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Abstract: Zinc-included intermetallic compound catalysts of RhZn, PtZn, and PdZn with a molar
ration of Zn/metal = 1/1, which are generally prepared using a hydrogen reduction approach,
are known to show excellent catalytic performance in some selective hydrogenations of organic
compounds. In this study, in order to reduce the incorporated mounts of the expensive noble
metals, we attempted to prepare zinc-rich intermetallic compounds via a CaHy-assisted molten salt
synthesis method with a stronger reduction capacity than the common hydrogen reduction method.
X-ray diffraction results indicated the formation of RhZn;3 and Pt3Zn; in the samples prepared
by the reduction of ZnO-supported metal precursors. In a hydrogenation reaction of p-nitrophenol
to p-aminophenol, the ZnO-supported RhZn;3 and Pt3Zn; catalysts showed a higher selectivity
than the RhZn/ZnO and PtZn/ZnO catalysts with the almost similar conversions. Thus, it was
demonstrated that the zinc-rich intermetallic compounds of RhZn;3 and Pt3Zn;( could be superior
selective hydrogenation catalysts compared to the conventional intermetallic compound catalysts of
RhZn and PtZn.

Keywords: molten salt synthesis; CaHj; intermetallic compound; RhZn;3; Pt3Zn;(; hydrogenation of
p-nitrophenol; selective hydrogenation; water remediation

1. Introduction

Hydrogenation is one of the important processes used to refine intermediate com-
pounds in the petrochemical industry and has mainly depended on precious metal-based
catalysts for a long time [1]. Although noble metals, such as Pd, Pt, and Rh, are attractive
hydrogenation catalysts due to their excellent catalytic performance, they are expensive and
rare. Therefore, alloying catalysts have been studied intensively to decrease the amounts of
metals required while improving the catalytic activity via changes in electronic properties
and configurations of surface-exposed elements [2—4]. Recently, zinc-incorporated alloys
have been developed as fascinating hydrogenation catalysts because of the lower cost of
zinc and availability of the component metals [5-8]. As summarized in Table 1, zinc alloy
catalysts with Rh, Pt, and Pd in molar rations of Zn/M < 1 (M = Rh, Pt, or Pd) have been
proved to work as excellent hydrogenation catalysts with improved selectivity and/or
activity in several industrially important hydrogenation reactions of organic compounds.
The nanoscale zinc alloy catalysts are commonly prepared by partially reducing ZnO sup-
port to form the alloyed nanoparticles with loaded metals under a Hy gas flow at high
temperatures of >400 °C. Since ZnO is a stable oxide, and intermetallic phases with a molar
ratio of Zn/M =1/1 are also stable crystal structures, it is difficult to prepare zinc-rich alloy
catalysts throughout the H, reduction treatment. In our searches of the literature, most of
the reported zinc alloy catalysts are those in molar rations of Zn/M < 1, especially RhZn,
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PtZn, and PdZn, and, thus, zinc-rich alloy catalysts are not yet reported for the catalyst
application.

In this study, we attempted to develop zinc-rich intermetallic catalysts with Rh, Pt, and
Pd via a CaHj-assisted molten salt synthesis method with a stronger reduction capacity
than the common hydrogen reduction method. Molten salt synthesis is a good technique
to obtain active catalysts [9-12]. Previously, we prepared some nanosized intermetallic
compounds using the CaHj-assisted molten salt synthesis [13] and exhibited that some are
available as good catalyst supports, such as TigSi;yNije [14], and some are active species,
such as TiNi [15], YIr, [16], CaPtp [17]. In a reduction condition with a CaH; reducing
agent in a molten LiCI-KClI at 360 °C, ZnO was totally reduced to metallic zinc to alloy
with metallic Ni, following a formation of intermetallic compound NiZn [18]. Because
ZnO was not reduced for the alloying with Ni in a common reduction condition of H; gas
flow at 360 °C, it was demonstrated that the CaHj,-assisted molten salt approach had a
higher reduction capacity than the common hydrogen gas reduction. Thus, the molten
salt method has a high potential to prepare zinc-rich intermetallic compounds at a low
reduction temperature, enabling the formation of nanosized alloys. Finally, the prepared
alloy catalysts were tested in hydrogenation of p-nitrophenol (4-NP) to p-aminophenol
(4-AP) with NaBH,4 as a model hydrogenation reaction so as to evaluate catalytic activities
and/or selectivities of the prepared zinc-rich intermetallic compounds.

