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ABSTRACT: The chemoselective hydrogenation of unsatu-
rated carbonyl compounds is one of the most important and
challenging chemical processes in the fine chemical synthesis
field, where intermetallic compounds (IMCs) have attracted
extensive interest as efficient catalysts. In this work, we
demonstrate the preparation of several Ni—In IMCs (NisIn,
Ni,In, Niln, and Ni,In;) with a tunable particle size via the
utilization of layered double hydroxides (LDHs) precursors
that exhibit largely enhanced catalytic activity and selectivity
toward the hydrogenation of a,f-unsaturated aldehydes. H,-
TPR and semi-in situ XRD measurements reveal a coreduction
process in the topotactic transformation of Niln-LDHs
materials to Ni—In IMCs. The catalytic behavior toward
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various unsaturated carbonyl compounds (e.g., furfural, 1-phenyltanol, crotonaldehyde, and 2-hexenal) can be improved by the
modulation of the Ni/In ratio and the particle size of these Ni—In IMCs. For instance, a yield of 99% for the hydrogenation of
furfural to furfuryl alcohol was obtained over supported NiIn catalyst (particle size 5.1 nm, 110 °C, 3 MP, 2 h). The XAFS
characterization and DFT calculation further reveal the electron transfer and active-site isolation in Ni—In IMCs, accounting for
the largely enhanced hydrogenation selectivity. The control over the activity and selectivity of Ni—In IMCs catalysts makes them
promising candidates for the chemoselective hydrogenation of unsaturated carbonyl compounds.
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1. INTRODUCTION

Intermetallic compounds (IMCs), which are composed of two
or more elements with a specific composition and definite
crystal structure, have been used in a variety of applications,
including superconductors,’ magnets,”> shape memory alloys,’
and hydrogen storage materials.” Specially, their fascinating
catalytic properties have attracted extensive research interests,
for instance, the hydrogenation of acetylene on AlFe, PdGa, or
RhBi IMCs,” the hydrogenation of unsaturated aldehydes on
RuTi or NiSn IMCs,® methanol synthesis and methanol steam
reforming on PdGa and PdZn IMCs,” and fuel electrocatalytic
oxidation by Pt;Ti or PtPb IMCs.® However, rigorous
preparation conditions are generally required (e.g., high-
temperature solid-state reaction) to obtain IMCs, and it is
rather difficult to control the structural and morphological
homogeneity, which has a significant impact on the resulting
catalytic behavior of the IMCs. Although much effort has been
made (e.%)., physical strategies (CVD),” chemical colloidal
synthesis,””" or microwave synthesis'’) to solve this problem,
these methods still suffer from having an expensive installation,
high toxicity, or laborious synthesis process. Therefore, it is
highly essential to develop facile and green strategies for the
preparation of IMCs as eflicient catalysts.
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The preferential hydrogenation of the C=0O group in a,f-
unsaturated aldehydes for the production of unsaturated
alcohols is one of the most important and challenging chemical
processes in the fine chemical synthesis field.*'" Conventional
hydrogenation catalysts based on noble or transition metals
(e.g, Ru, Pt, Rh, Cu, or Ni) are highly active, but they face the
problem of poor selectivity toward unsaturated alcohols
because of the kinetically and thermodynamically favored
hydrogenation of the C=C bond instead of the C=O bond.
One of the most effective ways to overcome this is to
incorporate a second more electropositive metal (e.g.,, Sn, Ti, or
Si) for better catalytic selectivity through the geometric and/or
electronic effect, especially in the case of the formation of
IMCs.%"> The strong interaction between the component
elements in IMCs enables the polarization of the C=O0 group,
facilitating its hydrogenation.'**"* Previous work demonstrated
that the formation of IMCs (e.g,, Ru—Sn,'%* Ru—Tj,* Ni—Sn,®®
or Ni—Si'* systems) improves the hydrogenation selectivity of
some unsaturated aldehydes/ketones, but the hydrogenation
activity may decrease significantly as a result of the introduction
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of the second metal. In addition, difficulties in controlling the
phase purity, particle size, and uniform morphology of
intermetallics lead to unexpectable catalytic behavior and
obscure structure—function correlation. Therefore, the design
and preparation of new IMC catalysts toward the hydro-
genation of a,f-unsaturated aldehydes with excellent selectivity
and desirable activity remains a challenging goal.

Layered double hydroxides (LDHs) are a class of naturally
occurring and synthetic materials generally expressed by the
formula [M**,_ M* (OH),](A"),,,mH,0 in which the M"
and M™ cations disperse in an ordered and uniform manner in
brucitelike layers.'> Recently, considerable interest has been
focused on LDH materials as heterogeneous catalysts based on
their versatility in chemical composition and structural
architecture.'® In particular, a topotactic transformation of
LDH materials to uniformly dispersed metal/metal-oxide
composites occurs upon calcination in a reductive atmos-
phere."” Inspired by the structural merits of LDH materials, we
explored the idea of the incorporation of highly active but
minimally selective nickel (Ni) and inactive but more
electropositive indium (In) species into the LDH precursor
on the atomic scale to fabricate various Ni—In IMCs (e.g,
NisIn, NiyIn, Niln, and Ni,In,) catalysts toward the selective
hydrogenation of a,f-unsaturated aldehydes. The resulting
catalysts would possess the following desirable features: first,
the atom-scale interspersion of the Ni and In species in the
LDH precursor would facilitate the kinetically favored
generation of IMCs under moderate reduction conditions and
thus guarantee a high dispersion of Ni—In IMCs nanoparticles
and second, the versatility in chemical composition of LDHs
makes it possible to achieve various single-phase Ni—In IMCs
with a tunable ratio. Our approach holds significant promise for
Ni—In IMCs as new efficient catalysts toward the selective
hydrogenation of a,f-unsaturated aldehydes.

