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Thermally induced intermetallic Rh;Zn,
nanoparticles with high phase-purity for highly
selective hydrogenation of acetylenef

*

Xiaocheng Lan, Yu Wang, & { Boyang Liu, & Zhenyu Kang and Tiefeng Wang

Ordered M;Zn; intermetallic phases with structurally isolated atom sites offer unique electronic and
geometric structures for catalytic applications, but lack reliable industrial synthesis methods that avoid
forming a disordered alloy with ill-defined composition. We developed a facile strategy for preparing
well-defined M;Zn; intermetallic nanoparticle (i-NP) catalysts from physical mixtures of monometallic M/
SiO, (M = Rh, Pd, Pt) and ZnO. The Rh;Zn; i-NPs with structurally isolated Rh atom sites had a high
intrinsic selectivity to ethylene (91%) with extremely low C, and oligomer formation, outperforming the
reported intermetallic and alloy catalysts in acetylene semihydrogenation. Further studies revealed that
the M;Zn; phases were formed in situ in a reducing atmosphere at 400 °C by a Zn atom emitting—
trapping—ordering (Zn-ETO) mechanism, which ensures the high phase-purity of i-NPs. This study
provides a scalable and practical solution for further exploration of Zn-based intermetallic phases and
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Introduction

The intermetallic phase, with a definite crystal structure and
well-defined atom composition, is an emerging and promising
catalyst in various catalytic fields.”* The intermetallic phase
exhibits an ordered surface atomic arrangement to regulate
a specific adsorption mode and configuration that modulates
certain reaction pathways and controls the reaction
performance.** Taking the intermetallic phase of M;Zn; (M =
Pd, Pt, Rh; molar ratio of M/Zn = 1) as an example, the active
metal M; and the metal Zn stack in an orderly manner to form
a body-centered structure. Regarding the specific atomic
geometry of the ordered M;Zn; intermetallic phase, the
distance between adjacent M atoms within M;Zn; is enlarged,
as M atoms are segregated by a Zn atom into isolated ensem-
bles. The M;Zn; phase provides a naturally high surface density
of structurally isolated active ensembles with an identical
coordination environment. Compared with single atom alloys
(SAAs) and single atom catalysts (SACs), the isolated M; site is in
a long-range order structure with fixed atom positions and site
occupancies, which offers consistent site isolation throughout
the catalyst, as well as unique electronic properties of the M,

Beijing Key Laboratory of Green Reaction Engineering and Technology, Department of
Chemical Engineering, Tsinghua University, Beijing 100084, China. E-mail: wangtf@
tsinghua.edu.cn

t Electronic supplementary information (ESI) available: TPR procedure,
experimental details, HAADF-STEM details and DFT calculation details. See
DOI: https://doi.org/10.1039/d3sc05460h

i X. Lan and Y. Wang contributed equally to this work.

1758 | Chem. Sci,, 2024, 15, 1758-1768

a new strategy for designing Zn-containing catalysts.

site modified by the neighbouring Zn atom.>”® The ordered
atomic arrangement in intermetallic phases successfully real-
izes the “site-isolation” concept that could control the reaction
performance according to the structure-performance
relationship.

However, for the preparation of supported i-NP catalysts,
harsh synthesis conditions such as high temperature annealing
(usually >500 °C) is often required, which often leads to a sin-
tering problem, a wide distribution of ensemble size, and ill-
defined composition."**'* Alternative approaches, such as the
colloidal method and atomic layer deposition (ALD), are
developed to achieve atom level control of the structure.
However, these methods are still challenging in some aspects,
for example the colloidal method generally requires special
ligands that need to be removed to activate the catalyst, and
ALD requires typical metal organic precursors and a specific
instrument with complex processes.”** The absence of a facile
and controllable synthesis method that attains high phase-
purity and specific composition on each active ensemble has
restricted the broad application of supported i-NP catalysts.>**
Therefore, an industrially feasible, controllable, and scalable
synthesis method for supported i-NP catalysts is desired.

We have developed a facile synthesis of well-defined M;Zn,
(M = Rh, Pd, Pt) i-NPs from simple physical mixtures of
monometallic M/SiO, and ZnO at a temperature of 400 °C and
under a reducing atmosphere. Extensive study indicates that
the formation of the intermetallic M;Zn, phase follows a novel
Zn emitting-trapping-ordering (Zn-ETO) mechanism, where Zn
atoms were emitted from the ZnO surface with the assistance of
H,, then trapped by the vicinal monometallic nanoparticles and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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finally rearranged into well-defined M;Zn, intermetallic phases.
The thermodynamic driving force of the disorder-to-order
transition imparts high phase-purity to the M;Zn; i-NPs, inde-
pendent of the particle size distribution of the starting mono-
metallic NPs.