Table 1. Previous reports of hydrogenation of organic compounds catalyzed by zinc alloys of RhZn,
PtZn, and PdZn.

Active Alloys Hydrogenation Reactions Ref.
Selective hydrogenation of nitroarene [19]
RhZn Selective hydrogenation of dienes to monoenes [20]
Selective hydrogenation of crotonaldehyde [21-23]
Selective hydrogenation of 4-nitrophenylacetylene [24,25]
PtZn Selective hydrogenation of halonitrobenzene to haloaniline [26]
Hydrogenation of diphenylacetylene [27]
Semi-hydrogenation of Alkyne [28-30]
Semi-hydrogenation of acetylene [31-43]
Semi-hydrogenation of alkynols [44-47]
Hydrogenation of 1-Butene and 1,3-Butadiene Mixtures [48,49]
PdZn Hydrogenation of 2-methyl-3-butyn-2-ol [50-52]
Selective hydrogenation of nitrostyrene to aminostyrene [53]
Hydrogenation of cinnamaldehyde to hydrocinnamyl alcohol [54]
Selective hydrogenative rearrangement of furan compounds [55]

2. Materials and Methods

First, ZnO-supported metal precursors were prepared by a common impregnation
method. RhCl3-3H;0 (99.5%, Wako Pure Chem. Corp., Osaka, Japan), HyPtCls-6H,O
(98.5%, Wako Pure Chem. Corp., Osaka, Japan), and (NHy4),PdCly (97%, Sigma-Aldrich
Japan K.K., Tokyo, Japan) were separately dissolved in distilled water, and then ZnO
nanopowder (10-25 m?/g, <100 nm particle size, Sigma-Aldrich Japan K.K., Tokyo, Japan)
was put into each solution with a weight ratio of M(=Rh, Pt or Pd)/ZnO = 5/95. The
suspensions were then dried at 120 °C and calcinated at 500 °C for 2 h. The obtained
powders were named as Rh/ZnO(Pre), Pt/ZnO(Pre), and Pd/ZnO(Pre), respectively. Next,
reduced catalysts were obtained by reducing the above precursors in two different reduction
conditions: (1) hydrogen reduction and (2) CaH; reduction in molten LiCI-KCl. For the (1)
hydrogen reduction, each precursor was reduced in a hydrogen gas flow of 50 mL/min
at 380 °C for 5 h. The obtained powders were denoted as Rh/ZnO(H), Pt/ ZnO(H), and
Pd/ZnO(H), respectively. For the (2) CaH, reduction in molten LiCI-KCl, each precursor,
CaH, (JUNSEI Chem. Co., Ltd., Tokyo, Japan), LiCl (Wako Pure Chem. Corp., Osaka,
Japan), and KCl (Wako Pure Chem. Corp., Osaka, Japan) was mixed in a mortar in a weight
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ratio of precursor/LiCl/KCl/CaH; = 0.3/0.14/0.16/0.6. The mixed powder was then
loaded in a stainless-steel reactor connected with an argon gas flow of 50 mL/min and
heated at 380 °C for 5 h. After the cool down to room temperature, the treated samples were
crushed in a mortar. The obtained powders were rinsed with 0.1 M NH4Cl aqueous solution
to remove any calcium-related impurities, especially CaO dissolved in the solution, and
finally with distilled water to remove water-soluble compounds. The obtained powders
were denoted as Rh/ZnO(CLK), Pt/ZnO(CLK), and Pd/ZnO(CLK), respectively.

The crystal structure of the obtained samples was examined by X-ray diffraction
(XRD, SmartLab, 3 kW, Rigaku, Tokyo, Japan) with CuK« radiation at 40 kV and 30 mA.
The measurements ranged from 20° to 70° with a step interval of 0.01° and a scan speed
of 10°/min. The porosity was investigated by N, adsorption and desorption at -196 °C
(BELLSORP mini-II, MicrotracBEL Corp., Osaka, Japan). The sample was pre-treated at
150 °C for 1 h under vacuum before the measurement. The morphology with energy
dispersive X-ray spectrometry (EDX) for elemental analysis was observed by a scanning
electron microscope (SEM, JSM-7800 F, JEOL, Ltd., Tokyo, Japan). The chemical states and
composition of the prepared samples’ surface were determined using X-ray photoelectron
spectroscopy (XPS) (PHI X-tool, ULVAC-PHI, Inc., Kanagawa, Japan) operated with AIK«
radiation. The chemical shifts were calibrated by fixing the C 1s peak of the surface
carbonaceous contaminants at 284.5 eV. The identification of the obtained signals was
conducted by using the reference book.

