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Geometric and electronic effects are particularly pronounced when unique Pt;@Pt;Sb e ©/
catalyzing small molecules, which require small active-metal ensembles. Researchers -3H,
have been intensively focused on the alloy catalysis of small molecules. However, when i ok
large molecules are catalyzed, large active-metal ensembles are preferable to small a e :‘ fpo ‘I)(I;O(;(lljrraal:i‘iilt},
active-metal ensembles. The catalysis with large ensembles in alloys proceeds more - y

efficiently than that with pure metals because of the geometric and electronic effects of N Pt;

diluent metals. However, it is difficult to significantly improve the catalytic performance

because of the limited changes in the geometric and electronic features in active-metal- Pt.Sb R
. . . . . 3 Pt,@Pt,Sn

rich compositions. Thus, we employed distorted active-metal ensembles, which are

Sb

expected to have unique adsorptivity/reactivity for large molecules. We found that the Sri o, @ St
2

unique crystal structure of Pt;Sb showed distorted Pt; ensembles shaped as isosceles
triangles, which differ from the standard Pt; ensembles shaped as regular triangles. We Pt;Sb-s/SiO,

used methylcyclohexane dehydrogenation as a proof-of-concept reaction, which shows

that the feature of Pty ensembles is crucial for catalytic performance. Theoretical and experimental results revealed that the distorted
Pt;@Pt;Sb catalyst effectively suppressed the side reactions and exhibited considerably higher durability than the standard Pt;
ensembles, represented by the Pt;@Pt;Sn catalyst, highlighting the importance of the Pt; shape.

alloy, geometric effect, ensembles, distortion, hydrogen production

compounds have A; ensembles (equilateral triangles), which
are effective for various reactions,' > on the most stable (111)
facet. The A; ensembles expand/shrink in an equirectangular
manner, depending on the atomic radius of the second metal.
Therefore, it is difficult to dramatically change the geometric
properties of the A; ensembles. The A; ensembles in CuzAu-
type alloys facilitate efficient catalysis of large molecules.
However, it is difficult to dramatically improve the catalytic
performance using conventional A; ensembles. Thus, this
problem needs to be solved under structural constraints when
necessary to achieve a drastic improvement in catalysis for
large molecules.

A possible approach to addressing this issue is the use of
distorted A; ensembles. If the shapes of A; ensembles are

Alloy materials have been used as useful platforms for
improving catalytic performance by changing their composi-
tions and structures.' > Since the advent of alloy catalysis,
geometric (ensemble) and electronic effects have played
important roles. These effects are particularly pronounced in
small molecule catalysis, which requires small active-metal
ensembles."”'* The ensembles are obtained by alloying the
active metal with equal or excess amounts of diluent metals.
Resultantly, both geometric and electronic properties are
dramatically altered compared with those of the parent
monometallic systems. One of the recent trends in alloy
catalysis is the complete isolation of active metals with

maximized ensemble effects. However, it is highly important to . . . . .
use large active-metal ensembles (A, r is the number of atoms highly distorted (inequivalent bond distances and angles of the

forming the ensembles, n > 3) when catalyzing large molecules ensembles), the adsorptivity/reactivity of large molecules

(such as methylcyclohexane (MCH) dehydrogenation,'>'® would be greatly altered, resulting in a unique catalytic
toluene hydrogenation,'” and Suzuki—Miyaura cross—,cou— performance. However, it is considerably difficult to obtain
)

pling).ls A, ensembles are obtained using an A-rich alloy; such distorted ensembles because of the predominance of

therefore, the electronic modification by B (B: second metals)

is small. Additionally, to maximize the exposure of A, February 18, 2025
ensembles, the well-designed reaction environments of March 12, 2025
intermetallic compounds are preferable to random surface March 12, 2025
atomic arrangements (e.g., a mixture of A, (n = 1—4)) of solid- March 19, 2025
solution alloys."”'>'”!??® Regarding A; catalysis, the conven-

tional crystal structures of CusAu-type (fecc) intermetallic
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Scheme 1. (a) Elements That Can Form Pt;M (Cu;Au-type) with Pt Are Highlighted by Magenta in the Periodic Table. (b)
Unit Cell, Wulff Construction, and the Most Stable Surface Plane of the Pt;Sb. The Wulff Construction Is Drawn Using the
VESTA Software.”' (c) Unit Cell and the Most Stable Surface of the Pt;Sn. The Surfaces of (b) Pt,Sb and (c) Pt;Sn Are
Optimized Using the Cambridge Sequential Total Energy Package Code.”” (d) Illustration of the Entangled Geometric—