Intermetallic compound catalysts exhibit distinct catalytic
properties for alkyne semihydrogenation. Previous studies
mainly focused on Pd-based®>**'® and Ni-based®"”*° interme-
tallic phases, where the primary active metal was alloyed with
a second metal of Ag, Ga, Zn, etc., to improve the selectivity to
ethylene. The enhanced selectivity is attributed to the isolated
active-site ensembles in a specific intermetallic phase.>®*7>*>*
Recently, Rioux et al.> demonstrated that PdgZn,, consisting of
only Pd; monomers on the surface showed higher selectivity
towards ethylene than PdyZn,; consisting of Pd; sites. However,
it is still challenging to prevent the side reaction of C-C bond
coupling to oligomers. It is believed that the specific active-site
ensembles in i-NPs are critical to highly selective hydrogena-
tion. Thus, improving the understanding of the catalytic struc-
ture-performance relationship is facilitated by the phase-purity
of the desired intermetallic phase.

Here the proposed Zn-ETO strategy provides a platform for
designing desired intermetallic phase M;Zn; (M = Rh, Pd, Pt) i-
NPs. Specific emphasis was placed on Rh to study the reaction
mechanism with specific active sites. The reduction time during
Zn-ETO directly controls the composition of the catalytic active
sites within the Rh-Zn phase, which tunes the product distri-
bution of acetylene hydrogenation. The characterization results
(HAADF-STEM, EDS, in situ XRD, XPS and CO-FTIR) verified the
formation of Rh;Zn; i-NPs. The crystal structure of the inter-
metallic phase provided a specific ensemble of surface atoms,
where the Rh atoms were structurally isolated by Zn atoms.
Catalytic evaluation and DFT calculations further reveal that
Rh,Zn, i-NPs with structurally isolated Rh atom sites efficiently
suppress the C-C bond coupling reaction that forms C, and
green oil (GO) side products. The RhZn/SiO,-10 catalyst with
high phase-purity of Rh;Zn; had a high intrinsic selectivity to
ethylene (91%) at a high acetylene conversion (nearly 100%),
which outperforms the reported intermetallic and alloy cata-
lysts for acetylene semihydrogenation.

Results and discussion

Synthesis and characterization of intermetallic M;Zn, i-NPs
with isolated atom M sites

The details of the Zn-ETO strategy are illustrated in Fig. 1a. We
used one-step reduction for physically mixed monometallic M/
SiO, (prepared by impregnation) and ZnO. The physically mixed
catalyst (PMC) was treated by a temperature-programmed reduc-
tion (TPR) procedure (Fig. S1f). The obtained M-Zn/SiO, inter-
metallic compound catalysts were characterized by HAADF-STEM
and EDS (Fig. 1b-g and S27). EDS elemental mapping showed that
the Zn element signal uniformly distributed over the region of
element M. For Rh-Zn/SiO,, two perpendicular interplanar
distances of 3.01 A and 2.13 A were found, corresponding to the
(001) and (110) planes of Rh;Zn,, respectively (Fig. 1e), indicating
this image shows the RhZn [110] zone axis. The atomic image
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matched well with the top view of the standard RhZn crystal
(PDF#53-0470) from the [110] zone axis, which confirmed the
existence of the Rh,Zn, intermetallic compound. For Pd-Zn/SiO,,
we also observed the PdZn [110] zone axis in the corresponding
sample from the matched simulated atomic projection (Fig. 1f).
The RhZn and PdZn intermetallic phase displayed the [110] zone
axis, which showed the 2D projection of a line of Rh or Pd atoms
and a line of Zn atoms packed alternatively. For Pt-Zn/SiO,, the
[001] zone axis was observed (Fig. 1g), which showed the 2D
projection of a Zn atom in the center of four Pd atoms in a square
arrangement. The electron microscopy results verified the
successful synthesis of an evenly distributed M;Zn; intermetallic
phase. The atomic images of the exposed surfaces of M;Zn, also
showed the formation of M sites that were isolated by the
particular geometry and composition of the intermetallic phase
crystal structure.

The XRD patterns of the prepared catalysts are shown in Fig.
S3.f The M/SiO, without mixing ZnO showed corresponding
peaks to the metal phases of M (Pd, PDF#46-1043, Fig. S3a; Pt,
PDF#04-0802, Fig. S3d;+ Rh, PDF#05-0685, Fig. S3gt). For the
sample of M/SiO, physically mixed with ZnO (PMC), the XRD
patterns were obtained after a reduction treatment at 400 °C for
4 h. All of the PMC samples showed the typical diffraction peaks
of physically mixed ZnO (PDF#36-1451). In addition, the corre-
sponding peaks of M;Zn, phases (Pd,Zn,, PDF#06-0620; Pt,Zn,,
PDF#06-0604; Rh,Zn,, PDF#53-0470) were also detected. For
example, Pd;Zn, (Fig. S3b and c}) showed the main peaks of
(111), (200) and (311), Pt;Zn, (Fig. S3e and f}) showed the main
peaks of (111), (200), (002) and (311), and Rh,;Zn, (Fig. S3h and
it) showed the main peaks of (110) and (211).