The catalytic hydrogenation of 4-NP to 4-AP was conducted with the prepared samples
and ZnO for reference. The catalytic reactions were conducted in 20 mL glass bottles
following the previously reported procedures. In the catalytic tests, 1 mL of 4-NP solution
(14 mM) was added to a bottle containing 10 mg of catalyst powder, 1 mL of NaBH,
solution (0.42 M), and 7 mL of distilled water as the solvent. To satisfy first-order reaction
kinetics, the initial concentration of NaBH, (0.047 M) was 30 times higher than that of
4-NP (1.6 mM). The reactions were stirred at 25 °C for 60 min. An aluminum heat sink
mounted on a hotplate was used to maintain a constant solution temperature. A small
aliquot (100 pL) solution was taken to determine the concentration changes at reaction
times of 0.5-60 min. The conversion and selectivity of 4-NP to 4-AP were monitored using
an ultraviolet-visible spectrometer using the respective absorbance changes at 401 and
313 nm.

3. Results and Discussion
3.1. Preparation of Zinc-Rich Intermetallic Compounds

X-ray diffraction measurements were conducted to identify the crystal structures in
the prepared samples. Identified compounds are summarized in Table 2. For the Rh-Zn
samples of Rh/ZnO(Pre), Rh/ZnO(CLK), and Rh/ZnO(H), the observed XRD patterns are
shown in Figure 1. The main crystal structure was ZnO for all the samples with a main
peak observed at 36°, which was a reasonable result because ZnO was intended to occupy
95 wt% of the samples. In addition, some unknown peaks were observed for Rh/ZnO(Pre).
These peaks were also observed for the other precursors of Pt/ZnO(Pre) and Pd/ZnO(Pre),
so the peaks could be assigned to any compounds included in the used ZnO. As for the
Rh species, the identified species was RhyO3 for Rh/ZnO(Pre). The peaks identified for
RhyO3 and metallic Rh were not observed in the reduced samples of Rh/ZnO(CLK) and
Rh/ZnO(H), suggesting the formation of alloyed species with Zn. A peak at 29.4 ° could be
assigned to a main peak of a (104) facet of CaCO3 for Rh/ZnO(CLK). As shown in Figure 1b,
a resolution of the observed peaks for Rh/ZnO(CLK) was low, but they are nicely identified
for the reference peaks of RhZn;3. A peak assigned to a main peak of reference RhZn at
42.6° was observed for Rh/ZnO(H). Thus, it was confirmed that RhyO3; was reduced by the
reduction treatments of (1) hydrogen reduction and (2) CaH; reduction in molten LiCl-KCl
to form RhZn and RhZn;3, respectively, by alloying with the reduced Rh and Zn of some
part of ZnO.
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Table 2. Summary of experimental results by nitrogen adsorptions, XRD measurements, and XPS

measurements for ZnO and the prepared samples.

XRD Measurements

XPS Measurements

Active BET S. A. N N .
Sample Metal [m2 /g] Zn Metal Main Chemical Molar Ratios of
Species Species States of Metals Metal/Zn [mol/mol]
ZnO None 12.7 ZnO None None None
Rh/ZnO(Pre) 125 ZnO Rh,0; Rh(+3) 0.101
Rh/ZnO(CLK) Rh 20.4 ZnO RhZni3 Rh(0) 0.046
Rh/ZnO(H) 4.8 Zn0O RhZn Rh(0) 0.028
Pt/ZnO(Pre) 74 ZnO Unknown Oxides 0.049
Pt/ZnO(CLK) Pt 19.2 ZnO PtsZnyo P(0) 0.128
Pt/ZnO(H) 6.5 ZnO PtZn Pt(0) 0.017
Pd/ZnO(Pre) 5.2 ZnO Pd Pd(+2, +4) 0.058
Pd/ZnO(CLK) Pd 17.1 ZnO Distorted Pd(0) 0.011
Pd5Zn8
Pd/ZnO(H) 45 ZnO PdZn Pd(0) 0.060
(@) (b)
Rh/ZnO(CLK)
Rh/ZnO(H)

\
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Figure 1. XRD patterns of Rh/ZnO(H), Rh/ZnO(CLK), and Rh/ZnO(Pre) in (a) a wide range scale
and (b) a narrow range scale for Rh/ZnO(CLK).