Electronic Relationship in Alloy Catalysis
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ordered CujAu-type structures or random solid-solution alloys
(Scheme 1a).'™ In this context, we focus on intermetallic
compounds containing a metalloid as a component. The
incorporation of a metalloid affords a crystal structure
considerably different from the incorporation of a transition
metal, even if the ratio to the active metal is identical.' ™ We
have investigated a database of various active metal—metalloid
alloys and found that Pt;Sb (AlyZr-type) displays distorted Pt;
ensembles on the surface (AtomWork database of the National
Institute for Materials Science (http://crystdb.nims.go.jp/)).
The calculation of surface energies for various facets by density
functional theory (DFT) calculations confirms that Pt;Sb
exposes the Pt; ensemble on the most stable (114) facet
(Scheme 1b).

Guided by this finding, we synthesized Pt;Sb and evaluated
its catalytic performance for MCH dehydrogenation as a proof-
of-concept reaction. Liquid organic hydrogen carriers have
been considered attractive alternatives for hydrogen storage.
Among them, the reversible toluene—MCH system is the most
promising one because of its high hydrogen content, low
toxicity, and availability in the existing petroleum infra-
structure.”>~>° However, MCH dehydrogenation, which is
the hydrogen release process of this system, is a challenging
reaction. Conventional catalysts are readily deactivated in a
short time because of coke formation; therefore, the main
challenge is to develop durable catalysts."'>'**>*® In this
reaction, the equirectangular Pt; ensembles in Pt;M (CusAu-
type) have been reported to improve the catalytic durability
compared to monometallic Pt. However, their durability is
insufficient and requires improvement."”>"* In this context, we
synthesize two types of intermetallic compounds and
demonstrate the importance of the Pt; shape. Two different
shapes of the Pt; ensembles are provided by the (111) surface
of CujAu-type Pt;Sn and the (114) surface of ZrAly-type
Pt;Sb, respectively. The former is an equirectangular triangle,
whereas the latter is an isosceles triangle (Scheme 1b,c). The
distorted Pt;@Pt;Sb(114) effectively suppresses the side
reactions (eventual coke formation), thereby exhibiting
considerably higher durability than the equirectangular Pt;@
Pt;Sn(111), highlighting the importance of the Pt; shape.
Interestingly, Pt;Sb(114) and Pt;Sn(111) have similar

f
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electronic structures probably because Sb is next to Sn in the
periodic table and the atomic radius of Sb (1.39 A) is almost
the same as that of Sn (1.39 A) (Figure S1).”” Therefore, only
the ensemble shapes are different for Pt;Sb and Pt;Sn.
Interestingly, using these Pt; ensembles, we have succeeded
in decoupling geometric effects from the entangled geometric—
electronic relationship in alloy catalysis for the first time
(Scheme 1d). It has long been a great challenge to separate the
geometric and electronic effects in catalysis from those that
correlate with each other. Although the separation of electronic
effects is not difficult, there have been no reports on the
separation of geometric effects because of its difficulty (the
hurdle of separating geometric effects in alloy catalysis is
described in Supporting Note 1). This work provides a
dimension for the design of high-performance catalysts for
broad applications and for an in-depth understanding of
catalysis.

Here, we have demonstrated the importance of the Pt
shape. Two different shapes of the Pt; ensembles are provided
by CujAu-type Pt;Sn and ZrAly-type Pt;Sb, respectively. The
former is an equirectangular triangle, whereas the latter is an
isosceles triangle. These alloy materials have similar electronic
structures, and the atomic radii are almost the same. Therefore,
only the Pt; shapes are significantly different between these
alloy materials. Interestingly, Pt;Sb exhibits a considerably
higher durability than Pt;Sn for the test reaction of MCH
dehydrogenation. Theoretical and experimental results show
that the distorted Pt; ensembles of Pt;Sb effectively suppress
the side reactions and exhibit considerably higher catalyst
durability than the normal Pt; ensembles of Pt;Sn. This study
not only shows the impact of the ensemble shape but also
demonstrates the decoupling of the geometric effect of alloy
catalysis from the entanglement geometric—electronic relation-
ship for the first time. This work provides an effective strategy
for exploring fundamental insights into alloy catalysis, and thus,
it helps to design catalysts with unprecedented properties.

First, we used DFT calculations to predict the most stable
facets of the Pt; ensembles and the durability of the catalysts.
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Figure 1. (a) Density of states of Pt;Sn(111) and Pt;Sb(114) projected on the d orbitals of surface Pt atoms. (b) Adsorption configuration of
toluene on the Pt;Sb(114) and Pt;Sn(111) surfaces. (c) Energy barriers of the demethylation of toluene (Eq.), desorption of toluene (TOL)
(Eges), and difference between Egy, and Eg. (AE = Eg4, — Eg.) on Pt;Sn(111) and Pt;Sb(114).