2. EXPERIMENTAL SECTION

2.1. Materials. Indium(III) nitrate hydrate (In(NO,);, 36 wt % In)
was purchased from Sigma-Aldrich. The following analytical-grade
inorganic chemicals were used without further purification: NaOH,
Na,COs, Ni(NO,),-6H,0, Mg(NO,),6H,0, and Al(NO,),9H,0.
Deionized water was used in all of the experimental processes. All
organic chemical compounds were purified using standard procedures
prior to use.

2.2. Synthesis of the LDHs Precursors and Ni—In IMCs.
Synthesis of the NiJn,-LDHs and Ni,Mg,In,-LDHs Precursors. The
Ni,In-LDHs with different Ni/In molar ratios (denoted as Ni,In-
LDHs, Ni,In-LDHs, Niln-LDHs, and Ni,In;-LDHs) were synthesized
by a coprecipitation method. Typically, Ni(NO;),-6H,0 and In-
(NO,); with different molar ratios of Ni**/In** were dissolved in 100
mL of deionized water to give a solution with a total cationic
concentration of 0.15 M (solution A). A certain amount of NaOH and
Na,CO; were dissolved together to obtain 100 mL of a base solution
(solution B, [CO;>7] = 2.0[M*], [OH] = 18([M*] + [M*]).
Solutions A and B were then mixed together at a steady rate of 3000
rpm for 1 min. The resulting suspension was aged in a sealed Teflon
autoclave at 125 °C for 24 h. The NiMgIn -LDHs were also
synthesized through the same process as the Niln-LDHs. All of the
obtained precipitate was washed thoroughly with water and dried in an
oven at 60 °C overnight.

Synthesis of the Ni;Alln-LDHs and NiAlln-LDHs Precursors.
Because the coprecipitation method using NaOH and Na,COj; as
precipitators results in an impurity phase In(OH); in the Al-containing
LDHs materials, urea was used in this case. In brief, for the synthesis of
Ni;Alln-LDHs, Ni(NO;),-6H,0, In(NO;);, Al(NO;);-9H,0, and
urea were dissolved in 100 mL of deionized water to give a transparent
solution with a concentration of 0.15, 0.05, 0.05, and 2.5 M,
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respectively. The resulting solution was aged in a sealed Teflon
autoclave at 110 °C for 12 h. The Ni,Alln-LDHs were also synthesized
through the same process as the Ni;Alln-LDHs, with a Ni(NOj;),:
6H,0 concentration of 0.10 M. The obtained precipitate was also
washed thoroughly with water and dried in an oven at 60 °C
overnight.

Synthesis of Ni—In IMCs. Various unsupported or supported Ni—In
IMCs were obtained via an in situ reduction process of the LDHs
precursors. In a typical procedure, 1.0 g of LDHs was reduced in a H,/
N, (50/50, v/v) stream at different reduction temperatures (from 400
to 900 °C) for 5 h, with an initial heating rate of 2 °C/min. The
reduction process results in the phase transformation from LDHs to
Ni—In IMCs. The resulting products were slowly cooled to room
temperature in a N, stream for the subsequent catalytic evaluation.

2.3. Catalytic Evaluation toward the Selective Hydro-
genation of Unsaturated Aldehydes. Catalyst, unsaturated
carbonyl compounds (1 mL), and i-PrOH (30 mL) as the solvent
were placed into a stainless steel reaction reactor that was fitted inside
a Teflon tank. The air in the vessel was replaced by 3.5 MPa of
hydrogen three times and the vessel was then vented and sealed. After
the reactor temperature was increased to the target temperature (e.g.,
110 °C), H, was introduced into the reactor with an initial pressure of
3.0 MPa. After a given reaction time, the activity and selectivity were
determined via GC or GC—MS analysis.

2.4. Characterization. Hydrogen temperature programmed
reduction (H,-TPR) was conducted in a quartz tube reactor on a
Micromeritics ChemiSorb 2720 with a thermal conductivity detector
(TCD). In each case, the sample (100 mg) was sealed and pretreated
at 200 °C in a N, atmosphere for 2 h in the reactor, and a gaseous
mixture of H, and Ar (1:9, v/v) was then fed into the reactor at 40
mL/min. The temperature was raised to 1000 °C at a heating rate of
10 °C/min. Semi-in situ XRD measurements were performed with the
following steps: (1) 0.1 g of sample was loaded and in situ reduced in
the TPR U-bend to a target temperature (e.g,, 400 °C) at a heating
rate of 10 °C/min, (2) once the target temperature was achieved, the
H, was replaced by inert N, to stop the reduction reaction
immediately, (3) decrease the sample temperature as soon as possible,
avoiding structural damage during the cooling process, and (4) the
product obtained in the TPR U-bend was placed at room temperature
for 2 h followed by XRD measurement.