Figure 2 shows the XRD patterns of Pt/ZnO(Pre), Pt/ZnO(CLK), and Pt/ZnO(H).
The main peaks observed around 30—40° were identified for ZnO for all the samples. In
addition, some unknown peaks were also observed for Pt/ZnO(Pre), which was similar
to Rh/ZnO(Pre) and Pd/ZnO(Pre). So, the peaks could be assigned to any compounds
included in the used ZnO. As for the Pt species, the observed peaks were not identified
for PtO, and metallic Pt in Pt/ZnO(Pre), suggesting the formation of amorphous oxide
species and/or species that were too small to be detected by XRD. The peaks identified
for PtO, and metallic Pt were not observed in the reduced samples of Pt/ZnO(CLK) and
Pt/ZnO(H), suggesting the formation of alloyed species with Zn. A peak at 29.4° could be
assigned to a main peak of a (104) facet of CaCOj3 for Pt/ZnO(CLK). As shown in Figure 2b,
a resolution of the observed peaks for Pt/ZnO(CLK) was low, but a peak is nicely identified
to the main reference peak of Pt3Zng. A peak assigned to a main peak of reference PtZn
at 40.6° was observed for Pt/ZnO(H). Thus, the results confirmed the formation of zinc
alloys of PtZn and Pt3Zn;g in Pt/ZnO(H) and Pt/ZnO(CLK), respectively, by the different
reduction treatments of (1) hydrogen reduction and (2) CaH, reduction in molten LiCI-KCL
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Figure 2. XRD patterns of Pt/ZnO(H), Pt/ZnO(CLK), and Pt/ZnO(Pre) in (a) a wide range scale and
(b) a narrow range scale for Pt/ZnO(CLK).

Figure 3 shows the XRD patterns of Pd/ZnO(Pre), Pd/ZnO(CLK), and Pd/ZnO(H).
Similar to the samples mentioned above, the main peaks observed around 30-40° were
identified as ZnO for all the samples. In addition, some unknown peaks were also observed
for Pd/ZnO(Pre), which was similar to Rh/ZnO(Pre) and Pt/ZnO(Pre). Thus, the peaks
could be assigned to any compounds included in the used ZnO. As for the Pd species, the
identified species was metallic Pd for Pd/ZnO(Pre). The peaks identified for PdO and
metallic Pd were not observed in the reduced samples of Pd/ZnO(CLK) and Pd/ZnO(H),
suggesting the formation of alloyed species with Zn in a similar manner to the above Rh-/Pt-
based samples. In addition to the peaks assigned to ZnO, a large peak was observed at 42.2°
for Pd/ZnO(CLK). According to the database, any reference compounds with Pd and/or
Zn were not identified for the observed peak. A main peak of reference, PdsZng, is located
at41.9°, which is close to the position of the observed peak. Therefore, it was concluded that
the distorted PdsZng could be formed in Pd/ZnO(CLK). The peaks assigned to reference
PdZn were perfectly observed for Pt/ZnO(H). In sum, the XRD results suggested the
formation of zinc alloys of PdZn and distorted PdsZng in Pd/ZnO(H) and Pd/ZnO(CLK),
respectively, by the different reduction treatments of (1) hydrogen reduction and (2) CaH,
reduction in molten LiCl-KCl.