In our models, the (114) and (111) planes were used for Pt;Sb
and Pt;Sn, respectively. For Pt;Sb, we calculated the surface
energies for various facets and illustrated the Wulff
constructions (Figures S2 and S3).

The equilibrium crystal shape of Pt;Sb determined by Wulft
constructions primarily comprises the (114), (1112), and
(314) planes. Interestingly, given the crystallographically
unique crystal structure, distorted Pt; ensembles were observed
in these planes. The (114) plane is the most stable facet of the
Pt;Sb crystal and is dominant for the nanoparticles. Therefore,
Pt;Sb(114) was used in this study. For Pt;Sn, we chose the
(111) plane, which is the most stable surface for the Pt;M
(CujAu-type)."**7*° The optimized surface atomic arrange-
ments of Pt;Sb(114) and Pt;Sn(111) are shown in Scheme
1b,c, respectively. The shape of the Pt; ensembles on
Pt;Sn(111) is an equilateral triangle with an atomic distance
of 2.85 A. In contrast, the Pt; on Pt;Sb(114) comprises an
isosceles triangle (equal: 3.01 A, base: 2.72 A). Figure 1 shows
the density of states and the corresponding d-band center (&4)
projected on the d orbitals. No significant difference in the d-
band shapes and centers was observed between Pt;Sb(114)
and Pt;Sn(111). Therefore, this comparison can exclude the
electronic effect, allowing us to focus on the importance of the
Pt shape. Alternatively, the difference between the Pt;Sb(114)
and Pt;Sn(111) surfaces is only the geometric environment of
Pt,, that is, whether the Pt; sites are distorted or not.

Using the modeled surfaces, we theoretically predicted the
catalyst’s durability. The trend in selectivity/durability for
dehydrogenation reactions has typically been rationalized using
the difference between the energy barriers of product
desorgtion (main pathway) and decomposition (side path-
way).»>7?313% Therefore, we calculated the difference in the
energy barriers (AE = Egy, — Eg,,) between toluene desorption
(Eg4es) and toluene demethylation (Egg.: CsHsCH; — CeHs +
CHj;). For MCH dehydrogenation, the toluene demethylation
is the rate-determining step of the side reactions, eventually
accumulating coke.'>*>** Therefore, whether the as-generated
toluene desorbs from the surface or the reaction proceeds
further determines the rate of coke formation (durability).
Figure 1b shows the adsorption configurations of toluene on
Pt;@Pt;Sb(114) and Pt;@Pt;Sn(111). It is clear that the angle
of the methyl group relative to the benzene ring is obviously
different, confirming the influence of the Pt; shape. Figure lc
summarizes the energy barriers of Ey,, Eq., and AE calculated
for Pt;@Pt;Sn(111) and Pt;@Pt,Sb(114) (see Figure S4 for
the detailed structures). Pt;@Pt,;Sb(114) showed a higher Eq,
value of 236.9 k] mol™' than Pt;@Pt;Sn(111) (2162 kJ

mol™!), whereas it showed a lower E,, value of 35.4 k] mol™
than Pt,@Pt;Sn(111) (58.2 kJ mol™'). These results indicated
that Pt;@Pt;Sb(114) could effectively suppress the demethy-
lation while promoting the desorption of toluene probably due
to the distortion of Pt;. Therefore, Pt;@Pt;Sb(114) had a
considerably higher AE value of 201.4 k] mol™' than Pt;@
Pt;Sn(111) (158.0 k] mol ™). As stated, the difference between
these surfaces is only the geometric environment, that is,
whether the Pt; ensembles are distorted or not. Hence, these
results suggested the high catalytic durability of the distorted
Pt; ensembles in Pt;Sb for MCH dehydrogenation.

To demonstrate the transferability from theoretical hypothesis
to practical catalytic reaction, we synthesized Pt—Sb alloy
catalysts supported on SiO, with different Pt/Sb atomic ratios
by the pore-filling co-impregnation method.*””'**® The
catalysts with Pt/Sb ratios of 1.5 and 2.7 were designated as
Pt;Sb/SiO, and Pt;Sb-s/SiO,, respectively. Figure SS shows
the H, temperature-programmed reduction (H,-TPR) profile
of the as-prepared (nonreduced) catalyst. The hydrogen
consumption was completed by 700 °C. Unless otherwise
stated, the as-prepared catalysts were reduced at 700 °C for 1 h
before the characterization and catalytic reactions. Figure 2
shows the X-ray diffraction (XRD) patterns. The diffraction
patterns of the Pt;Sb/SiO, catalyst significantly corresponded
with that of the referential Pt;Sb (Zr;Al-type), indicating the
formation of Pt;Sb nanoparticles. The small broad peaks,

