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We developed a method for preparing catalysts by using hybrid
clustering to form a high density of metal/oxide interfacial active sites. A Rh—Mo
hybrid clustering catalyst was prepared by using a hybrid cluster,
[(RhCp*),M0,04] (Cp* = 1°-CsMe;), as the precursor. The activities of the
Rh—Mo catalysts toward the NO—CO—C;Hs—O, reaction depended on the
mixing method (hybrid clustering > coimpregnation & pristine Rh). The hybrid
clustering catalyst also exhibited high durability against thermal aging at 1273 K in
air. The activity and durability were attributed to the formation of a high-density of
Rh/MoO,, interfacial sites. The NO reduction mechanism on the hybrid clustering
catalyst was different from that on typical Rh catalysts, where the key step is the

NO-CO-C3Hg-O, reaction over Rh-Mo/Al,O3
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N-O cleavage of adsorbed NO. The reducibility of the Rh/MoO,, interfacial sites
contributed to the partial oxidation of C;H, to form acetate species, which reacted with NO+O, to form N, via the adsorbed NCO
species. The formation of reduced Rh on Rh,Mo,/Al,O; was not as essential as that on typical Rh catalysts; this explained the

improvement in durability.
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Three-way catalysts (TWCs), which remove major pollutants,
such as carbon monoxide (CO), hydrocarbons (HC), and
nitrogen oxides (NO,), from exhaust emissions play an
important role in automotive pollution control.'™ Among
the platinum group metal (PGM) elements frequently used as
a key component of TWCs, Rh has been regarded as an
essential element because of its efficiency in reducing NO, to
N,. Because PGMs are scarce and expensive, a catalyst design
for maximizing their use is required.

The development of support materials has improved the
activity and durability of TWCs. TWCs are usually prepared by
the impregnation method. In this method, PGM precursors are
deposited on a support and calcined to form PGM nano-
particles. Metal oxides are used as supports because of their
high thermal stability. Since the PGM nanoparticles are
responsible for the reaction, metal dispersion is a critical
factor for determining the performance. The metal/support
interface plays an important role in inhibiting aggregation by
stabilizing the metal species.” " Although the activity of TWCs
is derived from PGMs, the development of PGM precursors
has received limited attention.”'’ Precursors are typically
monomeric compounds, such as chlorides and nitrate salts.
This is because the type of precursor has little effect on the
activity under harsh reaction conditions."'

We had previously reported a catalyst preparation method;
namely hybrid clustering, for the efficient formation of metal/

oxide interfacial active sites.'” Hybrid clusters or organo-
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metallic polyoxometalates, formulated as [(M'L),M,*O,], are
composed of metal ions (M'), metal oxide clusters (MyzOn),
and organic ligands (L)." Because the surface oxygen atoms of
the metal oxide clusters are coordinated to the metal ions, the
hybrid clusters can be considered as the minimal building
blocks with a metal/oxide interface. Therefore, we predicted
that catalysts prepared from hybrid clusters would comprise a
high density of metal/oxide interfaces, contributing to the
formation of unique catalytic active sites (Figure 1). Although
hybrid clusters have potential for such applications, there have

. . 14,15
been few reports on their use in heterogeneous catalysts.

In this study, we prepared Rh—M catalysts (M = V and Mo)
by using hybrid clustering. The hybrid clustering catalysts
displayed higher activities for TWC reactions than the Rh-
based coimpregnated catalysts or pristine Rh catalysts. In
addition, the durability of the Rh—Mo-based hybrid clustering

catalyst against thermal aging was considerably improved.
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Figure 1. High-density formation of metal/oxide interfacial site
through hybrid clustering.

The hybrid clustering catalysts, Rh,Mo,/Al,O; and Rh,V,/
Al,O;, were prepared by using [(RhCp*),Mo,04] and

[(RhCp*),V40,9] (Cp* = 1n*-CsMes), respectively, as the
catalyst precursors. These precursors were synthesized as per
procedures used in previous studies'®'” and characterized by
Fourier transform infrared (FT-IR) and 'H and *C{'H} NMR
spectroscopy (Figures S1 and S2). After the precursor clusters
were adsorbed onto y-Al,O; via impregnation with methanol,
the catalysts were prepared by performing calcination under air
flow at 773 K. Coimpregnated Rh—Mo and Rh—V catalysts,
Rh—Mo/Al,O; and Rh—V/AL,O;, and a pristine Rh catalyst,
Rh/Al,O;, were prepared as references from RhCl;,
(NH,)[Mo,0,,]-4H,0, and NH,VO; under identical calci-
nation conditions.