To confirm the porosities, nitrogen adsorption experiments were conducted for all the
prepared samples. The obtained BET surface areas are summarized in Table 2. The BET
surface areas of Rh/ZnO(CLK), Pt/ZnO(CLK), and Pd/ZnO(CLK) were larger than those
of the other samples. These results indicated that the BET surface areas of Rh/ZnO(Pre),
Pt/ZnO(Pre), and Pd/ZnO(Pre) were increased by the following treatment of CaH, reduc-
tion in molten LiCI-KCl. The CaH, reduction treatment may change precursors’ morpholo-
gies more finely. Next, to confirm the morphologies, SEM observations were performed
for the samples treated with a CaH, reduction in molten LiCl-KCl. Elemental analyses
were also performed by EDX. Figures 4-6 show the results of SEM-EDX for Rh/ZnO(CLK),
Pt/ZnO(CLK), and Pd/ZnO(CLK), respectively. In Figure 4, a large bulky particle in a
micron meter range can be seen, but fine morphology is also visible on the surface for
Rh/ZnO(CLK). Since the measured BET surface area of 20.4 m?/ g of Rh/ZnO(CLK) was
larger than 12.5 m?/ g and 4.8 m?/ g of Rh/ZnO(Pre) and Rh/ZnO(H), respectively, it was
suggested that Rh/ZnO(CLK) had a finer morphology due to the surface modification via
CaH; reduction treatment, resulting in an increase in the surface area. In addition, ZnO
commercial nanoparticles of <100 nm with 10-25 m? /g were used. Thus, the observed
particle in a micron meter range could be formed by the aggregation of ZnO nanoparticles.
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According to the elemental analysis by EDX, the detected elements were Rh, Zn, O, and Ca
with a molar ratio of Rh/Zn/O/Ca =1.4/79.2/17.3/2.1. As expected, the main elements
were Zn and O, originating from ZnO, and the existence of Rh was surely confirmed in
the Rh/ZnO(CLK). A negligible amount of Ca was also detected. As a final step in the
preparation procedure, the sample was rinsed with NH4Cl solution to remove CaO and
then with distilled water to remove soluble salts, such as CaCl, and LiCl. This was done so
that the detected impurities of Ca could be totally removed from the final sample using
more rigorous rinsing treatments. As the results of elemental mappings of Rh, Zn, and O
show, a good distribution of the elements was clearly observed in the particle, suggesting
the homogeneous distribution of the Rh-Zn alloy.

u Pd/iZnO(H)
‘ : | A A A |
ol Nl N Ko . s A A
I ] Ref. PdZn (PDF01-072-2936)
2l X2 _— - Pd/ZnO(CLK)
g " el Wt St W ntot! WA N . VW | e

| Ref. PdsZng (PDF01-072-2939)

Pd/ZnO(Pre)
k4
| . Ref. Pd (PDF03-065-2867)
| Ref. PdO (PDF00-043-1024)
i | ]  Ref. ZnO (PDF01-070-8072)
20 30 40 50 60 70
206 [degree]

Figure 3. XRD patterns of Pd/ZnO(H), Pd/ZnO(CLK), and Pd/ZnO(Pre) in a wide range scale.

(e)

i | Rh/Zn/O/Ca [wt%]
=1.4/79.2/17.3/2.1

Intensity [a.u.]

Figure 4. (a) SEM image and the corresponding elemental mappings of (b) Rh, (¢) Zn, and (d) O
for Rh/ZnO(CLK) with (e) an EDX spectrum giving a weight percentage of Rh/Zn/O/Ca =
14/79.2/17.3/2.1.
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Figure 5. (a) SEM image and the corresponding elemental mappings of (b) Pt, (¢) Zn, and (d) O for
Pt/ZnO(CLK) with (e) an EDX spectrum giving a weight percentage of Pt/Zn/O =3.9/70.1/26.0.

(@)

24 Pd/Zn/O [wt%]
. =1.5/87.3/11.2

Intensity [a.u.]

5pm

Figure 6. (a) SEM image and the corresponding elemental mappings of (b) Pd, (c) Zn, and (d) O for
Pd/ZnO(CLK) with (e) an EDX spectrum giving a weight percentage of Pd/Zn/O =1.5/87.3/11.2.