(114)
Pt,Sb/SiO, @

(008)(200)
t o

Pt,Sb-s/SiO, (111)

(200)
o
— Pt,Sb
— Pt
— Sb |
|| I 1_ |

30 35 40 45 50 55
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Figure 2. X-ray diffraction patterns of Pt;Sb/SiO, and Pt;Sb-s/SiO,
catalysts. The vertical lines indicate the diffraction angles of the
references: Pt>* Pt3Sb,3° and Sb.*®
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Figure 3. (a) HAADF-STEM image and (b) particle-size distribution of the Pt;Sb-s/SiO, catalyst. Elemental maps of (c) Pt and (d) Sb of the
Pt;Sb-s/SiO, catalyst. (¢) HAADF-STEM-EDX line-scan profiles of the Pt;Sb-s/SiO, catalyst along the pink arrow shown in (a). (f) Quantitative
analysis of the Pt;Sb-s/SiO, catalyst. The atom% of Pt and Sb in the light blue squares is shown in the inset. (g) HAADF-STEM image of the
Pt;Sb-s/Si0, catalyst. The FFT shows that the crystalline phase of a nanoparticle is Pt.
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Figure 4. (a, b) Pt Lj-edge XANES spectra of Pt/SiO,, Pt;Sb-s/SiO,, and Pt;Sb/SiO,. (b) Magnification of the region designated by dashed lines
in (a). (c) Pt Ly-edge k*-weighted extended X-ray absorption fine structure oscillations of the Pt/SiO,, Pt;Sb-s/SiO,, and Pt;Sb/SiO, catalysts.
The linear combination fitting spectrum of the Pt;Sb/SiO, catalyst using SiO,-supported Pt and Pt;Sb is indicated by a dashed line.

which match those of Pt, would be Pt—Pt;Sb core—shell alloy
nanoparticles. In contrast, the XRD patterns of the Pt;Sb-s/
SiO, catalyst agreed with those of monometallic Pt, and no
detectable diffraction of Pt;Sb was observed. Therefore, the
bulk structures of the Pt;Sb/SiO, and Pt;Sb-s/SiO, catalysts
are Pt;Sb and monometallic Pt, respectively. The Pt
dispersions estimated by the CO-pulse chemisorption are
shown in Figure S6. As the amount of Sb was increased, the Pt
dispersion decreased monotonically, implying that Pt was
alloyed with Sb. However, for the Pt;Sb/SiO, catalyst, the Pt
dispersion level was close to zero. Therefore, Sb species can
easily cover the surface of Pt;Sb nanoparticles, probably
because of the lower surface energy of Sb than that of Pt.*’
Thus, the Pt;Sb/SiO, catalyst seems to be Pt;Sb covered by
excess Sb species (Figures S7 and S8). However, the structure
of the Pt;Sb-s/SiO, catalyst is still unclear. Therefore, we
performed a structural analysis of the Pt;Sb-s/SiO, catalyst.
Particle-size distributions revealed that the mean particle size
was 2.6 nm (Figure 3a,b). Energy-dispersive X-ray (EDX)
analysis revealed that Pt and Sb coexisted in each nanoparticle

1959

(Figure 3c,d). However, the signals of Sb were also observed
on SiO,, indicating that some portions of the Sb species were
located on the SiO, support and did not participate in alloying.
The EDX line-scan profiles of the nanoparticles are shown in
Figure 3e,f. Although the Pt signals were observed on the
entire nanoparticle, the Sb signals were detected mainly at the
edges of the nanoparticles. Furthermore, quantitative analysis
of the nanoparticles revealed that the atomic ratios of Pt/Sb
were close to 3 at the edge regions, whereas they were greater
than 10 at the inner regions (Figure 3f). Notably, the
quantitative results of the inner regions include the information
on the edge parts. When the fast Fourier transform (FFT) was
performed on the metal particle, diffraction spots derived from
Pt were confirmed. These results suggested that the structure
of the Pt;Sb-s/SiO, catalyst would be the Pt—Pt;Sb core—shell
structure. However, the local structural information on the
shell part is unclear.

