stabilizing the transition state.
This specific structure likely originates from the steric restriction
provided by the surrounding SiO, matrix: because the lateral
displacement of Ni atoms is restricted, the displacement to the
vertical direction could be amplified.

We also focused on the effect of the SiO, matrix on the
electronic state of Ni. However, the difference in the atomic
charge of Ni between Ni,, and Ni@SiO, was negligible (Table
S4, ESIt). This result is consistent with the XPS analysis results:
the surface Ni of Ni-Si-HF showed a binding energy identical to
that of elemental Ni. The metal-support interaction is known to
be weak for SiO,, unlike that for other common oxide supports
such as TiO, and Al,0;.%° This character may be one of the
reasons why only Ni-Si-HF among the various investigated
Ni-M-HF showed a specific improvement.

The Ni@SiO, model we used is just one of the possible
model structures. However, the important consideration is that
our DFT model suggested an unprecedented strain effect on the
catalytic activity. In addition, such a highly active reaction site
could be constructed using the surface dealloying protocol,
which is simple and easy. The obtained insights and catalyst
design could also be applicable for supported nanoparticulate
catalysts, which are expected to be much more efficient. We are
currently focusing on developing supported Ni@SiO, catalysts
and will report another efficient system in the near future.
Thus, our findings propose an innovative concept for catalyst
design and would open a novel trend in catalysis research.

In summary, we prepared highly efficient catalysts for hydro-
genation based on a novel concept of catalyst design, ie.,
surface dealloying of intermetallic compounds. Compared with
the conventional Ni catalysts, Ni;Si and NiSi, treated with HF
function as remarkably active hydrogenation catalysts for several
unsaturated hydrocarbons, where a 10- to 20-fold increase in
catalytic activity was achieved. NiSi,-HF exhibits excellent catalytic
activity and stability in the hydrogenation of benzene and toluene.
Emphasis should be placed on this catalyst being even more active
than Pd in aromatic hydrogenation, indicating that the developed
catalysts are efficient noble-metal-alternative materials for hydrogen
storage and transport. The surface of Ni-Si is dealloyed by HF to
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form Ni-SiO, composites, where Ni clusters are embedded in the
SiO, matrix. Steric restriction imposed on the Ni cluster by the SiO,
matrix enables stabilization of the hydrogenation transition state,
which substantially lowers the activation barrier. The insights
obtained in this study not only provide an efficient catalytic system
but would also open a novel trend in catalyst design.
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