In Figure 5, a large bulky particle in a micron meter range can be seen, but fine
morphology is also visible on the surface for Pt/ZnO(CLK). Since the measured BET
surface area of 19.2 m?/g of Pt/ZnO(CLK) was larger than 7.4 m?/g and 6.5 m?/g of
Pt/ZnO(Pre) and Pt/ZnO(H), respectively, it was suggested that Pt/ZnO(CLK) had a finer
morphology due to the surface modification via CaH, reduction treatment, resulting in
an increase in the surface area. According to the elemental analysis by EDX, the detected
elements were Pt, Zn, and O, with a molar ratio of Pt/Zn/O = 3.9/70.1/26.1. As expected,
the main elements were Zn and O, originating from ZnO, and the existence of Pt was surely
confirmed in the Pt/ZnO(CLK). As the results of elemental mappings of Pt, Zn, and O
show, a good distribution of the elements was clearly observed in the particle, suggesting
the homogeneous distribution of Pt-Zn alloy.

In Figure 6, a large bulky particle in a micron meter range can be seen, but fine
morphology is also visible on the surface for Pd/ZnO(CLK). Since the measured BET
surface area of 17.1 m?/g of Pd/ZnO(CLK) was larger than 5.2 m?/g and 4.5 m?/g of
Pd/ZnO(Pre) and Pd/ZnO(H), respectively, it was suggested that Pd/ZnO(CLK) had a
finer morphology due to the surface modification via CaH, reduction treatment, resulting
in the increase in the surface area. According to the elemental analysis by EDX, the detected



Crystals 2024, 14, 278

8 of 14

elements were Pd, Zn, and O, with a molar ratio of Pd/Zn/O =1.5/87.3/11.2. As expected,
the main elements were Zn and O, originating from ZnO, and the existence of Pd was
surely confirmed in the Pd/ZnO(CLK). As the results of elemental mappings of Pd, Zn,
and O, a good distribution of the elements was clearly observed in the particle, suggesting
the homogeneous distribution of Pd-Zn alloy.

3.2. Catalytic Tests with the Prepared Samples

Heterogeneous catalysis reaction occurs on a solid catalyst surface. Therefore, it is
important to analyze the surface species before discussing the active species catalyzing
the reaction. Figure 7 shows the results of XPS measurements for the prepared samples.
Figure 7a shows the XPS spectra of the C 1s of all the samples in which signal tops were
moved to 284.5 eV for the calibration of data. Figure 7b shows the XPS spectra of Rh 3d5,,
Pt 4dy/,, and Pd 3ds5,, for Rh/ZnO, Pt/ZnO, and Pd/ZnO, respectively. The obtained
chemical states of metals and the molar ratios of metal/Zn were summarized in Table 2. In
the Rh/Zn0O, a peak assigned to Rh, O3 was observed around 308-309 eV for Rh/ZnO(Pre),
whereas small peaks assigned to zero-valent Rh were observed at a lower binding energy
of 307 eV for Rh/ZnO(CLK) and Rh/ZnO(H). These results supported the XRD results,
indicating the formation of Rh oxide in Rh/ZnO(Pre) and Rh alloy in Rh/ZnO(CLK) and
Rh/ZnO(H). In Pt/ZnO, a peak assigned to Pt oxides was observed around 74-75 eV for
Pt/ZnO(Pre), whereas peaks assigned to zero-valent Pt were observed at a lower binding
energy of 71 eV for Pt/ZnO(CLK) and Pt/ ZnO(H). These results supported the XRD results,
indicating the formation of Pt alloy in Pt/ZnO(CLK) and Pt/ZnO(H). In the Pd/ZnO, a
peak was observed between the binding energies assigned to PdO at 336 eV and PdO, at
338 eV for Pd/ZnO(Pre), indicating that Pd existed as oxides with a valence of +2~+4. On
the other hand, small peaks assigned to zero-valent Pd were observed at a lower binding
energy of 335-336 eV for Pd/ZnO(CLK) and Pd/ZnO(H). These results supported the XRD
results, indicating the formation of Pd alloy in Pd/ZnO(CLK) and Pd/ZnO(H).