Next, we performed X-ray absorption fine structure (XAFS)
measurements. Figures 4a,b and S9 show the X-ray absorption
near edge structure (XANES) spectra of the Pt Ly- and Sb K-
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JACS Au 2025, 5, 1956—1964
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Figure 5. (a) FT-IR spectra of CO adsorbed on the Pt—Sb/SiO, catalysts at room temperature. (b) CO chemisorption surface coverage vs
temperature for the Pt—Sb/SiO, catalysts. (c) Proposed structure of the Pt;Sb-s/SiO, catalyst.

edges, respectively. Both Pt and Sb species were reduced to the
metallic state, which was consistent with the H,-TPR result.
The XANES spectral features of the Pt;Sb/SiO, and Pt;Sb-s/
SiO, catalysts were distinct from that of Pt/SiO,, implying the
formation of a Pt/Sb alloy upon the introduction of Sb. Figures
4c and S10 show the extended XAFS (EXAFS) and Fourier-
transformed (FT) EXAFS spectra of the Pt Lyj-edge,
respectively. Notably, the atomic radius of Sb (1.39 A) is
slightly higher than that of Pt (1.36 A).*” Therefore, the Pt—Sb
distance (Rp,_g,) becomes larger than the Pt—Pt distance
(Rp_py) in random Pt—Sb solid-solution alloys. In contrast, the
sparse crystal structure of the Pt;Sb (AlyZr-type) makes the
Rpi_g, shorter than the Rp,_p, which is characteristic of this
unique ordered crystal structure (FEFF calculation was
performed in the crystallographic information file from ref
35). The EXAFS curve-fitting results for the Pt;Sb/SiO,
catalyst showed Rp_g, and Rp._p, of 2.65 and 2.75 A,
respectively (Table S1).*3° The peak intensity of Pt—Pt
decreased, and a new peak assignable to Pt—Sb was observed
at a relatively short distance (Figure S10). Combining the
results of XRD, Pt dispersion, and XAFS, we concluded that
the Pt;Sb/SiO, catalyst is composed of nanoparticulate Pt;Sb
and the surface is covered by metallic Sb (a part of the Sb
species is present on the SiO, support).

We also performed the EXAFS curve-fitting for the Pt;Sb-s/
SiO, catalyst (Figures 4, S10 and Table S1). When only Pt—Pt
scattering was considered, curve-fitting provided reasonable
data. By contrast, when Pt/Sb scattering was considered, the
EXAFS Debye—Waller factor became negative (unreasonable).
However, the raw-EXAFS spectrum showed a characteristic
feature (i.e., 5—10 A™") that is not consistent with those of Pt/
SiO, and solid-solution alloys (Figure 4c).* To further analyze
the Pt;Sb-s/SiO, catalyst structures, we performed linear
combination fitting (Figure 4c). The raw-EXAFS spectral
feature of Pt;Sb-s/SiO, was well reproduced through the linear
combination fitting of the Pt/SiO, (63.2%) and Pt;Sb/SiO,
(36.8%) catalysts, demonstrating that the shell portion in the
Pt;Sb-s/SiO, catalyst is a Pt;Sb. Notably, the majority of
metal—metal scattering is Pt—Pt scattering in the shell and
core. Therefore, curve-fitting analysis, including a minority of
Pt—Sb scattering, is highly arbitrary, and it could not provide
substantial results (not the evidence of the absence of the Pt—
Sb scattering). In addition, we performed linear combination
fitting for Pt—Sb/SiO, with different Pt/Sb ratios (Figure
S11). The lower the Pt/Sb ratio, the higher the percentage of
the Pt;Sb/SiO, component, indicating that the thickness of the
Pt;Sb shell can be tuned by changing the Pt/Sb ratio. When
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the Pt/Sb ratio is decreased to 1.5, the core part also becomes
Pt,Sb.