Based on high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) analysis, the
average diameter of RhyMo,/Al,O; was estimated to be 3.0 +
0.9 nm (Figure 2a). Energy-dispersive X-ray spectroscopy
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Figure 2. (a) HAADF-STEM image of Rh,Mo,/ALO; (scale bar = 10
nm). EDS line scan analysis of (b) Rh (Rh La) and (c) Mo (Mo Ka).
A yellow line on the upper-right panel indicates the scanning
positions.

(EDS) analysis revealed that the distributions of Rh and Mo
overlapped well, suggesting that the nanoparticles were
composed of both Rh and Mo (Figure 2b,c).

X-ray absorption near-edge structure analysis (XANES) was
used to evaluate the electronic structures of Rh and Mo. The
Rh K-edge XANES spectra revealed that the Rh species in both
Rh,Mo,/Al,O; and Rh—Mo/AL,O; were Rh** (Figure 3a).
The Fourier transform extended X-ray absorption fine
structure (FT-EXAFS) spectra of the catalysts showed no
peaks derived from the second coordination sphere, implying
that the local structures of Rh were disordered (Figure S3).
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Figure 3. (a) Rh K- and (b) Mo K-edge XANES spectra of (i)
Rh,Mo,/Al,0;, (ii)) Rh—Mo/ALO;, and (iii) [(RhCp*),Mo,0¢].
The spectra of (i) and (ii) closely overlap in the insets.

Because the pre-edge peaks in the Mo K-edge spectra were
assigned to weak quadrupole-allowed (1s — 4d) and strong
dipole-allowed (1s — Sp) transitions, the local structural
disorder of the Mo oxide species reflects the intensity. The
perfect octahedral symmetry only permits the quadrupole
transition, while the structural disorder to distorted octahedral,
square pyramidal, and tetrahedral symmetries promotes dipole-
allowed transitions.'®'” The Mo K-edge spectrum of Rh,Mo,/
Al,O; matched well that of Rh—Mo/Al,O;, implying that the
local structure of Mo was independent of the preparation
method. The pre-edge peak intensity of Rh,Mo,/AlL,O; was
larger than that of the precursor [(RhCp*),Mo,O],
suggesting that structural distortion of the octahedral MoOy
unit occurred during catalyst preparation (Figure 3b). These
findings imply that the electronic and local structures of Rh
and Mo are independent of the catalyst preparation technique
used.

In contrast, the local structure of Rh evaluated by diffuse
reflectance infrared Fourier transform (DRIFT) spectroscopy
of adsorbed CO species depends on the catalyst preparation
method (Figure 4). The doublet peaks observed for Rh,Mo,/
ALO; corresponded to symmetric (2096 cm™') and asym-
metric (2026 cm™") stretches of the geminal dicarbonyl species
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Figure 4. DRIFT spectra of adsorbed CO species on (a) Rh,Mo,/
Al,04 and (b) Rh—Mo/ALO;.
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Figure S. NO conversion to N, in NO—CO—C;H,—O, over the (a) as-prepared catalysts and (b) catalysts after thermal aging (1273 K, $ h, air).
Reaction condition: catalyst (200 mg) and total flow rate (100 mL min™"). Gas composition: NO (1000 ppm), CO (1000 ppm), C;H, (250 ppm),

and O, (1125 ppm) balanced with He.

Rh(CO),.””*" This was also observed for Rh—Mo/Al,O,
(2094 and 2019 cm™). No peak assigned to linear Rh—CO
(2070 cm™") was observed, whereas a small peak assigned to
bridged Rh,(CO) (1849 cm™') was observed only for Rh—
Mo/Al,O;. The ratio of the integrated absorbance of
symmetric and asymmetric stretches for Rh(CO), (A,//A,) is
related to the angle between the two CO groups.””* For
supported Rh-based catalysts, an atomically dispersed Rh
species shows an angle of ~90°, while a Rh nanoparticle shows
an angle of ~120°. The angles were estimated to be 89 and
112° for Rh,Mo,/Al,0; and Rh—Mo/AL,O;, respectively
(Figure S4, Table S1). This implies that Rh atoms in
Rh,Mo,/Al,O; were highly dispersed in Rh—Mo mixed
nanoparticles, whereas the coimpregnation method afforded
a typical Rh nanoparticle catalyst.