T I
(@) | c1s | C1s i C1s |
i | i
] I |
| | ’
=| RvznO(Pre) =| PuznoPre) <| PyznoPre) ~
> 1 > 7\ > 1
| Rhzno(eLK) AN 3| PUZnO(CLK)/ | \ | PAZnOCHO
) 7 | \ [0} / | ) V2 I
j=| [ L | NG e T
- i =S | il i
i Pd/ZnO(H i
RhZnOH) | PYZnOH) /_(/
i i |
| I |
H H )
290 285 280 290 285 280 290 285 280
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]
(b) | Rh 3dg), Pt 4d,, Pd 3ds),
Rh,0;  RhO Ptoxides Pt PdO, PdO Pd9
Rh/ZnO(Pre) Pd/ZnO(Pre)
?“—/\/\ 3| PuznoPre) ;W/\/\‘
9, 5, 5,
2 2 2
‘2| Rh/ZnO(CLK) ® 3| PdiznO(CLK)
3 8| PYZnO(CLK) g
£ = =
RWZNOH) Pt/ZnO(H) Pd/znOH) /. O
~ N — > B T\ MA—AAA ~ & D o
320 315 310 305 84 7.9 7'4 69 348 343 338 333
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

Figure 7. XPS spectra of (a) C 1s, and (b) Rh 3d5,,, Pt 4d;/,, and Pd 3d5,, for Rh/ZnO, Pt/Zn0O, and
Pd/ZnO, respectively.
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Catalytic tests were carried out to evaluate the catalytic performance of the prepared
samples in hydrogenation of 4-NP to 4-AP with NaBH4 as a model hydrogenation reaction.
On the left side of Figure 8a—c, normalized concentration (C/Cy) changes of 4-NP as
functions of reaction times are shown for Rh/ZnO, Pt/Zn0O, and Pd/ZnO, respectively,
whereas, on the right side of Figure 8a—c, are plots of In(C/Cy) as functions of reaction
times for Rh/Zn0O, Pt/Zn0O, and Pd/ZnO. In Figure 8a, the result with a commercial ZnO
was also displayed for reference. The result verified that the concentration did not change
with only the ZnO, not including any other metals, such as Rh, Pt, and Pd. For the Rh/ZnO
(Figure 8a), the concentration gradually decreased with the reaction time, but the faster
reaction rates were given as an order of Rh/ZnO(H) > Rh/ZnO(CLK) > Rh/ZnO(Pre).
In the plot of In(C/Cy) as functions of reaction times, good linearities were obtained
for all the samples, indicating that the first-order reaction kinetics were satisfied well in
the experiments, and the obtained rate constants from the gradients were summarized in
Table 3. For the Pt/ZnO (Figure 8b), the concentration gradually decreased with the reaction
time, but the faster reaction rates were given as an order of Pt/ZnO(CLK) > Pt/ZnO(H)
> Pt/ZnO(Pre). In the plot of In(C/Cy), as functions of reaction times, good linearities
were obtained for all the samples, indicating that the first-order reaction kinetics were
satisfied well in the experiments and the obtained rate constants from the gradients were
summarized in Table 3. For the Pd/ZnO (Figure 8c), the concentrations quickly decreased
to reach zero after 10 min for Pd/ZnO(Pre) and Pd/ZnO(H), whereas the concentration
slowly decreased to reach zero after 60 min for Pd/ZnO(CLK). Thus, the faster reaction
rates were given as an order of Pd/ZnO(Pre), Pd/ZnO(H) >> Pd/ZnO(CLK). Since the
peak of Pd 3d5,, in the XPS measurement was too small (Figure 7b) and a very small molar
ratio of Pd/Zn (0.011 [mol/mol] as shown in Table 2) was obtained for Pd/ZnO(CLK), it
was assumed that Pd/ZnO(CLK) had a much lesser amount of Pd than Pd/ZnO(Pre) and
Pd/ZnO(H) on the surface. Probably, most of the Pd could be covered by ZnO and only a
very small amount of Pd exposed to the surface catalyzed the reaction in the Pd/ZnO(CLK).
In the plot of In(C/Cyp) as functions of reaction times, good linearities were obtained for
all the samples, indicating that the first-order reaction kinetics were satisfied well in the
experiments, and the obtained rate constants from the gradients were summarized in
Table 3. Reaction rate constants (k) of previous studies with Rh, Pt, and Pd catalysts are also
summarized in Table 3. Because the reaction conditions differed, a quantitative comparison
was difficult. In the previous studies, Pd catalysts show higher rate constants than Rh and
Pt catalysts, and Rh and Pt catalysts give nearly the same constants as each other. The trend
is in good agreement with the results of this study.