To comprehensively understand the surface structures, the
surfaces of the Pt—Sb alloy nanoparticles were analyzed by in
situ Fourier transform infrared (FT-IR) spectroscopy with CO
adsorption (Figure Sa). For Pt/SiO, a peak, which was
assigned to the linearly adsorbed CO on Pt, appeared at
around 2065 cm™". In addition, a peak located at 1775 cm™
was assigned to the bridged CO adsorbed on Pt. For Pt;Sb/
SiO,, the bridged mode disappeared because of the dilution of
the Pt ensembles by Sb to form a Pt;Sb. Furthermore, Pt;Sb-s/
SiO, demonstrated an FT-IR spectrum that is almost similar to
that of Pt;Sb/SiO,, which further indicates that the shell
structure of Pt;Sb/SiO, is a Pt;Sb intermetallic. We also
confirmed the FT-IR spectra of different Sb contents. In fact,
when the Pt/Sb ratio was lower than 2.7 (Pt;Sb-s/SiO,), the
Pt—Sb/SiO, catalyst showed Pt;Sb/SiO,-like spectra. By
contrast, when the Pt/Sb ratio was >2.7 (Pt/Sb = §), the
bridged mode still remained, revealing that the Pt—Sb/SiO,
catalyst (Pt/Sb = S) was a mixture of Pt and Pt;Sb surfaces.
Figure Sb shows the CO chemisorption surface coverage
versus the temperature monitored by FT-IR spectroscopy,
which is sensitive to the formation of alloys on the surface.”
The temperatures at which the coverage reaches 50% (Ts,) are
around 270 and 180 °C for Pt/SiO, and Pt;Sb/SiO, (Pt/Sb =
1.5) catalysts, respectively. This result reveals that the changes
in the structure of the surface alloy (in this case, from Pt to
Pt;Sb intermetallic) can be evident from the T, values.
Notably, the T, values were close to 180 °C when the Pt/Sb
ratio was lower than 2.7 (Pt;Sb-s/SiO,), which indicates that
the shell portion of Pt;Sb-s/SiO, is a Pt;Sb intermetallic. In
addition, no remarkable shift of the linearly bonded CO peak
was observed with the increase in the Pt;Sb shell thickness
(Figure S11). Therefore, the electronic effect of Sb on Pt can
be excluded from this study. Combining the results of XRD, Pt
dispersion, HAADF-STEM-EDX, XAFS, and FT-IR spectros-
copy, we concluded that the Pt;Sb-s/SiO, catalyst is the Pt—
Pt;Sb core—shell nanoparticles, and some portion of Sb is
located on SiO, in the metallic state (Figure Sc). Hence, we
successfully synthesized the catalyst with distorted Pty
ensembles (Pt;Sb-s/Si0,), which can bridge theoretical
prediction and experiment. By contrast, the Pt;Sn/SiO,”"”
catalyst was synthesized in accordance with the literature with
slight modifications (see Figure S12 for the XRD and XAFS
results). The XRD patterns corresponded to those of
referential Pt;Sn (CujAu-type). In addition, the EXAFS
curve-fitting results showed Rp, p, and Rp._g, of 2.77 and
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Figure 6. (a) MCH conversion of the Pt;Sn/SiO, (10 mg) and Pt;Sb-s/SiO, (20 mg) catalysts. Reaction conditions: 320 °C, MCH/He = 3.6/20,
and F = 23.6 mL min~". (b) MCH conversion and catalyst stability (ky) of the Pt—Sb/SiO, catalyst. Reduction condition: 700 °C for 1 h. Reaction
conditions: 320 °C, MCH/He = 3.2/40, F = 43.2 mL min™", 20 mg of catalyst. (c) MCH partial dependence for MCH dehydrogenation on the
Pt,Sb-s/SiO, catalyst. Conditions: MCH/H,/He = 3.6:x:y mL min~". x and y were adjusted not to change the PH, /P, value of 0.15. Temperature
was set at 280 °C. (d) Hydrogen partial dependence for MCH dehydrogenation on the Pt;Sn/SiO, and Pt;Sb-s/SiO, catalyst. Conditions: MCH/
H,/He = 3.2:x:40—x, F = 43.2 mL min~ L. Temperature was set at 280 °C.

2.78 A, respectively (Table S1). These results reveal that the
Pt;Sb/SiO, catalyst has a Pt;Sn intermetallic structure. In
addition, we also used the PtSn/SiO, catalyst synthesized in
the previous study.

Figure 6a compares the catalyst stability for MCH dehydrogen-
ation over the Pt;Sb-s/SiO, and Pt;Sn/SiO, catalysts at 320
°C. When using the same catalyst, the apparent deactivation
rates differ when varying the initial conversion levels probably
because of the difference in H, concentration (Figure S13).
Therefore, for a fair comparison of the deactivation behavior,
the initial conversion levels shown in Figure 6a were adjusted
to be close to 80%. During the 15 h, the Pt;Sb-s/SiO, catalyst
was not deactivated, whereas the Pt;Sn/SiO, catalyst showed a
rapid drop of conversion from 83 to 53%. To estimate the
catalyst stability, the deactivation rate constant (k;) was
calculated using the first-order deactivation mode.*” The lower
the kg, the higher the stability. k4 values of the Pt;Sb-s/SiO,
and Pt;Sn/SiO, catalysts were 0.012 and 0.102h™", respec-
tively. Therefore, the Pt;Sb-s/SiO, catalyst is approximately 9
times more durable than the Pt;Sn/SiO, catalyst. The control
experiments were performed at different conversion levels for
the Pt;Sb-s/SiO, catalyst (Figures S14 and S15). Regardless of
the conversion levels, almost no deactivation was observed,
confirming outstanding durability.

