Highly Selective and Stable Isolated Non-Noble Metal Atom

Catalysts for Selective Hydrogenation of Acetylene

Baoai Fu,' Alan J. McCue,? Yanan Liu,"* Shaoxia Weng,! Yuanfei Song,' Yufei He,' Junting
Feng'! and Dianqing Li'-*
!State Key Laboratory of Chemical Resource Engineering, Beijing Engineering Center for
Hierarchical Catalysts, Beijing University of Chemical Technology, Beijing, 100029, China

’Department of Chemistry, University of Aberdeen, Aberdeen AB24 3UE, UK.

* Corresponding author
Address: Box 98, 15 Bei San Huan East Road, Beijing 100029, China
Tel: +86 10 64436992 Fax: +86 10 64436992

E-mail address: ynliu@mail.buct.edu.cn (Yanan Liu); lidg@mail.buct.edu.cn (Dianqging Li)

ABSTRACT

A strategy to fabricate a stable and site-isolated Ni catalyst is reported. Specifically,
MosS4 clusters allowed individual Ni atoms to bond with Mo and S to create a type of
active site. Site-isolated N1iMoS/AbO; sample exhibited high performance in the
selective hydrogenation of acetylene. Specifically, 90% ethylene selectivity was
achievable at full acetylene conversion under relatively mild reaction conditions
without any obvious decay in performance observed during longer testing periods. In
contrast, a reference catalyst with Ni ensembles exhibited poor selectivity and stability.
DFT calculations suggested H> molecules were activated by a heterolytic route over
Ni1MoS/Al,0O3; which enhanced reaction rate. Improved selectivity originated from the
unique isolated Ni®" structure induced by Mo and S which facilitated product desorption
as opposed to over-hydrogenation or oligomerization. This work provides a feasible
way to construct site-isolated catalysts with higher active metal loadings and opens up
an opportunity in selective hydrogenation.
Keywords: Non-noble Ni catalysts; Isolated Ni®" structure; Selective hydrogenation;
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1. Introduction

Global targets of sustainable development in the energy and environmental fields
have seen site isolated catalysts receive widespread attention due to their maximal atom
utilization and special catalytic behavior," ? which is associated with low coordination
number’, quantum confinement of metal atoms* and/or strong interactions with the
catalyst support®. Traditional fabrication strategies for single atom catalysts are highly
dependent upon the initial adsorption/binding of a metal precursor with a support and
often require lower metal loading to be effective.® However, challenges still emerge
from the heterogeneity of such a system (namely, the metal atoms can locate at different
support sites).” Also, owing to high surface free energy, individual metal atoms are
generally mobile on the support surface and thus aggregate, especially in reaction
processes occurring at elevated temperatures.® As a consequence of these points, the
development of alternative fabrication strategies to prepare well-defined and stable site-
isolated catalysts with higher metal loading are very desirable, albeit challenging.

The term ‘metal cluster’ refers to a structure in which three or more metal atoms are
directly bonded to each other to form metal-metal bonds (abbreviated as M-M), while
a ‘sulfur-containing metal cluster’ occurs when one or more metal atom is replaced by
S atom.” 1° Sulfur-containing metal clusters like M3Ss (M = Mo or W) with a cubane
structure have been touted as an ideal platform for the preparation of highly dispersed
catalysts owing to their ultra-high specific surface area and uniformity.!! Recent
literature'? indicates that a second metal such as cobalt or nickel can be introduced into
the MosSs structure, which itself, provides a platform for constructing site-isolated
catalysts. However, whether the Co/Ni atoms act as discrete active sites or as a promoter
for the underlying MosSs4 cluster remains unclear. It would therefore be highly desirable
to gain greater insight into the properties of these clusters from an experimental
perspective.

The selective hydrogenation of alkyne impurities in alkene rich streams is an
important industrial process for purifying alkenes produced from petroleum

cracking.'®!* The critical requirements for this process are (i) to achieve high selectivity



to the alkene, especially at high alkyne conversion;'? (ii) to minimize hydrogenation of
any alkene produced (or present in inlet stream) especially at high alkyne conversion;'
and (ii1) to achieve high durability against deactivation via carbonaceous deposits
associated with oligomerization.!” Whilst Pd-based catalysts are often used for alkyne
hydrogenation, non-noble Ni-based catalysts could also be used due to their good
hydrogenation activity and lower cost/higher abundance. However, Ni catalysts are
generally less selective at high conversion for this type of process.!® In recent years,
much focus has been paid to the development of efficient and selective Ni-based
catalysts by introducing a second element to fabricate an alloy or intermetallic
compound,'® deposition of a metal oxide overlayer, using an organic modifier’* or
development of supports with defects or heteroatoms suitable for confining metals.?!
However, for Ni catalysts, deactivation as a result of carbonaceous deposits still
significantly limits catalytic lifetime. As such, this has become a driving force for
researchers to further develop alternative catalysts.