The activities of the catalysts were evaluated using NO—CO—
C;H¢—O, reactions. When the reaction was catalyzed by
Rh,Mo,/AlL,O;, the reduction of NO to N, started at 527 K,
and a complete reduction of NO to N, was observed at $73 K
(Tso ~ 543 K) (Figure Sa). This contrasts with Rh—Mo/Al, O,
and Rh/AL,O;, where the reaction started at 573 K (T, ~ 588
and 600 K, respectively). In these catalysts, the conversion of
CO proceeded prior to that of NO and C;H, (Figure SS). In
addition, the conversion of NO to N, in NO—C;H¢—0O, over
Rh,Mo,/Al,O; showed a similar trend to that of NO—CO—
C;H¢—O, (Figure S6). These findings imply that under the
conditions of NO—CO—-C;H—0,, C3H is responsible for
NO reduction. The durability of the catalysts is discussed
based on their activity after thermal aging at 1273 K for $ h in
air. Activity was assessed without regeneration (reduction).
Although significant activity loss was observed for Rh—Mo/
Al 05 and Rh/ALO; (Ts, ~ 707 and 693 K, respectively), only
a slight decrease in the activity was observed for Rh,Mo,/
ALO; (T ~ 560 K) (Figure Sb). In the case of the Rh—V-
based catalysts, Rh,V/Al,O; showed higher activity than Rh—
V/AlL O, (Figure Sa). In contrast, a significant activity loss after
thermal aging was observed for both Rh,V/AL,O; and Rh—V/
ALO; (Figure Sb). This indicates that the introduction of
either Mo or V by hybrid clustering contributes to the
improvement of activity, whereas the effect on durability is
limited to Mo. This implies the importance of combining Rh
and Mo as well as the catalyst preparation method.

The electronic structures of Rh,Mo,/Al,O; and Rh—Mo/
Al,Oj after the reaction were studied by using Rh K- and Mo
K-edge XANES analyses. After the NO—-CO-C;H(—O0,
reaction at 773 K for 1 h, the catalyst was cooled to room
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temperature under He flow, exposed to air, and pelletized for
XAS analysis. A red shift of both Rh K- and Mo K-edge spectra
was observed for both catalysts, implying that the reduction of
both Rh** and Mo® slightly progressed during the reaction,
regardless of the catalyst preparation method (Figure 6). The
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Figure 6. (a) Rh K- and (b) Mo K-edge XANES spectra of (i)
Rh,Mo,/Al,0; and (ii) Rh—Mo/Al, O, before (dotted line) and after
(solid line) the NO—CO—C,H4—0, reaction at 773 K.

interaction of the catalysts with CO was examined by transient
response using mass spectrometry (MS). The switch from He
to CO/He (1000 ppm) flow resulted in the immediate
formation of CO, but the concentration decreased over time
(Figure 7). This behavior implies that CO, was formed by the
reaction of CO with the oxygen atom in the catalyst and not by
the disproportionation of CO (2 CO — CO, + C). Therefore,
the amount of CO, is a measure of the reducibility of the active
phase or ease of oxygen vacancy formation. The formation of
CO, was observed at 573 K for Rh—Mo/AL,O; and Rh/ALO;.
No significant difference was found in the amount of CO,
estimated from the peak area (Table S2), implying that the
oxygen atom used for CO, formation was derived from Rh
species, and the introduction of Mo by coimpregnation did not
affect the reducibility. In contrast, the formation of CO, was
observed at a lower temperature (473 K) for Rh,Mo,/Al,O;
and the amount of CO, formed at 573 K was much larger than
that of the reference catalysts. This suggests that the oxygen
atoms used for CO, formation were derived from Rh/MoO,
interfacial sites. The relative ratio of CO, to Rh in the catalyst
(nco,/npy) was estimated to be 2.54 at 573 K (Table S2). This
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Figure 7. Transient MS responses after the switch He—CO/He
(1000 ppm). Catalyst: (a) Rh,Mo,/ALO;, (b) Rh—Mo/Al,O;, and
(c) Rh/ALO;.

value is close to 3, which represents the number of oxygen
atoms connected to Rh in the precursor [(RhCp*),Mo,04],
indicating that the Rh/MoO, interface is derived from the
precursor hybrid cluster.