The obtained conversions and selectivities of 4-NP to 4-AP after 60 min are summa-
rized in Figure 9. In comparison with Rh/ZnO(CLK) and Rh/ZnO(H), the conversions were
almost the same as each other after 60 min. However, the selectivity with Rh/ZnO(CLK)
was 89%, which was slightly higher than the 82% with Rh/ZnO(H). In comparison with
Pt/ZnO(CLK) and Pt/ZnO(H), Pt/ZnO(CLK) exhibited higher conversion and selectivity
than Pt/ZnO(H) after 60 min. In comparison with Pd/ZnO(CLK) and Pd/ZnO(H), the
conversions and selectivities were almost the same as each other after 60 min.

Interestingly, it was demonstrated that Rh/ZnO(CLK) and Pt/ZnO(CLK) exhibited
higher selectivities than Rh/ZnO(H) and Pt/ZnO(H), respectively. According to the results
of XRD and XPS discussed above, Rh/ZnO(CLK) and Pt/ZnO(CLK) had RhZn;; and
Pt3Zn;( as active metal species, whereas Rh/ZnO(H) and Pt/ZnO(H) had RhZn and
PtZn. These comparisons can lead us to the conclusion that the zinc-rich intermetallic
compounds of RhZn;3 and Pt3Znj( could be superior selective hydrogenation catalysts than
the conventional intermetallic compound catalysts of RhZn and PtZn, respectively. Since
RhZnj3 and Pt3Zn;( contain smaller amounts of Rh and Pt than RhZn and PtZn, RhZn;3
and Pt3Zng can be inexpensive selective hydrogenation catalysts, leading to promising
catalysts for industrial application.
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Table 3. Summary of amounts of platinum group metals (PGM) in used catalysts and reaction rate
constants (k) of this study and previous studies in 4-NP hydrogenation.

Catalyst PGM Amount [pg] k [min—1] Reaction Conditions Ref.
Rh/ZnO(Pre) 0.010
Rh/ZnO(CLK) 0.032
Rh/ZnO(H) 0.034
Pt/ZnO(Pre) 0.004 4-NP (1.6 mM)
Pt/ZnO(CLK) 500 0.019 NaBH, (47 mM) This study
Pt/ZnO(H) 0.014 10 mg-cat/9 mL
Pd/ZnO(Pre) 0.328
Pd/ZnO(CLK) 0.067
Pd/ZnO(H) 0.439
Rh NPs stabilized by PVP or 0.38-0.70 4-NP (0.1 mM)
CTAC 0.3 NaBH, (0.005 M) [56]
Pd NPs stabilized by CTAC 0.03-0.14 0.0032 pmol-cat/20 uL
4-NP (10 mM)
5.0-8.7 wt%Pd /Fe; Oy 0.4-0.7 0.38-0.75 NaBH, (0.1 M) [57]
0.008 mg-cat/3 mL
4-NP (2 mM)
Pd/CNT na 0.376 NaBH, (0.1 M) [58]
0.3 mg-cat/45 mL
4-NP (0.3 mM)
5 wt%Pd/graphene 200 2.19 NaBH, (0.1 M) [59]
4 mg-cat/40 mL
4-NP (7.4 mM)
Pd/graphene oxide 0.02 2.06 NaBHy (0.41 M) [60]
7.5 ug-cat/30 uL
4-NP (1 mM)
Pt NPs stabilized by guar gum 24 0.42 NaBH, (0.1 M) [61]

0.125 mol-cat/50 uL

4. Conclusions

Zinc-rich intermetallic compounds supported on ZnO were prepared using a CaH,-
assisted molten salt synthesis method. X-ray diffraction measurements suggested the forma-
tion of RhZny3, Pt3Zn;g, and Pd5Zng in the samples reduced by CaH, in molten LiCI-KCl,
whereas RhZn, PtZn, and PdZn were observed in the samples reduced by hydrogen flow.
In the selective hydrogenation of 4-NP to 4-AP, RhZn;3/Zn0O and Pt3Zn;y/ZnO showed
almost the same activities as RhZn/ZnO and PtZn/ZnO, respectively, but, interestingly, the
zinc-rich catalysts gave higher selectivities. These results indicate that the CaH,-assisted
molten salt synthesis method has a higher reduction capacity than the common hydrogen-
reduction method, which allows for the formation of zinc-rich intermetallic compounds of
RhZn;3 and Pt3Zn;, thus giving rise to an enhancement of the selectivity of the catalytic
selective hydrogenation reaction.
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