Powder XRD measurements were performed on a Rigaku XRD-
6000 diffractometer using Cu Ko radiation (4 = 0.15418 nm) at 40 kV
and 40 mA, with a scanning rate of 10°/min and a 26 angle ranging
from 3° to 90°. The Ni K-edge XAFS measurements were performed
at the beamline IW1B of the Beijing Synchrotron Radiation Facility
(BSRF) at the Institute of High Energy Physics (IHEP), Chinese
Academy of Sciences (CAS). The element content in the samples was
determined by ICP-AES (Shimadzu ICPS-7500). The morphology of
the samples was investigated using a Zeiss Supra 55 scanning electron
microscope (SEM) with an accelerating voltage of 20 kV combined
with energy dispersive X-ray spectroscopy (EDS) for the determi-
nation of the metal composition. Transmission electron microscopy
(TEM) images were recorded with JEOL JEM-2010 high-resolution
transmission electron microscopes. The accelerating voltage was 200
kV. The reaction product was analyzed off-line by a gas chromatograph
(GC, Shimadzu, 2014C) equipped with a flame ionization detector
(FID) or by gas chromatography—mass spectrometry (GC—MS,
Shimadzu, 2010). The specific surface area measurements were
performed on the basis of the Brunauer—Emmett—Teller (BET)
method using a Quantachrome Autosorb-1C-VP analyzer.

3. COMPUTATIONAL METHODS

All calculations were performed with the periodic density functional
theory (DFT) method using Dmol3 module in the Material Studio 5.5
software package (Accelrys Inc., San, Diego, CA)."® The single-crystal
cell structural models for Ni;In, Ni,In, Niln, and Ni,In; were built
according to previous reports' in which the crystal structure is the
same as that from our experimental results: NisIn, P63/mmc; Ni,In,
P63/mmc; Niln, P6/mmm; and Ni,In;, P3ml (for details, see the
Supporting Information). The generalized gradient approximation
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(GGA) with the Perdew—Burke—Ernzerhof (PBE)*® functional and
effective core potentials with double-numeric quality basis were
utilized for the geometric optimization and single-point energy
calculations. During the calculations, the convergence tolerance was
set as follows: energy = 1.0 X 107° Ha, force = 1.0 X 10~ Ha/A, and
displacement = 1.0 X 107 A.

4. RESULTS AND DISCUSSION

4.1. Structure and Morphology of Unsupported Ni,In,
IMCs. Binary NiJIn-LDHs precursors were successfully
prepared by the coprecipitation method. Figure 1 shows the
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Figure 1. XRD patterns of the as-synthesized Ni,In-LDHs with
various ratios of x(Ni):y(In): (a) 3:1, (b) 2:1, (c) 1:1, and (d) 2:3,
respectively. (e) XRD standard card of In(OH), (JCPDS 16-0161).

XRD patterns of Ni,In,-LDHs with various Ni/In ratios, all of
which can be indexed as a rhombohedral structure with the
typical (003), (006), (110), and (113) reflections at 260 11.95°,
23.70° 58.61°, and 60.05° for LDHs materials, respectively. No
other crystalline phase was detected for NiIn, -LDHs with a
Ni/In ratio >1 (Figure la—c), indicating the high purity of
these LDHs materials. The reflection intensity decreases
gradually from curve a to ¢, indicating the crystallinity decline
of the Ni,In,-LDHs phase with the decrease of the Ni/In ratio.
In the case of Ni,In;-LDHs (Figure 1d), however, the impurity
of In(OH); was observed besides the LDHs phase in
comparison with the JCPDS for In(OH); (Figure le). The
results are consistent with the empirical rule for the formation
of LDHs materials (i.e., the M**/M>" ratio <1 in the feed intake
does not guarantee a pure LDHs phase).”' Figure 2 shows SEM
images of these NiIn,-LDHs precursors. Both the NizIn-LDH
and NiIn-LDHs precursors (Figure 2A,B) display a typical
hexangular nanoplatelet morphology with diameter of 50—100
nm, indicating their good crystallization. For Niln-LDHs
(Figure 2C), the nanoplatelets become irregular and inconstant,
which is in accordance with the reduced XRD intensity (Figure
1c). In the case of the impure Ni,In;-LDH precursor, however,
some cubic nanocrystals were also observed besides the
nanplatelets (Figure 2D), which can be attributed to the
In(OH); phase indicated by its XRD pattern (Figure 1d).
After the in situ reduction process in the hydrogen
atmosphere, the NiJIn-LDHs precursors transformed to
corresponding single intermetallic phases NizIn, Ni,In, Niln,
and NiIn; IMCs, respectively, as shown in Figure 3. It is
observed that the XRD patterns of the as-synthesized Ni—In
IMCs are well consistent with their corresponding XRD
standard cards, indicating the successful synthesis of pure Ni—
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Figure 2. SEM images of the as-synthesized Ni,In,-LDHs with various
ratios of x(Ni):y(In): (A) 3:1, (B) 2:1, (C) I:1, and (D) 2:3,
respectively.
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Figure 3. XRD patterns of the unsupported Ni—In IMCs derived from
the in situ reduction of the Ni In,-LDHs precursors: (2) NizIn at 400
°C, (b) Ni,In at 400 °C, (c) Niln at 400 °C, and (d) Ni,In; at 600 °C.
The XRD standard cards for the corresponding Ni—In IMCs are
shown in the lower part of the panels: Ni;In-PDF#65-3522, Ni,In-
PDF#65-3486, Niln-PDF#07-0178, and Ni,In;—PDF#65-3486.