In this work, we report the use of a confinement strategy to fabricate a stable and
atomically dispersed non-noble metal Ni catalyst (NiiMoS) on Al,O3; with Ni loading
up to 3.5 wt. % for the selective hydrogenation of acetylene. Specifically, Mo03S4
clusters with a cubic structure cell allow a Ni atom to bond with S or Mo atoms on the
cell edge and act as the crucial active site. Aberration-corrected electron microscopy
and X-ray absorption spectroscopy are used to characterize the dispersion and chemical
state of Ni species on the surface of alumina support. By virtue of combining these
experiments with DFT calculations, a possible mechanism for selective C=C

hydrogenation is proposed.

2. Result and discussion
2.1 Synthesis and structural characterization of NiiMoS/Al2O3

A dark green [Mo3S4(H20)9]*" metal cluster solution was first prepared by reacting
ammonium tetrathiomolybdate with NaBH4 and HC1.?*> The formation of this complex
was confirmed by UV-visible spectroscopy (Fig. S1A). Nickel nitrate was then

introduced into the metal cluster solution to allow the adsorption and bonding of Ni



(Fig. S1B). A supported catalyst was then prepared by a conventional impregnation
route using Al>O3, The solid was washed thoroughly with water to remove chloride ions,
and thermally pretreated/activated at 200°C in N> for 1 h as well as at 300°C in H» for
2 h (Fig. S2) to produce NiiMoS/AL,O; catalyst. Except for the characteristics of the
ALOs3 support, no obvious Ni nanoparticles are observed in STEM images at both low
and high magnifications (Fig. 1A-D, Fig. S3 and S4). Similarly, XRD patterns (Fig. S5)
of N1;MoS/AlOs3 catalyst before and after heat treatment (even with Ni loading as high
as 3.5 wt. % Ni - determined by ICP-AES) showed no evidence of Ni or NiO
nanoparticles. Furthermore, Energy Dispersive X-ray Spectroscopy (EDS) analysis was
performed. The mapping images (Fig. 1C and S4) reveal that Ni, Mo and S are evenly
dispersed on Al:O3 without any agglomerates observed. As a contrast, Ni free
[Mo3S4(H20)9]*" metal clusters were impregnated on Al,O3 to obtain a MoS/ALO3
catalyst after the same thermal pre-treatment described above. This sample possesses
Mo particles with the average size of 1.5+0.2 nm (observed by HRTEM) and a lattice
spacing of 0.322 nm which is assigned to the (202) facet of the Mo3S4 phase (Fig. S6D
and Table S1). The above results are also consistent with XRD analysis (Fig. S5).
Characteristics for additional reference samples including Ni/Al,Os3, NiS/AL2O3; and
Mo/Al>O3 are shown in Fig. S6 and Table S1.

To gain more structural information on NiiMoS/Al,Os catalyst, spherical aberration
corrected HAADF-STEM was employed. The thermal pre-treatment removes H,O
(from the original metal cluster) to form Ni;MoS/Al>O3 and subsequently allows direct
observation for the separation of Ni atoms by Mo and S atoms on a sub nanometer scale
by aberration-corrected STEM (see Fig. 1E-F and Fig. S7). That is to say, the Mo3S4
cluster provides a site for anchoring Ni from Ni(NO3)2 precursor, by forming Ni-S (Mo)
bonds. We also used CO as an IR probe molecule (Fig. S8) to study the adsorption
behavior and geometric states. Three bands are observed at 2100, 1637 and 1400 cm™'.
The band at 2100 cm™ is attributed to CO adsorbed on oxidized Ni species in a top
configuration,”® while the other two bands correspond to formate and bicarbonate
species formed from adsorbed CO interacting with AI-OH.?* No signals associated with

CO adsorbed on bridge or hollow sites are observed,?® which serves as further evidence



of atomically dispersed Ni in the catalyst.
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Fig. 1 Structural characterizations of NiiMoS/ALQs. (A, B, D) Representative HRTEM images
(C) STEM-EDS elemental mapping (E, F) AC-HAADF-STEM images of Ni;MoS/Al,O3 catalyst
(G) Normalized XANES spectra and (H) FT-EXAFS spectra of Ni K-edge EXAFS spectra for

Ni1MOS/A1203, NiS/A1203, NiO, and Ni foil.