To understand this transformation, in situ XRD was used to
identify the diffraction peaks shift of the physical mixture of
MO,/SiO, (M = Rh, Pd, Pt) and ZnO during TPR (Fig. 1e-g). The
peaks of M and M;Zn, were emphasized with a dashed line
going across the entirety of the XRD patterns. In the first stage
(temperature kept at 300 °C for 1 h), the noble metals were
reduced to their metallic state as the peaks of Rh, Pd and Pt
were observed (corresponding to the metal phases of PDF#05-
0685, PDF#46-1043, and PDF#04-0802). When the temperature
increased to 400 °C and kept for 4 h, the diffraction peaks of
intermetallic compounds dominated (brown dashed line) and
the diffraction peaks of the mono metal (cyan dashed line)
disappeared within the first hour. This phenomenon corre-
sponded to the transformation from mono metals into M;Zn,
intermetallic phases. As the temperature increased to 500 °C
and 600 °C, the diffraction peaks of the intermetallic
compounds slightly shifted to a lower theta angle, which was
due to the lattice expansion induced by the higher temperature.
When the sample was cooled to 50 °C, the diffraction peak at
42.4° corresponded well to the main peak of the RhZn inter-
metallic phase (PDF#53-0470). For Pd-Zn/SiO,, the diffraction
peaks at 41.2° and 44.1° correspond to the main peaks of the
PdZn intermetallic phase (PDF#06-0620). For Pt-Zn/SiO,, the
diffraction peaks at 40.8° and 44.8° correspond to the main
peaks of the PtZn intermetallic phase (PDF#06-0604). The in situ
XRD results clearly depicted the phase transformation from
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(a) Scheme of the Zn-ETO strategy. EDS mappings of (b) Rh—Zn/SiO,, (c) Pd-Zn/SiO,, and (d) Pt-Zn/SiO, with a reduction time of 4 h.

HAADF-STEM images of M1Zn; i-NP catalysts (e) Rh—2Zn/SiO,, (f) Pd—Zn/SiO,, and (g) Pt—Zn/SiO, with a reduction time of 4 h. Rh, Pd, Pt and Zn
atoms are shown in cyan, purple, blue and yellow, respectively. In situ XRD patterns of (h) Rh—Zn/SiO,, (i) Pd—Zn/SiO,, and (j) Pt-Zn/SiO, during
TPR. The TPR temperatures are 300 °C (red), 400 °C (blue), 500 °C (green), 600 °C (purple) and 50 °C (black) from bottom to top. The standard
peaks of the monometallic (cyan sticks) and intermetallic phases (brown sticks) are also provided for reference (Rh: PDF#05-0685, RhZn:
PDF#53-0470, Pd: PDF#46-1043, PdZn: PDF#06-0620, Pt: PDF#04-0802, PtZn: PDF#06-0604).

monometallic NPs to the bulk intermetallic phase during the
TPR procedure.

To further identify this phase evolution of the supported NPs
during TPR, HAADF-STEM and energy dispersive X-ray spec-
troscopy (EDS) were employed to monitor the elemental distri-
bution. Specific emphasis was placed on Rh-Zn/SiO, catalysts
with different reduction time (the PMC with a reduction time of
t (h) at 400 °C is denoted as Rh-Zn/SiO,-t). The mean metal
particle size of Rh-Zn/SiO,-0 was 1.82 nm, which increased to
2.41 nm after trapping Zn atoms during a reduction time of 10 h
(Fig. S41). The elemental mappings of Rh-Zn/SiO,-t are shown
in Fig. 2a-d. The Zn/Rh ratio (Fig. S5-S7t) was 0.3 over Rh-Zn/
Si0,-0.5 and increased to 0.7-1.0 when the reduction time was
prolonged to 4 and 10 h, which was approximately equal to the
nominal value of the Rh,Zn; intermetallic phase.

With an increase in reduction time, the Zn element signal
over the region of Rh element was steadily enhanced, providing
evidence that Zn species migrated to the Rh NPs. It is also
possible that Rh species migrated to Zn species, while the
steadily enhanced Zn/Rh ratio suggested the migration of Zn to
Rh but not the migration of Rh to Zn. The EDS elemental
mapping also demonstrated the uniform distribution of Rh and
Zn on individual NPs, that is, there was no segregation into
core-shell or other hetero-structures. In addition, the Zn/Rh
ratio in the NPs (Fig. S5-S71) showed that a longer reduction
time was beneficial for converting NPs with an ill-defined
composition to uniform i-NPs.

1760 | Chem. Sci, 2024, 15, 1758-1768

In contrast, the co-impregnation method generally produces
a mixture of monometallic and bimetallic NPs with ill-defined
compositions.”®** The bimetallic catalyst was prepared by
conventional co-impregnation (denoted as RhZn/SiO,-IMP) for
comparison. As shown in Fig. S8 and S9,f Rh and Zn were found
to have different structures that ranged from completely
segregated monometallic Rh NPs to well-mixed RhZn alloy NPs.
Compared with the conventional impregnation method, the
TPR of the PMC provides an efficient approach to preparing
catalysts with uniform M;Zn, i-NPs.