In IMCs by the utilization of the versatility in the chemical
composition of the LDHs precursors. It is worth noting that the
pure Nijn; IMC can be only obtained at a reduction
temperature as high as 600 °C owing to the impurity of its
LDHs precursor, whereas the other three (NijIn, NiyIn and
Niln) IMCs were obtained at a low reduction temperature of
400 °C. For the Ni,In; IMC, the redution at 400 °C results in
both Niln and Ni,In; IMC phases (Figure S1) that is probably
due to the incomplete reduction of In species, which will be
further elaborated in the following section.

The morphology and structural features of the Ni—In IMCs
after the in situ reduction process were further revealed by SEM
and TEM (Figure 4). The in situ reduction leads to the
transformation of the LDHs samples to their corresponding
Ni—In IMCs. It can be seen that the original platelike
morphology of LDH nanocrystals was thoroughly collapsed
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Figure 4. SEM images of the unsupported Ni—In IMCs derived from
the in situ reduction of the Ni,In-LDHs precursors: (a) NizIn at 400
°C, (b) Ni,In at 400 °C, (c) Niln at 400 °C, and (d) Ni,In; at 600 °C.
The insets show their corresponding TEM images.

to form irregular particles with a wide size distribution (50—300
nm) for Ni;In, Ni,In, and Niln IMCs (Figure 4A—C). For the
NiIn; IMC sample (Figure 4D), serious aggregation was
observed with much larger particle size even to several
micrometers, owing to the higher reduction temperature (600
°C).

4.2. Fabrication of Supported Ni—In IMCs with
Tunable Particle Size. In the Results and Discussion, section
4.1, several homogeneous Ni—In IMCs derived from Ni,In,-
LDHs precursors have been obtained, but their particle size can
not be easily tuned. The large particle size of Ni—In IMCs may
result in unsatisfactory catalytic activity owing to the low
specific surface area. In this part, we further utilize the
constituent diversity of LDHs to prepare ternary NiAlIn,-
LDHs or Ni,Mg In_-LDHs precursors by the introdution of the
Al or Mg element in the LDH precursors for the purpose of
fabricating supported Ni—In IMCs with tunable particle size by
a similar reduction process. Taking NiAlln-LDHs and
Ni,Mg;In;-LDHs as examples, the XRD patterns confirm the
successful synthesis of precursors with typical reflections for
LDHs materials (Figure SA). The small difference in the 20
reflections between the two LDHs precursors is due to their
different metal proportions and ionic radii. After the
subsequent in situ reduction process in a hydrogen atmosphere
(400 °C), the supported NipIn IMC in Al,O5 matrix (NiyIn/
ALO;) as well as the Ni,In; IMC in MgO matrix (NiyIn,/
7MgO) was obtained whose XRD patterns (Figure SB) display
a high purity of the Ni,In and Ni,In; phase, respectively. The
notable reduced full-width at half-maximum (fwhm) in the
XRD reflection for Ni,In and Ni,In; IMCs in comparison with
their unsupported counterparts (Figure 3b,d) indicates the
significantly decreased particle size. The characteristic reflec-
tions of a MgO phase were also observed in the Ni,In;/7MgO
sample, but no Al,O; phase was detected in the sample of
Ni,In/Al, O3, suggesting crystalline MgO and amorphous Al,O;
in the Ni,In;/7MgO and Ni,In/Al,O; samples, respectively.
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Figure 5. (A) XRD patterns of the typical ternary LDHs precursors:
(a) N Alln-LDHs and (b) Ni,Mg;In;-LDHs. (B) XRD patterns of the
resulting supported Ni—In IMCs: (a) Ni,In/ALO; and (b) NiIn,/
7MgO. The XRD standard cards for Ni,In, Ni,In;, and MgO are also
shown in the lower part of the panels, as noted in panel B: Ni,In-
PDF#65-3486, Ni,In;-PDF#65-3486, and MgO-PDF#45-0946.

The SEM images in Figure 6 show the morphology of the
ternary LDHs precursors and the corresponding supported

Figure 6. SEM images of the typical ternary LDHs precursors: (A1)
NiAlln-LDHs and (B1) Ni,Mg;In;-LDHs and their resulting
supported Ni—In IMCs after in situ reduction, (A2) Ni,In/ALO,
and (B2) Ni,In;/7MgO.

Ni—In IMCs after the in situ reduction process. It is very
interesting to see that for the sample of Ni,Alln-LDHs, a
flowerlike hierarchical morphology was observed that is
composed of numerous nanoplatelets (diameter, 100—200
nm; thickness, ~13 nm) (Figure 6Al). Furthermore, the
mother morphology is still maintained in the resulting
supported Ni,In/Al,O; product after the reduction process
(Figure 6A2), indicating the mechanical stability of the sample.
In the case of the Ni,Mg,In;-LDHs sample, individual platelike
nanoparticles (diameter, 50—200 nm; thickness, ~25 nm) were
observed (Figure 6B1). The reduction product Ni,In;/7MgO
also inherits the original flake morphology, except for a little
shrinking in the particle size (Figure 6B2).