Figure S16 shows the toluene selectivity at 400 °C under
harsh conditions (MCH conversion: 100%). The selectivity of
the Pt;Sb-s/SiO, catalyst was 99.99%, which surpassed that of
Pt/SiO, (99.90%) and Pt;Sn/SiO, (99.97%). As mentioned,
distorted and normal Pt; ensembles are present on the surfaces
of the Pt;Sb-s/SiO, and Pt;Sn/SiO, catalysts, respectively.
Therefore, these results demonstrate the excellent catalyst
selectivity and durability of distorted Pt; ensembles compared
with normal Pt; ensembles, as expected from the DFT
calculations. Figure 6b shows the relationship between the Sb/
(Sb + Pt) ratio and the catalytic activity or stability at 320 °C
(refer to Figure S17 for the time on stream of MCH
conversion). Upon the formation of the Pt—Pt;Sb core—shell
structure (Pt;Sb-s/Si0O,), the catalyst stability was significantly
improved, while the catalyst activity was slightly decreased due
to the decrease in the Pt dispersion (Figure S6). Importantly,
even when the Sb/(Sb + Pt) ratio was increased (increase in
Pt;Sb shell thickness), the catalyst acted stably. However, when
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Pt;Sb formed on the core (Pt;Sb/SiO,), the catalyst showed
no conversion because of the blockage of surface Pt sites by
excess Sb (Figures S6 and S17). This result indicates the
negligible contribution of Sb to the catalysis. It should be
noted that for the stable catalyst where Pt;Sb formed on the
surface, a short induction period was observed at the initial
stage of the reaction (Figure S17). As mentioned, inert Sb
species tend to be deposited on the surface of the
nanoparticles. Therefore, a possible interpretation is the
redistribution of excess Sb from a part of the surface Pt sites
to the SiO, support. A similar phenomenon has been reported
for the Pb-decorated PtGa system.”’

To confirm the effect of ensemble size on the catalytic
activity, a control experiment was performed using the PtSn/
SiO, catalyst (Figure S17). Generally, one-dimensionally
aligned Pt columns separated by Sn function as active sites
(the surface Pt—Pt coordination number is only two) in the
PtSn intermetallic.”” The PtSn/SiO, catalyst showed a
comparably low catalytic activity, supporting the fact that Pt
ensembles larger than two act as active sites for this reaction
and the Pt;Sb-s/SiO, and Pt;Sn catalysts have Pt; ensembles.
As stated, all Pt; ensembles on the Pt;Sb nanoparticle are
distorted because of the crystallographically unique crystal
structure (Figure S2). Thus, we concluded that the out-
standing durability of the Pt;Sb-s/SiO, catalyst originated from
the distorted Pt; ensembles.

Additionally, a kinetic study of the Pt;Sb-s/SiO, catalyst was
performed. The reaction order (aycy) of MCH partial
pressure was close to 1, indicating that one of the C—H
scissions to form toluene from MCH is a rate-determining step
(Figure 6¢) as reported in the literature.”>** Further, the
reaction order of hydrogen pressure (ay,) was estimated

(Figure 6d). Interestingly, o, showed a negative value of

—0.24, suggesting moderate hydrogen poisoning. For the
conventional Pt;M (M = Fe, Sn, In), the values of ay; were

close to zero.'> Additionally, we confirmed that the ay, value

for the Pt;Sn/SiO, catalyst was close to zero (Figure 6d),
implying a characteristic nature of Pt;Sb. Regarding propane
dehydrogenation, it has been reported that alloying Pt with
metalloid Ge triggers hydrogen poisoning,” suggesting that
the hydrogen poisoning was induced by the incorporation of
the metalloid Sb. The energy barriers for hydrogen association
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were calculated (Figure S18). Pt;Sb(114) showed a higher
value of 94.3 k] mol™' than Pt;Sn(111) (82.2 kJ mol™).
Therefore, the sluggish desorption of hydrogen from the
surface decreased the number of adsorption sites for MCH,
thereby attenuating the catalytic activity of the Pt;Sb-s/SiO,
catalyst. To confirm the role of coadsorbed hydrogen in
catalyst durability, we calculated the AE value for Pt;@
Pt;Sb(114) with coadsorbed hydrogen species (Figure S19),
which showed a similar value of 197.5 k] mol™" to that without
coadsorbed hydrogen (Figure S4). Therefore, the presence of
coadsorbed hydrogen does not significantly change the catalyst
durability. Notably, the Pt;Sb-s/SiO, catalyst exhibited high
catalyst durability at various conversion levels (different H,
concentrations), highlighting the intrinsically high catalyst
durability of the distorted Pt; ensembles for MCH
dehydrogenation (Figures S14 and S15).