CO-FTIR experiments were performed to further examine the
surface structure of the Rh-Zn/SiO,-t catalysts. The Rh-Zn/SiO,-
0 catalyst (Fig. S10at) mainly showed a linear CO peak at
2060 cm ™' and a broad bridged CO peak in the 1850-1700 cm ™"
region. In addition, geminal dicarbonyl species at 2097 cm™*
and 2021 cm ™" and Rh,(CO); species at 1920 cm ™" were also
observed.***® The CO-FTIR spectra of Rh-Zn/SiO,-t are shown in
Fig. 2e. With increasing reduction time, the linear CO peak
gradually shifted from 2060 to 2030 cm ™", and the bridged CO
peak decreased. No bridged CO peak was observed at t = 4 and
10 h. For comparison, the RhO,/SiO, sample with the same
reduction procedure as Rh-Zn/SiO,-t but without physically
mixing with ZnO/SiO, (denoted as Rh/SiO,-t) was examined by
CO-FTIR (Fig. 2f). With this sample, no redshift of linear CO and
no decrease of bridged CO were observed. A quantitative anal-
ysis of the relative intensity (RI) of bridged CO to linear CO
showed that the RI value remained at 0.25-0.3 over Rh/SiO,-t

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 HAADF-STEM images and EDS mappings of Rh—Zn/SiO,-t catalysts with different reduction time of (a) O h, (b) 0.5 h, (c) 4 h, and (d) 10 h.
(Scale bar: 5 nm). (e) CO adsorption on the Rh—Zn/SiO,-t catalysts with reduction time of (i) O h, (i) 0.5 h, (iii) 1 h, (iv) 2 h, (v) 4 h, and (vi) 10 h. (f) CO
adsorption on Rh/SiO,-t with reduction time of (i) O h, (i) 2 h, and (iii) 4 h. (g) Relationship between reduction time and relative intensity of bridged
CO to linear CO. The samples were pretreated by TPR and then transferred to the IR cell. CO-FTIR spectra were recorded at room temperature.

but decreased from 0.25 to 0 over Rh-Zn/SiO,-t with increasing
reduction time (Fig. 2g). The above variation of CO adsorption
over Rh-Zn/SiO,-t was ascribed to the formation of the Rh;Zn,
intermetallic phase. It has been reported that the electron
donation from high electronegative metals (such as Sn and Zn)
to noble metals leads to the red-shift of the linear CO peak.””**
Similar changes of CO-FTIR were also observed in Pt;Zn; and
Pd,Zn, i-NPs (Fig. S117).

The charge transfer from Zn to Rh over Rh;Zn, was verified
by X-ray photoelectron spectroscopy (XPS). The Rh/SiO, sample
was physically mixed with excess ZnO for the Zn-ETO process.
Most Zn species remained as ZnO and only a part of the Zn
species was emitted and trapped by Rh NPs to form the Rh;Zn,
intermetallic phase at 400 °C. When prolonging the Zn-ETO
reduction time from 0 to 4 h, the binding energy of Rh 3ds,
shifted from 307.8 eV to 306.9 eV (Fig. S12at). The Zn 2ps),
binding energy of metallic Zn only shifts 0.25 eV to lower
binding energy compared with that of ZnO.** As shown in Fig.
S12b,t the Zn 2p;,, peak observed at 1022.3-1022.7 eV was the
convolution of Zn species for ZnO and RhZn. When prolonging
the Zn-ETO reduction time from 0.5 to 4 h, the EDS results (Fig.
S5 and S67) showed that the Zn/Rh ratio of RhZn NPs increased
from 0.3 to 0.9, which indicated that more metallic Zn was
formed in RhZn NPs, and thus the Zn 2p;/, binding energy of
Rh-Zn/SiO,-4 shifted to 1022.45 eV compared with that of Rh-
Zn/Si0,-0.5 (1022.7 eV).

Bader charge analysis confirmed the charge transfer from Zn
to Rh with an average of 0.39e over the Rh;Zn, intermetallic

© 2024 The Author(s). Published by the Royal Society of Chemistry

phase. The d-band model was used to further analyze the CO
adsorption over the corresponding surface. According to this
model, the closer the d-band center value is to the Fermi level,
the more unfilled the anti-bonding states are in the metal-
adsorbate molecular orbital, and the stronger the adsorption
of the adsorbate on the metal surface.*>* In a simplified fron-
tier molecular orbital description, the surface bond arises from
the charge transfer from the 5¢ orbital of CO to the metal, and
the concurrent donation of charge from the metal to the 27*
orbital of CO (back-donation). The d-band center values calcu-
lated for Rh(111) and RhZn(110) are —1.68 and —0.85 eV,
respectively (Fig. S12ct). This indicates a stronger adsorption of
CO on the metal surface and weaker C-O bond vibration
frequency. The calculated linear CO adsorption wavenumbers
on the Rh atom were 1971.9 cm™ " and 1964.6 cm™ ' over Rh(111)
and Rh;Zn,(110), respectively. The DFT calculated IR shift and
d-band center value change follow the same trend of the CO-
FTIR experiment.

It is reported that the incorporation of metal M’ like Sn and
Zn into the noble metal M like Pd, Pt, and Rh prevents the CO
adsorption in the bridging site and threefold hollow site.***
The ensemble hollow site of M was separated by M’, while CO
interacted much more weakly with the Zn and Sn site compared
with the noble metal site, and favored the bonding configura-
tion of CO on the top site of M.**** Herein, a well ordered
Rh;Zn; phase was formed by prolonging the reduction time.
Compared with the Rh-Rh distance over Rh(111), the Rh-Rh
distance was enlarged to 3.00 A and 4.24 A over Rh,Zn,(110)

Chem. Sci., 2024, 15, 1758-1768 | 1761
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(Fig. S13t). CO is mainly adsorbed on Rh atoms but not on Zn
atoms, and thus the bridged CO peak gradually disappeared
and the linear CO peak became dominant.