The structure of the two supported Ni—In IMCs was further
investigated by TEM (Figure 7). It is observed from the low-
magnification TEM images (Figure 7A1,B1) that the NiIn/
AlO; and Ni)In;/7MgO samples maintain the flowerlike and
flakelike morphology of their mother LDHs precursors,
respectively. Moreover, numerous uniform and highly dispersed

dx.doi.org/10.1021/cm4021832 | Chem. Mater. 2013, 25, 3888—3896



Chemistry of Materials

20 nm

Figure 7. TEM images of supported Ni—In IMCs: (A1) low- and (A2)
high-magnification image for Ni,In/Al,O; and (B1) low- and (B2)
high-magnification image for Ni,In;/7MgO. The insets show the size
distribution (panels Al and B1) and the HRTEM lattice fringe (panels
A2 and B2) for the NijIn and Ni,In; nanoparticles, respectively.

small dots in the matrix were observed for the two samples.
The HRTEM images (Figure 7A2,B2) further reveal the
supported NiIn and Ni,In; nanoparticles, with an average
diameter of S.1 and 5.9 nm (measured on the basis of 200
particles), respectively. The single crystalline nature of Ni)In
and Nin; was observed by the HRTEM images (Figure
7A2,B2 inset). The lattice spacings of 0.208 and 0.220 nm are
attributed to the (102) plane of hexagonal P6;/mmc (194)
Ni,In and the (110) plane of P3m1 (164) Ni,In,, respectively.
This is in good accordance with the XRD results in Figure SB.
On the basis of the results of the XRD, SEM, and TEM, the
introduction of the inert Al or Mg element into the LDHs
matrix maintains the structural features during the topotactic
transformation and facilitates the generation of highly dispersed
supported Ni—In IMCs.

In addition, the particle size of the supported NiyIn; IMC can
be tuned by changing the Mg content in the LDHs precursor.
Figure S2 shows the successful synthesis of the Ni,Mg, In;-
LDHs precursors with various Mg content: Ni,Mg,In;-LDHs,
Ni,Mg,In;-LDHs, Ni;Mg;In;-LDHs, and Ni,Mg,;In;-LDHs.
The XRD patterns for the reduction products (Ni,In;/xMgO)
of these Ni,Mg,In;-LDHs precursors are displayed in Figure
S3. It was observed that as the Mg content increases from
Ni,In;/2MgO to Ni,In;/13MgO, the XRD reflections assigned
to MgO phase ((200) and (220) at 26 42.8° and 62.3°) get
stronger, whereas the (101) and (110) reflection at 26 28.8°
and 41.4° attributed to the Ni,In; phase becomes weaker with a
gradually reduced full-width at half-maximum (fwhm),
indicating the decreased particle size with the increase of the
Mg content. TEM images further reveal the change in particle
size of these Ni,In;/xMgO products (Figure S4). The mean
particle size of supported Ni,In; decreases gradually from 13.8
(NiyIn;/2MgO, Figure S4A) to 8.7 (NiyIny/4MgO, Figure
S4B), 5.9 (Ni,In;/7MgO, Figure S4C), and finally to 4.1 nm
(NiyIn;/13MgO, Figure S4D). It is therefore concluded that
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the Mg element serves as a dispersant for the formation of Ni—
In IMCs and that the particle size of a supported Ni—In
nanocrystal can be facilely tuned by changing the Mg content.

4.3. Topotactic Transformation from LDHs Materials
to Ni—In IMCs. The deep insight into the topotactic
transformation of LDHs materials to IMCs could help in the
controlled synthesis of IMCs and to understand their structural
features for further catalytic applications. Hydrogen temper-
ature programmed reaction (H,-TPR) measurements were
carried out to give key information on the redox properties of
the LDH materials. Figure 8A demonstrates the comparative
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Figure 8. (A) H,-TPR profiles of (a) Ni(OH),, (b) Ni,In-LDHjs, (c)
Ni,Alln-LDHs, and (d) In(OH);. (B) Semi-in situ XRD patterns of
Ni,Alln-LDHs captured at different target temperatures from 50 to
700 °C (line 1 to 10), as labeled in panel Ac.

study of the Ni,In-LDHs and Ni,Alln-LDHs as well as their
corresponding individual hydroxides. Ni(OH), and In(OH),
exhibit the lowest and highest reduction temperature, with the
main peak at 297 and 593 °C, respectively (Figure 7A, curves a
and d). Interestingly, the Ni,In-LDHs sample shows only one
reduction peak at 330 °C between that of Ni(OH), and
In(OH); (Figure 7A, curve b), indicating the presence of
interactions between Ni and In hydroxide in the LDH matrix
during the generation of Ni—In IMCs. In the case of the ternary
NpAlIn-LDHs by introducing the third component, Al, its
reduction temperature was improved to 384 °C (Figure 7A,
curve c), which is most probably a result of the segregation
effect of the Al element. In any case, an intermediate reduction
temperature of the LDHs materials compared with their
individual hydroxides reveals that a strong interaction occurs
between the nickel and indium building unit that facilitates the
reduction process of the indium species. These results can be
used to interpret the difficulty in the reduction of the In(OH);-
containing impure Ni,In;-LDHs, further indicating the key role
of the atom-scale interspersion of Ni and In species in the
LDHs precursor for the generation of Ni—In IMCs.