The adsorbed species on the catalyst in a flow of NO—CO—
C3;H4—0, or NO—-C;H4—O, were studied by performing
DRIFT analysis. The absorption bands were assigned
according to the literature.”>™>” In a flow of NO—CO—
C;H(—O0,, the bands observed for Rh—Mo/Al,O; at 473 K
were assigned to geminal Rh*(CO), (2101 and 2032 cm™)
and linear Rh**—CO (2119 cm™'). As the temperature
increased, bands assigned to bidentate acetate (v,,(OCO)
1577 em™, 1(OCO) 1461 cm™") and mononitrosyl Rh—NO*
(1908 cm™') were observed (Figure 8a). In the case of
Rh,Mo,/Al,O;, the bands assigned to geminal Rh*(CO),
(2091 and 2025 cm™!), linear Rh**-CO (2119 cm™), and
bidentate acetate (1,,(OCO) 1587 cm™' and r,(OCO) 1468
cm™") were also observed. No absorption bands assigned to
adsorbed NO species were observed. Instead, a prominent
peak assigned to isocyanate species bound to the Al site Al—
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NCO (2231 with a shoulder at 2250 cm™) appeared at 573 K.
In the flow of NO—C;H¢—O,, an intense peak assigned to
Rh—NO" was also observed for Rh—Mo/AlL,O;, whereas the
intensity of the peak was negligibly small for Rh,;Mo,/Al,O;
(Figure 8b). This trend was also confirmed by the DRIFT
spectra of adsorbed species in a flow of NO (Figure S7). No
peaks assigned to oxygenated NO species such as —NO; were
observed, except for a broad band of Rh—Mo/Al,O; at 473 K
(1730—1550 cm™), which can be attributed to either
oxygenated NO or partially oxidized C;Hg species. AI-NCO
was also observed on Rh,Mo,/AlL,O;, with a much lower
intensity than that in the flow of NO—-CO—-C;H—0,.
According to the mechanism of the NO—CO reaction over
PGM catalysts,”**** NO reduction occurs because of the N—
O cleavage of adsorbed NO, leaving atomic nitrogen and
oxygen on the surface. The formation of N, occurs via the
coupling of two nitrogen atoms. CO contributed to the
removal of atomic oxygen from the surface. Because these
reactions take place on reduced metal sites, the reducibility of
the metal site is an essential factor for the NO—CO reaction.
The N—O cleavage is regarded as the rate-determining step in
Rh catalysts, and Rh—NO species are typically observed.
Therefore, the absence of —NO species on Rh,;Mo,/Al,O;
implies a significant difference in the reaction mechanism or
rate-determining step. The absence of —NO species and the
presence of —NCO species on Rh,Mo,/AL,O; imply two
possibilities for the origin of the improved activity. One
possibility is that N—O cleavage on Rh,Mo,/Al,O; in the
presence of CO is much faster than that of typical Rh catalysts.
Rh,Mo,/Al,O; showed improved reducibility compared to
typical Rh catalysts (Figure 7), which is beneficial for N—O
cleavage of adsorbed NO. In addition, the intensity of the peak
assigned to AI-NCO after exposure to NO—CO—-C;H4—0,
was much higher than that of NO—C;H—0,, implying that
the AI-NCO species were mainly derived from CO. Adsorbed
—NCO can be formed by the reaction of adsorbed CO with
atomic nitrogen formed by N—O cleavage of adsorbed NO.*
This consideration supports the possibility that adsorbed NO
was quickly consumed by N—O cleavage on the Rh/MoO,
interfacial site in the presence of CO.