The red-shift of the linear CO peak was ascribed to the
charge transfer by alloying Rh with Zn. When increasing the
reduction time from 0 to 10 h, the degree of alloying gradually
increases from zero in monometallic Rh to a maximum in the
intermetallic Rh;Zn; phase, and thus the linear CO peak grad-
ually shifts from 2060 to 2030 cm . The RhZn/SiO,-IMP cata-
lysts with different reduction time were also characterized by
CO-FTIR (Fig. S10b¥). RhZn/SiO,-IMP contained heterogeneous
structures varying from segregated monometallic Rh NPs to
well-mixed RhZn alloy (as shown in Fig. S8 and S9t). The higher
linear CO peak over RhZn/SiO,-IMP (2039 cm ") than that over
Rh-Zn/Si0,-10 (2030 cm™ ') verified that RhZn/SiO,-IMP had
a lower degree of RhZn alloying than Rh-Zn/SiO,-10. In addi-
tion, all the samples ((i)-(iii) in Fig. S10bt) showed similar
spectra of CO adsorption and no shift of the linear CO peak was
observed. These results indicated that a longer reduction time
was ineffective for annealing RhZn/SiO,-IMP into an interme-
tallic phase.

Enhanced catalytic performance of the Rh;Zn, phase and its
dependence on reduction time

The selective hydrogenation of acetylene is a fundamental
model reaction that focuses on appropriate hydrogenation
reactivity to control overhydrogenation and leave the C=C bond
intact.”>***¢ Moreover, oligomerization produces C, and GO by-
products, which could be solved by the “site-isolation” concept
to isolate adjacent adsorbate molecules to suppress oligomeri-
zation. The obtained Rh-Zn/SiO,-¢ catalysts were evaluated by
acetylene hydrogenation (Fig. 3 and S14t). The HAADF-STEM,
EDS, in situ XRD and CO-FTIR results confirmed the forma-
tion of Rh;Zn; intermetallic phases over the PMC with
increasing the reduction time. The relation between the deno-
ted catalyst with the active phase is summarized in Fig. 3f. The
obtained Rh;Zn, catalysts showed enhanced selectivity and
stability with an interesting reduction time dependence on
catalytic performance.

With Rh-Zn/Si0,-0, the acetylene conversion first increased
with increasing reaction temperature but started to decrease at
150 °C. This deactivation of the catalyst during the temperature
programmed reaction was gradually suppressed by prolonging
the catalyst reduction time and vanished with a reduction time
of 4 and 10 h (Fig. 3a). The product distribution also varied
significantly with the reduction time. With Rh-Zn/SiO,-0, the
selectivity to ethylene was ~50%, and ~40% of acetylene was
converted to C, and GO. With Rh-Zn/SiO,-10, the selectivity to
C, was less than 3% and GO was almost undetectable, and thus
the ethylene selectivity was enhanced to >90% (Fig. 3b-e). C, is
the precursor of oligomers and Rh NPs favored the C-C
coupling reaction to C, and further reaction to GO. These
oligomers blocked the Rh active sites and deactivated the
catalyst. The product distribution results showed that pro-
longing the catalyst reduction time significantly reduced the
selectivity to C, and GO. Thermogravimetric analysis (TGA) on

1762 | Chem. Sci, 2024, 15, 1758-1768
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(details of the calculation method are provided in the ESI¥).

spent Rh-Zn/SiO,-0 showed a mass loss at 200-400 °C, while
spent Rh-Zn/SiO,-10 showed almost the same TGA curve as
fresh Rh-Zn/SiO, (Fig. S147), that is, almost no accumulated
oligomers. The spent Rh-Zn/Si0,-10 catalyst was further char-
acterized by STEM-EDS and CO-FTIR (Fig. S15 and S167). The
individual NPs in the spent catalyst showed the signal of Rh and
Zn elements. The CO-FTIR results showed that for Rh;Zn; the
linear CO peak was shifted to ~2030 cm ™" with an undetectable
broad bridged CO peak. The deactivation of the catalyst was
mainly due to the formation of an oligomer.”**”*® The Rh,Zn,
intermetallic phase was generated at 400 °C which could be
thermally stable under the lower reaction temperature. The
STEM-EDS and CO-FTIR also showed that the spent catalyst
retained the morphology and surface structure of the interme-
tallic phase. RhZn/SiO,-IMP was used for comparison. It
showed a slight deactivation during the temperature pro-
grammed reaction. Its selectivities to C, and GO were both
~10%, which were much higher than those over Rh-Zn/SiO,-4
and Rh-Zn/Si0,-10 (Fig. S171). Long-term reaction evaluation of
catalyst stability (Fig. S181) showed that the conversion
decreased from 100% to 40% in the first 4 h over RhZn/SiO,-
IMP while it remained >99% over Rh-Zn/SiO,-10 for 12 h. These

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reduction time dependent results showed that the PMC with
a long reduction time had decreased C, and GO formation that
significantly improved catalyst selectivity and stability.

