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Abstract

The utilization of CO, along with commercial light alkane dehydrogenation processes has attracted much
attention due to the high demand for reducing of CO, in the atmosphere caused by human activities and
the shale gas boom revolution. Compared with the widely studied dry reforming of methane, converting
propane to syngas using CO, is more beneficial in terms of easy handling, energy saving and CO,
utilization efficiency. However, the design of an efficient and stable catalyst remains a challenge due to
the difficulty of activating the CO, and propane simultaneously. Herein, we report a multifunctional
catalyst with a pseudo-binary alloy structure, Pt2CoIn3/CeO,, which exhibits high activity for C-C bond
cleavage and efficient CO, activation. As a result, it delivers high CO selectivity and strong coke
resistance, maintaining stable performance over 100 h of reaction. Detailed X-ray analyses reveal that the
intermetallic structure varies with Co content, which in turn tunes both C;Hg adsorptivity and CO,
activation capability. By combining intermediate surface-reaction studies with density functional theory
calculations, we identify the difference in the energy barriers for C;Hg decomposition and C;Hg desorption
as a key descriptor governing product selectivity. These findings provide a new design concept for
multimetallic catalysts that can be extended to a broad range of selective conversion reactions.

Keywords: dry reforming, propane, CO,, intermetallic, coke resistant, CeO,
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Introduction

Syngas (a mixture of H, and CO) production is an important industrial process for the conversion of
natural gas into liquid fuels and essential components of petrochemicals and chemicals.! In this regard,
thermochemical reforming has attracted much attention as a technology for syngas production of liquid
fuels and oxygenated chemicals with low H,/CO ratio.>* Conventional syngas production via steam
reforming often yields products with H,:CO > 3, which is higher than required for further downstream
processing of olefins (Fischer-Tropsch reaction) or synthesis of oxygenated compounds. Therefore, as an
option, dry reforming of methane with CO, is of elevated importance and thus has been extensively
studied.’~® Recently, the dry reforming of light hydrocarbons such as ethane and propane has also received
considerable attention due to the high demand for reducing of CO, in the atmosphere caused by human
activities and the shale gas boom revolution.’~'* Compared with methane, the use of ethane and propane
can consume more CO, stoichiometrically, thereby improving CO, utilization efficiency, and yielding
higher H,/CO, ratios'4, which enhances their suitability for subsequent industrial applications and
therefore offers great potential for reducing greenhouse gas emission. In particular, propane is more easily
activated than methane at lower reaction temperature. Propane is generally produced by oil refinery or
natural gas separation or, and can also be liquefied for facile storage and transportation.'* However, due
to the higher number of carbon atoms of propane than methane, catalytic conversion of propane is
typically subjected to coking and rapid catalyst deactivation, thus bringing challenges to the design of
efficient catalysts.

There have been reported many previous studies on catalytic dry reforming of propane (DRP) using
precious metals such as Pt, Ru, Rh, and Re.>!>"'7 Precious metals exhibit high catalytic activity and
selectivity in thermochemical reforming processes, but their high cost has limited their application in
industry. Transition metal-based catalysts such as Ni are cost-effective alternatives to precious metal-
based catalysts, and many researchers have studied the activity of Ni-based catalysts for dry reforming of
methane reactions.!3!8-22 However, Ni-based catalysts were rapidly deactivated by sintering and coke
formation.!”2% This trend would be more prominent when the Ni-based catalysts were used in DRP.

Catalyst design based on multimetallic alloys is a possible approach to develop an efficient coke-resistant

3
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70  catalyst while reducing costs in large-scale processes.?®?° Usually, it is a challenge to activate both
71 molecules simultaneously due to the different properties of propane and carbon dioxide. However, this
72 could be overcome by combining an appropriate metal element for each molecule as a component of the
73 alloy.”® Recently, we reported that Pt1Co1In2/CeO; exhibited remarkably high catalytic activity and CO,

74 utilization efficiency in the oxidative dehydrogenation of propane using CO,(CO,~ODP).?’ The roles of

~
o

Pt, Co, and In in the catalysis of CO,—~ODP were C3;Hg dehydrogenation, CO, reduction, and enhancing

\]
(@)

C3Hg selectivity by the ensemble effect, respectively.