The second possibility is that the NO—C;H—O, reaction
proceeded via a mechanism similar to that of the base metal
oxide catalysts, which is different from that of the PGM

(b)

(i) [0.1 158 140
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©
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1 1 1 |
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Figure 8. DRIFT spectra of adsorbed species in a flow of (a) NO—CO—C;H—0, and (b) NO—C;H—O, on (i) RhyMo,/ALO; and (ii) Rh—
Mo/Al,O;. Gas composition: (a) NO (1000 ppm), CO (1000 ppm), C;Hg (250 ppm), and O, (1125 ppm); (b) NO (1000 ppm), C;Hy (250

ppm), and O, (625 ppm) balanced with He.
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Figure 9. (a) CO conversion to CO, in the CO—0, reaction and (b) C3H, conversion to CO, in the C;H—O, reaction over as-prepared catalysts.
Reaction condition: catalyst ((a) 100 mg and (b) 200 mg) and total flow rate (100 mL min™"). Gas composition: (a) CO (1000 ppm) and O, (500

ppm); (b) C3Hg (250 ppm) and O, (1125 ppm) balanced with He.

catalysts. The absence of adsorbed NO leads to a mechanism
where NO adsorption is not required. In contrast to PGM
catalysts, where the reaction proceeds through N—O cleavage
of adsorbed NO, the reaction mechanism proposed for base
metal oxide catalysts involves the nitrate species NO, formed
from NO and O,.”"~*° The partially oxidized species of C;H,
such as aldehydes and acetates, were formed on the surface,
which contributed to the formation of the reduced form of
nitrogen, such as —NCO. The formation of N, occurs by the
reaction between oxidized (e.g., NO(g), —NO,) and reduced
(e.g,—NCO) nitrogen compounds. The absence of adsorbed
NO, implied that the reduced nitrogen species on the surface
reacted with gaseous or weakly adsorbed NO, species. The
partial oxidation of C;Hg proceeds via abstraction of a-
hydrogen followed by the insertion of oxygen to an allylic C—
H bond.*® As reported for Bi—Mo-based oxides, practical
catalysts for the partial oxidation of C;Hj to acrolein, the
lattice oxygen atoms are involved in the reaction in the oxygen
insertion process’”*® and the active sites are most probably
Bi—O—Mo-containing phases.””*" Therefore, we conclude
that the oxygen atoms in Rh/MoO, interfacial sites on
Rh,Mo,/Al,O; would contribute to the partial oxidation of
C;Hg to provide the reduced nitrogen species efficiently. The
presence of AI-NCO in the NO—C;H¢—O, flow supports the
hypothesis that the reaction proceeds via the —NCO
intermediate. Because C;Hg is responsible for NO reduction
in the NO—CO—C;H,—0, reaction (Figure S6), we expect
that the reducibility of the Rh/MoO,, interfacial site plays an
essential role in the partial oxidation of C;Hg rather than the
formation of oxygen vacancies being beneficial for N—O
cleavage.

The origin of the durability of Rh,Mo,/Al,O; can also be
attributed to the difference in the reaction mechanism. The
thermal stabilities of PGM catalysts have been improved by
metal—support interactions.”® The presence of strong M'—
O—M? interfacial bonding, where M' and M? represent the
PGM and cationic elements in the support, respectively,
prevents the active phase from being sintered. However, this
also negatively impacts the activity. Although the metallic
phase was more active than the oxidized phase, these
interactions stabilized the oxidized phase rather than the
metallic phase. In addition, the deactivation of Rh catalysts on
7-Al,O; has been explained by the encapsulation of Rh and the
formation of inactive rhodium—aluminate RhAIO, induced by
the strong interactions between Rh and y-ALO;."'~* There-
fore, the active phases should be stabilized without losing the
reducibility.”® In contrast, according to the NO reduction
mechanism on Rh;Mo,/Al,O;, the presence of reduced Rh is
less important than that of typical PGM catalysts. We conclude
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that the durability of Rh,;Mo,/Al,O; originates from the
formation of thermally stable interfacial Rh/MoO, sites, where
the presence of reduced Rh is not required for the reaction to
progress.

To elucidate the different effects of Mo from V, the activities
of the CO—0, and C5H4—O, reactions were also studied. Both
Rh,Mo,/ALO; and Rh,V¢/ALO; showed higher activities in
the CO—O, reaction than the reference catalysts, regardless of
the type of secondary metal (Figure 9a). The formation of
single-atomic or highly dispersed metal sites has been reported
to be beneficial for CO oxidation.*** According to DRIFT
measurements of adsorbed CO on RhyMo,/Al,O;, Rh is highly
dispersed in Rh—Mo mixed nanoparticles (Figure 4a).
Therefore, we concluded that a high-density of Rh/MO,
interface was formed regardless of the type of secondary
metal (M = Mo, V), and the isolated Rh species at the interface
were responsible for the reaction.