A semi-in situ XRD measurement was performed to discover
further the topotactic transformation process of LDHs (for
experimental details, see Experimental Section 2.4). Owing to
the partial overlapping of the XRD reflections for the Ni—In
IMCs and the MgO phase, the Ni,Alln-LDHs precursor was
chosen as a typical ternary sample instead of the Mg-containing
LDHs precursor, avoiding the interference of the strong MgO
diffraction peak. The resulting XRD patterns obtained in the
temperature range 50—700 °C as labeled in Figure 8Ac are
shown in Figure 8B (from line 1 to 10). With the increase of
the reduction temperature from 50 to 250 °C, the (003) and
(006) reflections of LDHs phase disappears gradually (Figure
8B, line 1 to 3), and an amorphous state was found at 300 °C
(Figure 8B, line 4). This corresponds to the absence of any
reduction signal (50—300 °C) in the TPR curve (Figure 8A-c).
The further elevated temperature over 350 °C resulted in the
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appearance of the characteristic reflection at 26 43.16° for Ni,In
phase (Figure 8B, line S), corresponding to the reduction peak
at 384 °C in the TPR curve (Figure 8Ac). This process involves
the reduction of both the Ni and In species simultaneously to
generate Ni)In IMC. Subsequently, the intensity of the NiIn
reflection increases gradually from 350 to 500 °C (Figure 8B,
line S to 8). The further increased temperature from S00 to 700
°C leads to the remarkable particle reunion, indicated by the
significantly reduced full-width at half-maximum (fwhm) of the
Ni,In reflections (Figure 8B, line 9 to 10). On the basis of the
results of the TPR and semi-in situ XRD, it is concluded that
the Ni and In species in the LDH precursor undergo a
coreduction process during the topotactic transformation of
LDHs to Ni,In IMC.

4.4, Catalytic Selective Hydrogenation of Various
Unsaturated Carbonyl Compounds. The catalytic perform-
ances of the as-synthesized supported Ni—In IMCs catalysts
were first evaluated by the selective hydrogenation of the
typical unsaturated aldehyde furfural to furfuryl alcohol, which
is a promising chemical intermediate for the synthesis of
biosourced products widely using in the polymer industry.** As
a reference sample, the supported Ni/Al,O; catalyst derived
from the Ni,Al-LDHs precursor was also synthesized by a
similar method. The detailed information for these catalysts is
summarized in Table S1. Figure 9 demonstrates the catalytic
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Figure 9. (A) Catalytic conversion and (B) corresponding selectivity
for the hydrogenation of furfural to furfuryl alcohol over different
catalysts vs reaction time: (a) Ni/ALO;, (b) Ni;In/Al, O3, (c) NiyIn/
ALO;, (d) Niln/3MgO, and (e) Ni,In;/7MgO. The reaction
conditions are furfural/Ni ratio = 15; furfural, 1.0 mL; i-PrOH, 30
mL; temperature, 110 °C; and H, pressure, 3.0 MPa.

conversion and corresponding selectivity for the hydrogenation
of furfural over these catalysts versus the reaction time. It is
observed that the Ni/Al,O; catalyst shows the best hydro-
genation activity but the worst selectivity (Fi%ure 9, curve a),
which is consistent with a previous report.”” The catalytic
activity decreases generally with the decreased Ni/In ratio in
the Ni—In IMCs, with the following order: Ni > NizIn > Ni,In
> Niln > NiIn;. In contrast, the selectivity toward furfuryl
alcohol displays an opposite trend, and the best catalytic
performance with a 99% furfuryl alcohol yield can be obtained
over the Ni,In/Al, Oy catalyst (particle size 5.1 nm) at 110 °C
(Figure 9, curve c). Compared with the classical systems used
in industry, the catalytic selectivity toward furfuryl alcohol in
this work is significantly superior to the Raney Nickel catalyst®
and is comparable to the commercial Cu—Cr catalysts****>**
but with a decreased operation temperature (more than 20 °C).
Moreover, this catalyst also demonstrates good reusability and
durability over five consecutive cycles of use (Table S2); no
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obvious phase separation and agglomeration of the Ni,In
nanoparticles are observed in the used Ni,In/Al,O5 catalyst, as
indicated by the XRD patterns and TEM image (Figure SS).
The excellent catalytic performance of Ni—In IMCs makes
them a promising candidate for the selective hydrogenation of
furfural.