Again, the DFT calculations suggested that the difference in
adsorption configurations is the key to improving durability.
Therefore, we performed temperature-programmed toluene
desorption with an adsorption temperature of 50 °C (Figure
S20). Unfortunately, SiO, itself showed a large desorption
peak. Although the presence of alloy nanoparticles resulted in
the promoted desorption of toluene, the large contribution of
SiO, itself drowned out the difference between Pt;Sb-s/SiO,
and Pt;Sn/SiO,. Finally, a long-term stability test was
performed using the Pt;Sb-s/SiO, catalyst at 300 °C (Figure
S21). The Pt;Sb-s/SiO, catalyst exhibited an initial conversion
of 83% and underwent gradual deactivation, resulting in a 51%
conversion after 200 h. XAFS measurement and FT-IR
spectroscopy with CO adsorption revealed no remarkable
dynamic change in the structures of whole nanoparticles and
Pt;Sb-type surfaces before and after the reaction (Figure S22).
Therefore, the distorted Pt;@Pt;Sb shell in the Pt;Sb-s/SiO,
catalyst can serve as an active site under the reaction
conditions. However, a slight decrease in the Pt dispersion
was observed (Figure S6). Large nanoparticles were observed
for the spent catalyst, in addition to small nanoparticles (Figure
S23). Therefore, the aggregation of nanoparticles may
contribute to the deactivation of the Pt;Sb-s/SiO, catalyst
during the MCH reaction rather than the collapse of the core—
shell structures. It should be noted that excess Sb species were
present on the SiO, support in the metallic state, which might
trigger the sintering of nanoparticles. Therefore, if the excess
Sb can be strongly anchored on the support in the oxidation
state, the catalyst would be more stable even in the long-term
catalytic operation.

Here, we demonstrate the importance of the ensemble shape.
Two different shapes of the Pt; ensembles were provided by
the CujAu-type Pt;Sn and ZrAl;-type Pt;Sb, respectively. The
former was an equirectangular triangle, whereas the latter was
an isosceles triangle. These alloy materials have similar
electronic structures, and the atomic radii are almost the
same. Therefore, only the Pt; ensemble shapes were
significantly different among these alloy materials. Interest-
ingly, Pt;Sb exhibited considerably higher durability than Pt;Sn
for the test reaction of MCH. Theoretical and experimental
results showed that the distorted Pt; ensembles of Pt;Sb
effectively suppressed the side reactions and exhibited
considerably higher catalyst durability than the normal Pt,
ensembles of Pt;Sn. This study showed the impact of the
ensemble shape and demonstrated the decoupling of the
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geometric effect of alloy catalysis from the entanglement
geometric—electronic relationship for the first time. This work
provides an effective strategy for exploring the fundamental
insights of alloy catalysis, and thus it helps to design catalysts
with unprecedented properties.

Pt(NH;),(NO;), (Tanaka Precious Metals Co. Ltd., 4.60 wt % Pt in
HNO; solution), SbF; (Wako, 98%), (NH,),SnCl, (Alfa Aesar, 98%),
Si0, (CARIACT G-6, Fuji Silysia, Sggr ~ 500 m*> g'), and
methylcyclohexane (MCH; Wako, >98%) were used in this study.

The as-prepared Pt;Sb-s/SiO, catalyst was synthesized through pore-
filling co-impregnation.s’é'17’33 The Pt/Sb molar ratio was fixed at 2.7
(Sb: 0.69 wt %). A mixed aqueous solution of Pt(NHj;),(NO,),, SbF;,
and ion-exchanged water was added dropwise to SiO, (1.6 mL of the
solution per gram of SiO,). The obtained mixture was sealed to
prevent water evaporation and kept overnight at room temperature.
Thereafter, the mixture was transferred to a round-bottom flask,
frozen using liquid nitrogen, and dried in a vacuum at approximately
—5 °C. The dried sample was further dried in an oven at 90 °C
overnight and then calcined at 400 °C for 1 h in dry air with a
ramping rate of 1 °C min™". The as-prepared Pt;Sb/SiO, catalyst was
synthesized following a procedure similar to that of the as-prepared
Pt,Sb-s/SiO, catalyst; however, the Pt/Sb ratio was 1.5 (Sb: 1.25 wt
%). The as-prepared Pt;Sn/SiO, catalyst was synthesized following a
procedure similar to that of the as-prepared Pt;Sb-s/SiO, catalyst.
The Pt/Sn molar ratio was fixed at 3, and (NH,),SnCl; was used as
the precursor instead of SbF;. The as-prepared PtSn/SiO, catalyst was
synthesized following a procedure similar to that of the as-prepared
Pt;Sn/SiO, catalyst. The Pt/Sn molar ratio was fixed at 1.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00181.
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