Although Rh,Mo,/Al,O; also showed high activity in the
C3;H4—O, reaction, slight improvement in activity was
observed for Rh,Vs/ALO; (Figure 9b). As mentioned earlier,
the initial step of C;Hg is the abstraction of a-hydrogen and
the insertion of oxygen into an allylic C—H bond.’® The
oxygen atoms in the Rh/MoO, interfacial site on Rh,Mo,/
AlO; participate in the oxygen insertion process. The high
activity of RhyMo,/ALO; in the C;H—O, reaction supports
this mechanism. Therefore, the low activity of Rh,V4/Al,O4
suggests that the oxygen atoms at the Rh/VO, interfacial site
do not contribute to the oxygen insertion process. This may
also affect durability. In contrast to RhyMo,/Al,Os, the activity
of Rh,V4/ALO; decreased substantially after thermal aging
(Figure Sb). This may be due to the absence of surface oxygen
atoms, which contribute to the partial oxidation of C;Hg in the
case of Rh,V¢/ALO;.

The introduction of Mo to TWC catalysts has received
attention because partially reduced Mo oxide species
chemisorb NO to form geminal-dinitrosyl Mo(NO),, which
contributes to the formation of N,.**® The formation of the
interfacial site of PMG with Mo is accomplished using a large
excess of Mo, covering the entire surface of the support.
However, this approach was impractical because of the high
vapor pressure of MoOj, which volatilizes at above 873—1073
K under oxidizing conditions.*® To avoid volatilization,
composite sites must be prepared at a relatively low loading
(<10 wt %).>* According to ICP-MS analysis, the relative
ratio of the loading amount (Mo/Rh) was retained after aging,
suggesting that the volatilization of Mo was negligible (Table
S3). A slight increase in both the Rh and Mo contents was
observed for both Rh,Mo,/Al,0; and Rh—Mo/Al,O; after
aging. This is due to the loss of crystalline water in the support.
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We therefore expect that catalyst preparation by hybrid
clustering can be a practical method for forming interfacial
sites in situations where the use of a large excess of precursors
is unfavorable.

To form a high density of metal/oxide interfacial active sites,
we prepared catalysts by employing hybrid clustering. A Rh—
Mo hybrid cluster [(RhCp*),M0,0,¢] was applied as the
catalyst precursor to prepare the hybrid clustering catalyst,
Rh,Mo,/Al,O;, affording composite nanoparticles of Rh and
Mo. According to the adsorption behavior of CO, the local
structure of Rh was different from that of the coimpregnated
Rh—Mo catalyst. Rh—Mo catalysts were used for the NO—
CO—-C;H¢—O, reaction, wherein their activities depended on
the mixing method (hybrid clustering > coimpregnation =
pristine Rh). The hybrid clustering catalyst exhibited high
durability against thermal aging at 1273 K in air. This is in
sharp contrast to the coimpregnated catalyst, whose activity
significantly decreased after thermal aging. The activity and
durability of RhyMo,/Al,O; were attributed to the formation
of a high density of Rh/MoO,, interfacial sites. The formation
of CO, under CO/He flow indicated the ease of oxygen
vacancy formation. The absence of adsorbed NO on Rh,Mo,/
AL O; in the NO-CO—-C;H—0O, flow implied that the NO
reduction mechanism on Rh,Mo,/AlL,O; was different from
that of typical PGM catalysts, where the key step is the N—O
cleavage of adsorbed NO. The reducibility of the Rh/MoO,,
interfacial sites contributed to the partial oxidation of C;Hg to
form acetate species, which reacted with NO+O, to form N,
via adsorbed NCO. The formation of reduced Rh on Rhy;Mo,/
Al,O; was not as essential as that on typical PGM catalysts;
this explains the improvement in durability.