We further evaluated the selective hydrogenation of other
unsaturated carbonyl compounds over these Ni—In IMCs
catalysts compared with the monometallic Ni/Al,O; sample. A
similar tendency was observed (i.e., for a specific substrate, the
catalytic activity decreases gradually along with the enhance-
ment of selectivity in the order of Ni, Ni;In, Ni,In, Niln, and
NiIn;). For acetophenone (Table 1, substrate 1), a high
selectivity (99%) toward 1-phenylethanol can even be achieved
over Ni;In/AL,O; owing to the relatively stable benzene ring.
The selectivity begins to drop over hydrogenation of the weak
m—n interaction unsaturated aldehydes such as 3-cyclohexene-
1-carboxaldehyde and f-hexenoic aldehyde (Table 1, substrates
2 and 3). In the cases of crotonaldehyde and 2-hexenal (Table
1, substrates 4 and S), the strong 7—7 interaction may suppress
the hydrogenation reaction. The elevated reaction temperatures
for better conversion results in a dramatic loss of selectivity, but
good hydrogenation selectivity still can be achieved over the
Ni,In;/7MgO catalyst. The best product yield of unsaturated
alcohols over various Ni—In IMCs can be obtained, as denoted
by the blue step in Table 1. In an effort to improve the catalytic
behavior of the supported Ni)In; IMC, we further investigated
the size effect of Ni,In; on the activity and selectivity toward
hydrogenation of 2-hexenal. Figure S6 displays the catalytic
activity and corresponding selectivity over Ni,In;/xMgO
catalysts with different particle sizes versus reaction time. It is
observed that as the particle size of the supported Ni,In,
decreases from 13.8 to 4.1 nm, the catalytic activity increases
obviously along with a slightly decreased selectivity toward 2-
hexenol. The best yield of 78.8% for 2-hexenol (con. 90.2%, sel.
87.2%) can be obtained over the Ni,In;/13MgO catalyst
(particle size 4.1 nm). The results demonstrate that the activity
and selectivity for hydrogenation of various unsaturated
carbonyl compounds can be enhanced via tuning the chemical
composition of the Ni—In IMCs and their particle size.

4.5. Geometry and Electronic Structure of the Ni—In
IMCs by XAFS and DFT Study. To gain deeper insight into
the structure—function correlation, XAFS characterization and
DFT calculations were conducted to elucidate the electronic
structure and atomic configuration in their local environment
for the four Ni—In IMCs. The normalized Ni K-edge X-ray
absorption near-edge structure (XANES) spectra of the
supported Ni—In IMCs as well as the reference samples of
Ni foil and NiO are shown in Figure 10A. It can be observed
that all of the Ni—In IMCs samples are more akin to metallic
Ni than NiO, suggesting the predominantly metallic state of Ni
in Ni—=In IMCs. The obvious shift of the absorption edge
toward low photon energy relative to the Ni foil reveals the
enrichment of electron on the Ni atom (denoted as Ni’") in
the Ni—In IMCs.”>”" This may result from the electron transfer
from the In atom to the Ni atom, which is in accordance with
the electronegativity values of In (1.7) and Ni (1.9). Figure 10B
shows the Fourier transform of the Ni K-edge EXAFS
oscillations in R space. Obviously, the first nearest-neighbor
distance for Ni—In IMCs is significantly different from that for
Ni foil. As for NizIn and Ni,In IMCs, the first nearest-neighbor
distance increases slightly compared with Ni foil. Two main
peaks at the first nearest-neighbor distance were even observed
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Table 1. Hydrogenation of Unsaturated Carbonyl Compounds and Ketones Catalyzed by Various Supported Ni—In IMCs

Catalysts”
Ni/ALOs Ni:In/ALOs NizIn/ALO3 NiIn/SMgO Niz]n3/7MgO
Entry  Substrate Product Temp./°C
Con. Sel. Con. Sel. Con. Sel. Con. Sel. Con. Sel.
O OH
1 @/U\ 120 98% 69% 81% 99% 74% 100% 63% 100% 47% 100%
2 @“ ©/\ o 120 100% 16% 92% 51% 83% 96% 72% 100% 65% 100%
3 APy NP 130 100% 12% 89% 43% 76% 87% 68% 98% 54% 100%
4 A 145 94% 13% 84% 27% 75% 50% 62% 68% 47% 95%
S ANy NNy 145 88% 10% 70% 23% 56% 44% 45% 65% 38% 929%

“Reaction conditions: substrate/Ni = 15; i-PrOH, 30 mL; H, pressure, 3.0 MPa; reaction time, 2 h. The conversion and selectivity were determined

by GC using an internal standard technique.
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Figure 10. (A) Normalized intensity of the Ni K-edge XANES spectra
for the supported Ni—In IMCs, Ni, and NiO. (B) Corresponding
Fourier transform k>-weighted EXAFS spectra in R space compared
with Ni foil.

in the cases of the Niln and NiIn; IMCs. The results
qualitatively indicate the strong Ni—In interaction in Ni—In
IMCs as well as the variation in the chemical bonding or
coordination environment.