The catalytic performance of Rh;Zn; was compared with the
reported intermetallic and alloy catalysts (Table S1t). Recently,
many efforts have been made to design intermetallic catalysts.
Rioux et al.” designed PdgZn,, consisting of only Pd; monomers
on the surface, resulting in 85% selectivity to C,H,. Chen et al.®
developed a complex palladium hydride catalyst, CaPdH,, with
a selectivity of 80%. The side reaction of C-C bond coupling to
C, and GO led to the low intrinsic selectivity to ethylene. For
example, the PdCu with a B2 or fcc crystal phase showed 4-5%
selectivity to ethane but almost 20% selectivity to C,, resulting
in an ethylene selectivity of <80%.'> Herein we proposed a novel
Zn-ETO strategy to design M;Zn; intermetallic phases, and
found that Rh;Zn; was a new promising active site for sup-
pressing the C-C bond coupling reaction and obtaining high
intrinsic selectivity to ethylene. The Rh-Zn/SiO,-4 was further
evaluated under the tail-end acetylene hydrogenation condi-
tions with excess ethylene in the feed (Fig. S197). A high selec-
tivity to ethylene (94%) was obtained with a low selectivity to Cy,
which was consistent with the results in pure acetylene
hydrogenation.

To further compare the Rh;Zn; with the Pd-based and Pt-
based catalysts, Pd,;Zn; and Pt;Zn, catalysts prepared by Zn-
ETO were also evaluated by acetylene hydrogenation (Fig. S20
and Table S371). With the Pd-Zn/SiO,-0 catalyst, the selectivities
to ethylene, ethane, C4, and GO were 55%, 13%, 16%, and 16%,
respectively. By prolonging the catalyst reduction time of Zn-
ETO, the selectivity to ethylene with the Pd-Zn/SiO,-4 catalyst
was enhanced to 81% with the decrease of S¢ i, and Sgo. Pt-Zn/
Si0,-0 showed a very low selectivity to ethylene (<30%) and the
main product is ethane. With the formation of the Pt;Zn,
intermetallic phase (Pt-Zn/SiO,-4), the over-hydrogenation of
ethylene was significantly suppressed, giving a 60-70% selec-
tivity to ethylene. The characterization results (Fig. 1 and S37)
indicated that Pd;Zn; and Pt,Zn; intermetallic phases were
formed with a reduction time of 4 h (Pd-Zn/SiO,-4 and Pt-Zn/
SiO,-4). The product selectivity over Pd-Zn/SiO,-4 and Pt-Zn/
SiO,-4 indicated that Pd;Zn,; and Pt;Zn, mainly suppress the
over-hydrogenation of ethylene. Compared with Pd,Zn,, Pt;Zn,
and the catalyst in previous work, Rh;Zn, had a higher intrinsic
selectivity to ethylene (>91%) and much lower selectivity to C,
(2.2%) and GO (<0.5%), which outperforms the reported inter-
metallic and alloy catalysts.

The isolated Rh atom ensembles on the well-defined Rh;Zn,
intermetallic phase facilitate a theoretical study of how the C-C
coupling reaction is suppressed. We calculated the reaction
pathways of butadiene formation on Rh(111) and RhZn(110)
(Fig. 4). The Rh; site in the Rh(111) surface was assigned to be
the starting adsorption site for further calculation. Adjacent Rh;
sites (Rh-Rh: 2.68 A) on the Rh(111) surface give spatial prox-
imity to the reaction intermediates (C,H, and H*), which
facilitates C-C and C-H bond formation between the two
intermediates adsorbed on the same NP. In contrast, on the
RhZn(110) surface, the elongated Rh, bridge sites (Rh-Rh: 3.00
A and 4.24 A), linearly distributed on the NPs, restrict the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Reaction pathway and key structures in the transitional steps of
butadiene formation on Rh(111) and RhZn(110) surfaces. Rh, Zn, C, and
H atoms are in cyan, yellow, black, and white, respectively.

adsorption of adjacent reaction intermediates. In addition, the
position of the H atom is restricted on the Rh, bridge site to be
on the left or right or the next line of hydrocarbons on
RhZn(110). For the final step of butadiene formation, a spatially
separated H needs to climb over a zinc atom to form the final C-
H bond, which significantly slows down the formation of
butadiene. The reaction trajectory (Fig. 4 and Table S4+t) indi-
cates that on Rh(111), the rate determining step of butadiene
formation is C-C bond formation with an activation energy of
0.58 eV, while on RhZn(110), it is the third step with an acti-
vation energy of 1.40 eV, which is due to the structure-induced
difficulty in C-H bond formation. It should be noted that the C-
C coupling reaction on both Rh(111) and RhZn(110) follows the
same pattern: C,H, and CZH; adsorbed on a shared Rh atom
and the C-C bond is formed on and above that Rh atom. This
leads to the similar activation energies for the C-C coupling
reaction on these two surfaces. The DFT calculation results
confirmed that the C-C coupling reaction to C, was suppressed
on the intermetallic Rh;Zn; surface.