Fig. 1G presents the X-ray Absorption Near-Edge Structure (XANES) spectra of
Nii1MoS/Al,O3 and NiS/Al,O3 materials (Ni foil and NiO spectra are included for
reference). The near-edge lines in NiiMoS/Al2O3 and NiS/Al,Os3 samples are similar to

those of NiO reference but the former has somewhat lower energy. This indicates the



oxidation state of Ni atoms in NiiMoS/Al>Os is positive.?® These results are consistent
with XPS analysis (Fig. S9), where the Ni 2ps3/2 signal in NiiMoS/ALOs3 catalyst shifts
to a lower energy of 856.0 eV compared with the peaks attributed to Ni** in the
[Mo3NiS4(H20)10]*/AL,0; precursor and NiS/ALO; sample. In other words, both
XANES and XPS suggest the Ni oxidation state in NiiMoS/Al>Os3 is positive but below
2 (i.e., Ni®" species where § lies in the range of 0-2).%’

More structural information is provided by analyzing the Extended X-ray Absorption
Fine Structure (EXAFS) at the Ni K-edge, as shown in Fig. 1H. A notable peak appears
in the region of 1 to 2 A in NijMoS/AL>Os but the intensity is significantly lower than
that of the NiO reference, implying a distorted structure around the nearest coordination
of Ni atoms. That is to say, the first shell peak for NiiMoS/AL>Os is different from NiO
and could be ascribed to a Ni-S contribution with a bond length of 2.17 A.?® More
importantly and consistent with expectation, there is no peak originating from a Ni-Ni
contribution.?’ An atomic distance of ca. 3.20 A is apparent in Ni;MoS/Al>,Os but not
in NiS/ALO;. As such, it may be indicative of a Ni-Mo interaction.® These results can
be considered as clear evidence for the sole presence of dispersed Ni atoms in
NiiMoS/Al,Os precluding the existence of metallic Ni particles.3 The local
coordination numbers (CN) of the Ni-S first shell and Ni-Mo second shell in
NiiMoS/Al,O3 were fitted as 2.7 and 1.7, respectively.*> For NiS/AL,O3 sample, no
obvious agglomeration is observed in STEM-mapping images, although a peak
attributed to Ni-Ni coordination is observed in EXAFS along with a Ni-S coordination
at 2.18 A (Table S2). A fitted Ni-Ni distance of 2.51 A and CN of 8.8 suggest the
existence of Ni ensembles in this sample with small particle size but in quite low level

since the Ni—Ni CN is far smaller than that in Ni foil (CN = 12).32

2.2 Evaluation of catalytic behavior

The selective hydrogenation of acetylene was chosen as a model reaction to evaluate
the catalytic behavior of single Ni atoms in NiMoS/Al>Os, using Al,O3 supported Ni,
NiS, Mo, MoS catalysts as reference materials. As displayed in Fig. 2A, the conversions

of all catalysts increase with increasing reaction temperature. For Mo/Al,O3 and



MoS/Al>03, no hydrogenation is observed at temperatures lower than 200°C, implying
that Mo and MoS are largely inert (Fig. S10). The performance of Ni/Al,O3 catalyst is
consistent with expectation — it exhibits complete acetylene conversion at 200°C but
with alkene selectivity below 0. Two key points can be taken from the data presented.
Firstly, Ni is considered as the catalytically active element. Secondly, this poor
performance is associated with continuous Ni ensembles, which lead to the appearance
of undesired ethane and green oil/oligomers. Interestingly, complete acetylene
conversion and excellent ethylene selectivity (90% in Fig. 2B) are obtained over the
NiiMoS/Al,O3 single atom catalyst at 125°C. The reaction temperature to achieve
complete conversion for this catalyst is lower than that of either NiS/Al>O3 or Ni/AL2O3
samples. Similarly, the reaction rate, reflecting the intrinsic activity, of NiiMoS/Al,03
is calculated as 0.094 mol™! ge.! s7!, which exceeds that of NiS/Al,O3 and Ni/ALO:s.
Meanwhile, the apparent activation energy (Ea) over NijMoS/Al>O3 (derived from the
linear fitting of In(TOF) versus 1000/T - Fig. 2C) is similar with Ni/Al>O3, indicating
that the site isolated Ni catalysts possess excellent catalytic activity. In terms of
selectivity, NiS/Al>Oj3 catalyst shows good ethylene selectivity of 78% at full acetylene
conversion, which may be related to decreased contiguous Ni sites. Indeed, this level
of selectivity is similar to that reported for a bulk phase Ni»S; sample.>* Moreover,
compared with reported non-noble metal catalysts (see Table S3), the site-isolated
Ni1MoS/AL,O3 could be considered as the most selective catalyst reported to date
(ethylene selectivity of 90% at 100% conversion). These results indicate that the
addition of Mo and S effectively isolates the Ni sites and thus promotes the selective
conversion of acetylene into ethylene. Generally, spherical Al2O3 pellets are widely
used in industry and thus the active NiiMoS component was further supported on
spherical Al,O; to obtain NiiMoS/S-ALOs. As expected, this catalyst displays
reasonable activity and selectivity, which provides the possibility for the substitution of
precious metals in industry (although the activity and selectivity are lower than powder
AL O; supported Ni catalysts due to the mass transfer resistance, meaning further