DFT calculations were further performed to give an
understanding of the electron and geometry features of Ni—
In IMCs. The structural models for Ni—In IMCs are shown in
Figure S7, which were chosen according to the XRD patterns.
The electron density difference contour maps (Figure S8)
demonstrate the polarization of Ni—In bonding, resultlng from
the electron transfer from the In atom to the Ni atom,” ¢ which
is consistent with the XAFS observations. The total electron
density contour maps in Figure S9 further display the increased
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partial overlap from Ni;In to Niln, indicating the enhanced
electron interaction. The calculated specific charge quantity of
the Ni atom increases from —0.088¢ (NijIn) to —0.310e
(Ni,In;) as the Ni/In ratio decreases in these Ni—In IMCs.
Another unique feature of intermetallic compounds is the so-
called “active-site isolation” as proposed by Robert Schlogl’s
group.”” For Ni—In IMCs, the transition metal Ni is the active
component, whereas In is inert in the catalytic hydrogenation
reaction. To identify the isolation effect, the high-angle annular
dark-field micrographs (HAADF-STEM) and the correspond-
ing energy-dispersive spectroscopy mapping analysis (STEM-
EDS) were performed for the typical Ni,In/ALO; sample, as
shown in Figure S10. It can be observed that both the Ni and In
elements are distributed homogeneously in the same Ni,In
nanoparticle, indicating the isolation effect. In addition, the site
isolation of active Ni by the inactive In element in Ni—In IMCs
is clearly demonstrated by the DFT simulation (Figure 11).
The decreased Ni—Ni coordination was observed with the
increase of the In/Ni ratio. Specifically, the Ni atoms were
completely isolated by In atoms in the NiyIny (110) face. The
active-site isolation imposes great influence on the adsorption
property of Ni—In IMCs, such as the adsorption of the H atom

VA.AVA JAYAYAY

Figure 11. Atomic arrangement and chemical bonding of the
preferential crystal face of Ni—In IMCs (according to XRD
diffraction): (A) Ni;In (201) face, (B) NiyIn (110) face, (C) Niln
(201) face, and (D) Ni,In; (110) face.
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on the (201) plane of NiIn in Figure S11. Interestingly,
wherever the initial H atom was placed (center site and top site
of the In atom or top site of the Ni atom), it was preferentially
located at the hole site of Ni with a slight structural
reconfiguration of the surface Ni and In atoms. The results
indicate that the site isolation of Ni by In may deactivate partial
adsorption sites toward the H atom.

The observed electron transfer and active-site isolation in the
Ni—In IMCs have a great impact on their catalytic performance
(shown in Scheme 1). It is well-known that hydrogenation of

Scheme 1. Schematic Illustration of the Reaction Path for
the Selective Hydrogenation of Unsaturated Carbonyl
Compounds over the Ni—In IMC Catalysts

®RHH. 8° 8 2H R
RCH-=CH" RCH-SCH”~

(RHH
>C—OH

1 NiQ

Ni-In IMCs Cat.

carbonyl (C=0) and alkenyl (C=C) follow the nucleophilic
and electrophilic addition mechanism, respectively. For the
adsorption of carbonyl (C=O) on metal, three adsorption
states (on-top 7, di-6cg 7, and 7o #,) have been reported
(see Figure S12 for details).”® In this work, the adsorption of
the C=0 group via the di-oq #, form is rather possible owing
to the charge matching between the C=0O group and Ni—In
bonding. The electronegative Ni atom in Ni—In IMCs catalysts
prefers to attack the positively charged carbon terminal of
carbonyl instead of the electron-rich alkenyl. Moreover, active-
site isolation in Ni—In IMCs may decrease the adsorption of
the alkenyl (C=C)*”** and H atom, thereby blocking the
hydrogenation of the alkenyl (C=C) group. The preferential
hydrogenation of the carbonyl (C=0) accounts for the
increased hydrogenation selectivity toward the unsaturated
alcohol over Ni—In IMCs. However, the electron transfer from
In to Ni could occupy the partially vacant d-electron orbital of
the Ni atom,*® which may damage its adsorption and reactivity
capability and therefore decrease the hydrogenation activity.
This agrees well with the experimental tendency of the catalytic
activity and selectivity in the hydrogenation of unsaturated
carbonyl compounds over various Ni—In IMCs: the decrease of
the Ni/In ratio leads to depressed catalytic activity but
enhanced selectivity.

5. CONCLUSIONS

We have developed a facile methodology for the preparation of
highly dispersed Ni—In IMCs (Ni,In, Ni,In, Niln, and Ni,In;)
nanopaticles with a tunable size based on an LDH approach,
and we have demonstrated their effective catalytic behavior
toward the selective hydrogenation of various unsaturated
aldehydes. The LDH precursor plays a key role in the synthesis
of supported Ni—In IMCs: the LDHs versatility in chemical
composition as well as the atom-scale interspersion of
components in LDHs facilitate the formation of highly
dispersed Ni—In IMCs with a tunable particle size. The
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catalytic evaluations show that these supported Ni—In IMCs
exhibit excellent catalytic activity and selectivity toward the
hydrogenation of unsaturated carbonyl compounds (e.g.,
furfural, 1-phenyltanol, crotonaldehyde, and 2-hexenal) by the
modulation of the chemical composition and particle size of
Ni—In IMCs. XAFS characterization and DFT calculation
further reveal the electron transfer from the In atom to the Ni
atom as well as active-site isolation, which favors the
nucleophilic addition process of a C=0 group instead of the
electrophilic addition of C=C, accounting for the largely
enhanced hydrogenation selectivity over Ni—In IMCs. The
control over the composition and morphology of Ni—In IMCs
demonstrated in this work makes them a promising candidate
toward the chemoselective hydrogenation of unsaturated
carbonyl compounds.
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