The mechanism of intermetallic M;Zn; phase formation in
Zn-ETO

The reaction and characterization results above showed that the
PMC underwent a migration of Zn to form intermetallic M;Zn,
phases, and its transformation was kinetically controlled by the
reduction time and atmosphere. We further carried out the
following experiment (4-packing mode experiment) to reveal the
Zn-ETO mechanism and the apparent Zn transformation
distance (Fig. 5). Four packing modes were used to represent
different mixing degrees of Rh/SiO, and ZnO/SiO, (Fig. 5a).
Mode 1 was a completely separate mode with ZnO/SiO, located
upstream and RhO,/SiO, located downstream. The same
amount of precursor powder was equally divided into 4, 8 and
16 portions and packed as modes 2, 3 and 4, respectively.
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Fig. 5 Catalytic performance using different packing modes for the
temperature programmed reduction. (a) Different packing modes and
layer thickness of ZnO/SiO, and RhO,/SiO,. The photos were taken
before catalyst reduction. (b) Photo of mode 2 after TPR treatment. (c)
Acetylene conversion over the catalysts with different packing modes
during temperature programmed reaction. Selectivity to (d) ethylene,
(e) ethane, (f) C4 and (g) GO versus acetylene conversion. To divide the
samples into several layers, 0.1 g ZnO/SiO, and 0.1 g RhO,/SiO, were
separately pre-mixed with 0.4 g quartz sand of 80-120 mesh. All
packing modes were treated by TPR with a reduction time of 10 h
before reaction evaluation.

Upon treatment by the TPR process, the mixed samples of
modes 1 and 4 were recollected and characterized by EDS and
CO-FTIR (Fig. S21 and S22+). For mode 1, the nanoparticles only
showed the Rh element signal and the CO-FTIR spectrum
showed the typical peaks of mono-Rh metal with a linear CO
peak at 2060 cm ' and a broad bridged CO peak in the 1850~
1700 cm ™" region. For mode 4, the individual NPs showed the
signal of Rh and Zn elements, and the CO-FTIR results indi-
cated that the linear CO peak was shifted to 2035 cm ™ and the
broad bridged CO peak was almost undetectable. The reaction
evaluation indicated that mode 1 showed rapid catalyst deac-
tivation during the reaction and the selectivities to C, and GO
both reached ~20%, which was similar to that over Rh-Zn/SiO,-
0. In modes 2 and 3, catalyst deactivation was suppressed and
ethylene selectivity was enhanced to ~50% and ~80%, respec-
tively. Mode 4 exhibited the same excellent catalytic perfor-
mance as Rh-Zn/SiO,-10, enhancing ethylene selectivity to
~90% with minor C, and GO formation.

The characterization and reaction results showed that the
atmosphere in the catalyst bed during TPR was similar in mode
4 and PMC, indicating that the maximum diffusion distance
between the catalyst components is ~0.5 mm under the current
reduction treatment. The observed darker layer of ~0.5 mm in
the Rh/SiO, layer after the TPR process also confirmed this
distance (Fig. 5b). For packing modes 1-3, the Rh;Zn; i-NPs
were only formed in the partial Rh/SiO, layer with a thickness
of ~0.5 mm which is directly connected to the downstream ZnO
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layer. For packing mode 4, the Rh/SiO, sample was divided into
16 portions with each layer thickness of ~0.5 mm. Most of the
Rh NPs in mode 4 were ordering into the Rh;Zn; phase, and
thus the catalyst in mode 4 showed similar reaction perfor-
mance to Rh-Zn/SiO,-10.

The reaction and characterization results indicated that the
PMC underwent a migration of Zn to form intermetallic M;Zn,
phases. The migration of metal species was also reported in the
re-dispersion of metal nanoparticles into single atoms.***
Zhang et al.** indicated that the thermal aging dispersion of
RuO, powders into Ru single atoms underwent an anti-Ostwald
ripening which was promoted by a strong covalent metal
support interaction. Herein, the characterization indicated that
the Zn was selectively trapped by M metal NPs rather than
dispersed into single atoms. In addition, the anti-Ostwald
ripening generally required a much higher aging temperature
of >900 °C and a strong interaction support like FeO,. The 4-
packing mode experiment indicated that the Zn migration
distance was in the mm level. Therefore, the formation of the
M, Zn, phase for the PMC could undergo a gas phase migration
rather than anti-Ostwald ripening.

Several works indicated that the decomposition of metal
nanoparticles into single atoms underwent gas phase transfer.
The volatile metal oxide species was generated from metal NPs
at high temperature (~800 °C) under an oxidizing environment
and was further deposited on the specific supports.*** ZnO
decomposes into Zn*>* and O*~ at 1350 °C in a vacuum envi-
ronment**** or to Zn atoms by thermal reduction at =550 °C
with H,.***” Here, we found that Zn could transfer from ZnO at
a lower temperature of 400 °C under H, flow. In order to identify
the Zn species for gas phase transformation, we carried out DFT
calculations to study the thermodynamics. The DFT calculation
results (Tables S5 and S61) indicated that in the inert environ-
ment, a ZnO molecule evaporates from a ZnO(221) step surface
with a high energy requirement of >3 eV at a temperature below
500 °C ((i) in Fig. 6a and b). In a reducing environment,
however, a free Zn atom evaporates with the simultaneous
formation of a H,O molecule and the energy required is only
—0.31 eV at 500 °C ((ii) in Fig. 6a and b). Thus the Zn-ETO
mechanism in which Zn atom emission is the first step is
thermodynamically favored by coupling with water formation.
In addition, temperature plays a critical role in Zn-ETO. The
evaporation of Zn atoms is endothermic (0.18 eV) at 300 °C but
is slightly exothermic (—0.06 eV) at 400 °C on a ZnO(221) step,
which is consistent with the experimental results. The 4-
packing mode experiments indicated that the apparent Zn
transformation distance was ~0.5 mm. It is suggested that only
a small fraction of Zn atoms were emitted from ZnO at the
critical temperature of 400 °C, which generated a constant Zn
atom atmosphere over a local area.