optimization is necessary).
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Fig. 2 Catalytic performance in the selective hydrogenation acetylene and characterizations
of spent catalysts. (A) Acetylene conversion as a function of reaction temperature and (B) ethylene
selectivity as a function of acetylene conversion over Ni-based catalysts (NiiMoS/S-Al,O3 stands
for spherical ALLOs supported NijMoS). Error bars represent standard deviation from three
independent measurements (Reaction conditions: 0.5 g of catalyst, 20:1 of Ho/C,H> ratio, total flow
=165 mL min"!, SV =9900 h™!). (C) Arrhenius plots of Ni;Mo0S/A1,03 and Ni/Al,O; catalysts. (D)
Long-term stability test for NiiMoS/AL,O3 at 105°C for 16 h. (E) Normalized Ni K-edge XANES

and (F) EXAFS spectra for spent NiiMoS/Al;O3 and the corresponding fitting.



Importantly, the activity (Fig. 2D) is maintained with only a small decrease in
ethylene selectivity over a 16 h testing period. Based on DFT calculations (Fig. S11),
breaking of the Ni—S bonds (anchoring Ni atom through three S atoms) is endothermic
by more than 4 eV (this phenomenon is in agreement with the report by Lu et al.>*),
which ensures the high chemical stability of this catalyst. Moreover, no Ni-Ni bonds at
ca. 249 A is observed in normalized XANES and EXAFS spectra for spent
NiiMoS/ALOs (Fig. 2E and 2F), demonstrating that the atomically dispersed structure
is robust under the catalytic conditions used. There is also no detectable oligomerization
or Ni agglomeration after 16 h, assessed by TG-MS and STEM results, respectively,
(Fig. S12 and S13). In contrast, a significant decrease in activity is observed for
Ni/AL2Os in only 3 h (Fig. S14). Since acetylene hydrogenation is a zero-order reaction

(Fig. S15) the reaction rate is independent of the acetylene concentration,*

meaning
this decline in reaction rate of Ni/Al,Os is caused by a change to the catalyst, namely

sintering (Fig. S16) or more likely, carbonaceous deposits.

2.3 Probing the mechanism of selective acetylene hydrogenation.

The N1 atom introduced into the Mo3S4 cluster to form the site-isolated metal catalyst
is responsible for the catalytic behavior; however, the exact function of these single Ni
atoms remains unclear. To seek greater insight into the origins of the active sites, the
reaction rates of NitMoS/Al>Os3 catalysts with various Ni contents were measured. It is
found that with a progressive increase of Ni loading from 0.6% to 3.5%, the reaction
rate of the catalyst increases linearly with Ni loading (Fig. 3A-B), while the selectivity
remains unchanged (see Fig S17). This indicates that the method of introducing single
Ni atoms into the Mo3S4 cluster is reasonably robust. However, when the Ni loading
increases to 5%, the reaction rate and product selectivity decrease (Fig. 3A-B and Fig.
S18). To explore this performance change, HRTEM analysis was performed and shows
agglomerated Ni species with a particle size of 0.8+0.1 nm (Fig. S19). So why do the
site-isolated NijMoS catalysts possess far superior catalytic performance compared

with a traditional supported Ni catalyst? It is generally accepted that H> undergoes