The hybrid clusters [(RhCp*),Mo0,0,4] and [(Rth*)4V601£] were

. p . : 16,17
synthesized as per a procedure mentioned in the literature and
characterized by employing FT-IR and 'H and “C{'H} NMR. The
hybrid clustering catalyst Rh,Mo,/Al,O;, was prepared as follows.
[(RhCp*),Mo0,0,c] (19.3 mg, 12.1 umol) was dissolved in methanol
(20 mL), and the solution was added dropwise to a methanolic
dispersion of the y-ALO; support (490 mg in 40 mL). The mixture
was stirred for 2 h and then dried slowly at 373 K. The solid was then
dried overnight at 353 K. The catalyst was obtained by performing
calcination under air flow at 773 K for 1 h. Rh,V/Al,O; was prepared
using [(RhCp*),V(O,o] as the precursor. Rh—Mo/ALO;, Rh—V/
Al O;, and Rh/AL,O; were prepared using the following precursors:
RhCl,, (NH,)¢[Mo,0,,]-4H,0, and NH,VO;. Water was used as the
solvent, instead of methanol. The calculated loading amounts of Rh,
Mo, and V were 1.0, 0.93, and 0.74 wt %, respectively (Mo/Rh = 1,
V/Rh = 1.5).

NMR analysis was conducted using JEOL JNM-ECS400 (400 MHz
(H), 100 MHz (**C)). CDCl; was used as the solvent and the
chemical shifts were calibrated using tetramethyl silane ('H) or
CDCl,; (**C, § 77.0 ppm). FT-IR analysis was conducted using a
JASCO FT/IR-4200 in transmission mode. The sample was mixed
well with KBr and pressed to form a pellet, which was then used for
analysis. HAADF-STEM and EDS analyses were conducted using a
JEOL JEM-2800 equipped with a silicon drift detector. The sample
was prepared by dropping a methanolic dispersion of the catalyst onto
a copper grid with a support membrane and evaporating the solvent.
The Mo K-edge and Rh K-edge XAS measurements were conducted
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using the BLO1B1 beamline at SPring-8 of the Japan Synchrotron
Radiation Research Institute. The incident X-ray beam was
monochromatized by using a Si(311) double-crystal monochromator.
The measurements were conducted in fluorescence mode using a 19-
element Ge solid-state detector at room temperature. The reference
samples were ground well with boron nitride and pressed to form
pellets. The XAS data were analyzed by utilizing the Rigaku REX2000
program. Inductively coupled plasma mass spectrometry (ICP-MS)
analysis was performed by using an Agilent 7700x instrument. In an
autoclave, the catalyst (ca. SO mg) was digested with 6 mL of ag.
H,S0, (50% v/v) at 453 K for 18 h. The samples were then diluted
with 1 M aq. HNO;, and '"In solution was added as an internal
standard. Diffused reflectance infrared Fourier transform (DRIFT)
spectra were recorded on a JASCO FT/IR-4200 spectrometer
equipped with a mercury—cadmium—tellurium (MCT) detector
cooled with liquid N,. The DRIFT spectra of the adsorbed CO
were measured as follows: The catalysts (ca. 30 mg) were pretreated
with He (50 mL min™") at 773 K for 30 min and cooled to room
temperature under He flow. DRIFT spectra were collected after the
catalysts were exposed to 20% CO/He gas (50 mL min™") for 10 min
and purged with He for 10 min. In situ DRIFT spectra were obtained
using the same procedure, except that the reaction gas (total flow rate,
100 mL min~!: NO, 1000 ppm; CO, 1000 ppm; C;Hy, 250 ppm; O,,
1125 ppm; He balance) was used.

The catalytic tests were performed in a fixed-bed flow reactor at
atmospheric pressure. In a tubular reactor (i.d. 8 mm), 200 mg of the
catalyst was placed and pretreated with He (50 mL min™') at 773 K
for 1 h and cooled to room temperature under He flow. A total flow
rate of 100 mL min~' of reaction gas was introduced (gas hourly
space velocity, GHSV ~ 15,000 h™") with a composition of NO (1000
ppm), CO (1000 ppm), C;Hs (250 ppm), and O, (1125 ppm)
balanced with He (stoichiometric condition, 4 = 1). The reactor was
heated from 373 to 773 K in a stepwise manner (50 K intervals). The
temperature was maintained for 30 min before the analysis. The
effluent gas was analyzed by using two gas chromatographs
(Shimadzu GC-8A, Porapak Q and MS-SA columns) equipped with
thermal conductivity detectors and a NO, analyzer (Anatec Yanaco
ECL-88A Lite).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00001.
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