The emitted Zn atoms are adsorbed and trapped by Rh NPs.
We confirmed by DFT calculations that trapping a Zn atom on
a Rh(221) step surface is exothermic with a low barrier ((iii) in
Fig. 6a and b). This mild temperature is essential for preparing
M;Zn, i-NP catalysts because a high temperature would cause
Ostwald ripening of metal NPs. The formation of an interme-
tallic phase from a bimetallic random alloy is driven by both

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thermodynamic and kinetic factors." For the thermodynamic
factor, the intermetallic phase is energetically favored over the
disordered alloy at low temperatures. For the kinetic factor, the
thermal emission of Zn atoms from the ZnO surface generated
a Zn atmosphere over a local area of the NPs for the trapping
and ordering steps, which provided an effective driving force to
access the intermetallic phase at lower temperature. In
conventional co-impregnation, the pre-nucleation step inevi-
tably generates various NPs with compositions ranging from
a segregated mono-metal to a well-mixed bimetallic alloy, which
required a much higher temperature to overcome the barrier for
redistribution. The high temperature annealing would cause
Ostwald ripening of metal NPs.

With the above discussion, we then proposed a Zn emitting—
trapping-ordering (Zn-ETO) mechanism in which Zn atoms
were emitted from ZnO into the gas phase with the thermody-
namic assistance of H, oxidation to H,O. These Zn atoms were
adsorbed and trapped by noble metal NPs. The trapped Zn
atoms diffused into the NPs, and finally the Zn and M atoms
rearranged to form M;Zn, i-NPs.

In the Zn-ETO approach (Fig. 6¢), the monometallic NPs were
used as the starting phase. The thermal emission of Zn atoms
from the ZnO surface provides a Zn atmosphere over a local area
of the NPs for the trapping and ordering steps. That is, each
monometallic NP was in contact with the same and constant Zn
atom atmosphere, unrestricted by the predetermined M/Zn
ratio. The thermodynamic driving force of the disorder-to-
order transition resulted in the formation of stable interme-
tallic compound NPs, independent of the particle size distri-
bution of the starting monometallic NPs. The strong affinity
between the host metal atoms and Zn atoms dominates the
thermodynamic stability of the M;Zn, phase and the kinetics of
the penetration of Zn atoms into the bulk, which is the key to
the success of the Zn-ETO mechanism.

© 2024 The Author(s). Published by the Royal Society of Chemistry

For the proposed Zn-ETO strategy, the starting monometallic
NPs are prepared by traditional impregnation and only need to
be physically mixed with ZnO species for further reduction by
H, flow. All of the steps are suitable for scalable synthesis. As
a future perspective, it is feasible to directly use cadmium under
the same conditions as in Zn-ETO with the assistance of H,
flow. For other metals with higher boiling point, it is possible to
emit the metal species with the assistance of other gas flow like
CO or NHj;, considering that the formation of a carbonyl metal
compound or amino metal compound is feasible in
thermodynamics.

Conclusions

In summary, we developed an industrially feasible and
controllable strategy for preparing M;Zn, (M = Rh, Pd, Pt)
intermetallic phase catalysts by reduction of a physical mixture
of monometallic M/SiO, and ZnO. HAADF-STEM, in situ XRD,
EDS and CO-FTIR results confirm that the obtained M,Zn, i-NP
catalysts have well-defined isolated M sites dictated by the
crystal geometry and composition. Experiments and DFT
calculations indicate that the isolated Rh atom sites on the
Rh;Zn; i-NPs realize the catalytic “site-isolation” concept for
acetylene hydrogenation, that is, these sites significantly
suppress C-C coupling to C, and GO and thus greatly enhance
ethylene selectivity to ~90% and catalyst stability, out-
performing other reported intermetallic compounds. Further
DFT calculations and condition experiments demonstrate that
this synthesis strategy follows a Zn-ETO mechanism, in which
Zn atoms are emitted from ZnO and trapped on monometallic
NPs in a reducing environment, and the NPs are ordered into an
intermetallic M;Zn, phase. The reducing temperature of 400 °C
is a sufficiently high temperature for emitting Zn atoms from
ZnO with the assistance of H,O formation. This temperature
thermodynamically favors the M;Zn, intermetallic phase, and is
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low enough to avoid i-NP sintering. This study provides an
understanding of the formation mechanism of the M;Zn,
intermetallic compound structure, and would open fresh
avenues for designing Zn-containing multi-component
catalysts.
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