homolytic dissociation on the surface of nanosized metal catalysts (with more than two
Ni atoms in the vicinity) into H atoms.>® However, in this system, all Ni atoms in Mo3S4
cluster are individually dispersed, which is likely to give an alternative pathway for the
dissociation of H».3” To better understand why the NijMoS/AL O3 catalyst possesses
such high catalytic activity, the energetics of hydrogen adsorption/activation were
explored by DFT calculations (Fig. 3C). A H> molecule adsorbs on a Ni single atom
with an adsorption energy of -0.65 eV and is readily heterolytically dissociated into two
H atoms, one of which sits on the Ni atom and possesses a partial negative charge (H*),
while the other H binds to a neighboring S atom.*® The negatively charged H*~ bound
to the single Ni atom is less stable and is thus rapidly involved in hydrogenation
catalysis. For comparison, a H> molecule on Ni ensembles is homolytically dissociated
with adsorption energy of -0.58 eV as reported,’® which indicates that the site-isolated
NiiMoS catalyst provides a more active H species compared with monometallic Ni
sample. This matches well with H>-TPD analysis (Fig. S20), with greater desorbed
amount of H, from site-isolated Ni catalyst than Ni/Al>Os.

Generally, the facile dissociation of reactants and weak binding of intermediates are
key requirements for efficient and selective catalysis. These two variables are intimately
linked in a way that does not generally allow the optimization of both properties
simultaneously. However, with isolated Ni atoms dispersed in MoS nanoparticles, both
preferable selectivity and high activity can be simultaneously achieved. To gain greater
insight into why this is, in-situ DRIFTS experiments on NiiMoS/Al>O3, NiS/Al,0O3 and
Ni/ALOs3 catalysts were performed (Fig. 3D-F and S21). Since the molecular structures
of ethylene and acetylene are symmetrical, there is no change in dipole moment, and
thus the absorption peaks of C=C and C=C cannot be detected in the infrared spectrum.
As a result, propyne was employed as the reactant to simulate the selective

hydrogenation of acetylene at different reaction temperatures.
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Fig. 3 Identification of active sites and the interaction with reactants. (A) The initial activities
and (B) reaction rate as a function of the Ni loading (0.6, 2.5, 3.5 and 5.0 wt. %) for Ni;MoS/Al,0Os.
The excellent linear correlation between the initial activity and Ni concentration supports the
formation of isolated Ni sites. (C) The adsorption energy of H, molecule (Eaq) and the energy for
C,H>* hydrogenation to C,Hs* intermediate (TS1) and C,H3* hydrogenation to CoHa* intermediate
(TS2) on NiiMoS/AlbOs. (D-F) In situ DRIFT spectra with the reactants of Ni;iMoS/AlOs,
NiS/Al,O3 and Ni/Al,O3. The spectra were obtained after (a) exposed in pure C3Hs (b) further

introduced Hb, heating at (c) 60°C, (d) 100°C, (e) 120°C for 0.5 h for desorption.

Intense bands in the regions of 3300-3360, 2115-2156 and 2920-2980 cm™ are
observed in the infrared spectrum of NiiMoS/AL>Os catalysts, attributed to unsaturated
C-H and C-C vibrations (H-C=C), as well as saturated C-H vibrations in propyne (-
CH3).** With the introduction of 10% H2/N, the band intensity in the range of 3300—

3360 cm™! reduces rapidly, while two obvious bands appear at 1642 and 1121 cm’!



corresponding to C=C and C-H vibrations in H-C=C, consistent with conversion of the
alkyne to alkene.*! In contrast, the intensities of peaks in the regions of 3300-3360 and
2115-2156 cm™ for NiS/A1,O3 and Ni/AL,Os decrease gradually with prolonged reaction
time and/or higher temperature. Interestingly, when the reaction temperature is below
60°C, a weak band characteristic of C=C can be observed at 1642 cm™!, indicating the
alkene is produced, but this disappears as temperature increases to 100°C. Meanwhile,
a new characteristic shoulder appears at 1350 cm™, which belongs to the bending
vibration peak of C-H in propane,*? indicating that these catalysts mainly form propane.
These above phenomena are consistent with the catalytic evaluation. According to

4344 with respect to di-c adsorption at continuous sites, C=C bond is

reported literature,
able to adsorb on isolated atoms in n-bound configuration to form a vinyl species, which
is easily hydrogenated to produce the ethylene with low desorption energy.
Furthermore, detailed DFT calculations have been performed according to the
structure model (the corresponding CIF file is shown in the Supporting Information),
in which the electronic state and local coordination are basically consistent with
experimental results, confirmed by atomic bonding and Bader charge analysis (Fig.
S22). The reaction energies of elementary steps are shown in Fig. 4. CoHz coordinates
easily on isolated Ni atom in a m-complex manner with an adsorption energy of -1.47
eV. The resulting CoH»>* species is hydrogenated in two successive steps to produce
CoH3*-Ni intermediate and then CoH4*-Ni species with barriers of only 0.30 eV (TS1)
and 0.02 eV (TS2), displayed in Fig. 3C. These barriers are far lower than values

reported for catalysts with larger Ni ensembles,* which further reveals why the

Ni1MoS/Al>Os catalyst is highly active for acetylene hydrogenation.
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The adsorption energy of obtained C2Hs species is -0.83 eV. As theoretically reported
in a previous study,* the selectivity can be described by the difference between the
ethylene desorption barrier and its subsequent hydrogenation barrier. In our system, the
elementary step for ethylene over-hydrogenation to generate CoHs* 1is still
thermodynamically feasible on isolated Ni active sites but with a barrier of 1.07 eV,
much higher than the energy of ethylene desorption. The calculation demonstrates

ethylene desorption is more favorable on single Ni atoms, consistent with the



experimental evidence derived from CoHs-TPD analysis (Fig. S23). However, in
terms of the Ni ensembles, acetylene is adsorbed in the 3-fold coordinated hollow site
on a Ni trimer with energy of -2.52 eV, leading to the production of CoH4* adsorbed in
a di-c configuration with the energy of —0.57 eV.*' This energy is a little lower than the
over-hydrogenation barrier, contributing to relatively low ethylene selectivity. The
results described here are in line with the pioneering work concerning C>Hz
hydrogenation over single metal atoms.*®

Obviously, the confinement route from the cubic structure cell offers an opportunity
to obtain stable Ni single atom catalysts. To explore this further, the exothermic rate of
Ni single atom and ensembles as a function of the reaction temperature is given in

equation 1:

CF
mxXwXxD

Qsite = AH equation 1
where QOsire means distributing the overall heat to the single active sites, C and F stand
for the conversion and flow rate of C;H,, AH is the enthalpy change for the
hydrogenation of acetylene, m, w and D are the catalyst quantity, metal loading and
dispersion, respectively. As displayed in Fig. S24, the Qsite value displays the trend of
NiiMoS/ALO3; < Ni/Al,Os. Smaller Qsite value of NiiMoS/Al>Os3 is positively related
to higher metal dispersion, contributing to an increase in the number of the reaction
sites and accordingly decreases the effective heat generation on each active site. This
prevents accumulation of reaction heat on a specific active site and thereby inhibits the
agglomeration of active components. The maintaining of Ni single atom structure in
turn suppresses the generation of green oil/oligomers to some extent. In contrast, the
heat generation is greater by a factor of 10 on Ni ensembles, indicating that a large
amount of heat will accumulate on Ni nanoparticle catalyst and promote aggregation
and coking.

In summary, we have reported a new strategy to fabricate a stable and site-isolated
non-noble metal Ni;MoS catalyst on Al,O3 by effectively confining isolated Ni atoms
within the cubic structure cell of a Mo3S4 cluster. Site-isolated catalyst with Ni loading

up to 3.5 wt. % can be prepared without any apparent Ni agglomeration. HAADF-



STEM and XAFS both confirmed the presence of isolated Ni atoms, which bonded with
Mo and S atoms to create a new active site. By evaluating performance in the selective
hydrogenation of acetylene, the NiiMoS/Al>Os catalyst with isolated Ni sites exhibited
90% ethylene selectivity at a conversion of 100% under a relatively mild reaction
temperature of 125°C, which far exceeded that of catalysts with contiguous Ni
ensembles. More importantly, excellent long-term stability was obtained with no
deactivation via either Ni atom aggregation or coking during a 16 h time on stream. The
unique Ni single atom site favoured heterolytic activation of Ha to yield a reactive H>
species, which enabled a good hydrogenation rate of unsaturated C=C bonds. Through
the use of in-situ DRIFTS studies and computational modeling with density functional
theory, a m-adsorption mode of acetylene on isolated Ni atoms as well as an electronic
effect induced by Mo and S play important roles in the improvement of ethylene
selectivity. As such, the NiiMoS/ALLO; catalyst represents a marked step forward in the

design of hydrogenation catalysts.
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