~J
~J

In this study, we discovered that changing the Pt:Co:In ratio in the ternary system drastically

-~
oo

switched the product distribution from CO,—ODP to DRP: a Co-rich PtCo2In3/CeO, worked as an highly

efficient catalyst for DRP with high CO selectivity and long-term stability of >100 h. By controlling the

[0}
(e}

amount of Co doping, the catalytic activity and stability of the Pt—Co—In/CeO, catalyst can be largely

co
—

improved. The origin of the “switching catalysis” was investigated by mechanistic study based on some

o0
[\

characterization techniques such as X-ray powder diffraction (XRD), transmission electron microscopy

co
w

(TEM), and temperature programmed-mass spectrometry measurements (TP-MS). Here, we report not

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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only a highly efficient catalyst for DRP with high selectivity, coke resistance, and thermal stability, but

also a high tunability of catalyst design based on the multimetallic alloys.
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87 Results

88  Structure characterization of the catalysts

89  The Pt—Co—In/CeO, (Pt: 3wt%, Pt:Co:In = 1:2:3 and 2:1:3, hereafter, PtCo2In3 and Pt2CoIn3) catalysts
90  were prepared by a conventional impregnation method using CeO, as a support. The catalyst was first
91  characterized by high-angle annular dark-field scanning transmission electron microscopy
92  (HAADF-STEM) and energy dispersive X-ray (EDX) analyses (Figure 1a and Figure S1). The elemental
93  maps of Pt, Co, and In confirmed that these three elements are highly dispersed on the support and
94  comprised the nanoparticles with a diameter of ~5 nm. Meanwhile, some part of Co species were also
95  present apart from the alloy nanoparticles. To confirm whether Co is doped into the nanoparticles, X-ray

96  diffraction (XRD) analysis (Figure 1b and Figure S2a) was performed. The referenced PtIn/CeO, showed
4
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two intense peaks assignable to the 110 and 102 diffractions of intermetallic Pt,In; (P3-m1, ICSD-197672)
at 39.7° and 40.0°, respectively (Figure S2a). These peaks were slightly shifted to lower angles when
small amount of Co was added (39.6° and 39.9°, Figure 1b, Pt2CoIn3/CeQ,), indicating lattice shrinkage
of Pt;In; upon Co doping and the formation of (Pt;—,Co,),In; pseudo-binary alloy structure. When the Co
ratio was further increased (PtCo2In3/Ce0,), diffraction peaks assignable to PtIn,-like (Fm-3m, ICSD-
59496) structure appeared at 40.0° and 40.1°, which were slightly lower than those of the corresponding
pure PtIn, (40.1° and 40.2°, respectively). This indicates that Co has been doped into the lattice of Ptln,
intermetallic structures, forming a (Pt;—,Co,)In, pseudo binary alloy phase. The crystal structure of Pt—In
intermetallics changed depending on the Co content. Then, to determine the crystallographic site of Co,
X-ray absorption fine structure (XAFS) analysis was carried out. The Pt Ly;-, Co K- and In K-edge X-ray
adsorption near edge structure (XANES) spectra of the Pt-based catalysts show white line intensities
similar to those of the reference foil (Figure 1c), which confirms that these metals are in the metallic
states. The Pt Ljj;-edge adsorption edges are shifted to the high energy (Figure S3a), which may contribute
to the electron transfer by alloying with Co and In. The electronic state of surface Pt was further examined
by XPS (Figure S2b). The Pt 4f peak of monometallic Pt was located at ~71.0 eV, consistent with the
reported binding energy of metallic Pt*%-32, In contrast, the PtIn intermetallic catalysts exhibited a positive
shift to higher binding energy, attributable to alloying-induced electronic modification, in agreement with
the XANES results. Moreover, increasing Co doping resulted in a further slight positive shift of the Pt 4f
peaks, indicating progressive modulation of the Pt electronic environment, which may influence reactant
adsorption. A small fraction of In,O; was observed in the In K-edge XANES (Figure S3d) and extended
XAFS (EXAFS) spectra (Figure S3e; the Fourier transform of the EXAFS(FT-EXAFS) is shown in Figure
S3f), probably due to the high-oxophilicity with the lattice oxygen of CeO,. Figure 1d shows the Pt Ly;-
edge EXAFS raw oscillation features of Pt foil and the corresponding catalysts. PtCo2In3/CeO, and
Pt2CoIn3/Ce0; exhibited similar features to that of PtIn/CeO,, but were different from the reference Pt
foil having an fcc structure. Similar trends were also shown in the Co K-edge and In K-edge spectra

(Figure S3b and S3e). These results indicate that the locations of the transition metal (Pt and Co) and the
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typical metal (In) atoms in the Pt—Co—In/CeO, catalysts are crystallographically altered, which is
consistent with the XRD results (Figure 1b). Figure 1e showed the Pt Lj-edge FT-EXAFS spectra of the
Pt-based catalysts. The peak position of Pt—In scattering in Pt—-Co—In/CeO, was shorter than that in
PtIn/Ce0,, suggesting that the lattice distortion results from Co doping. Importantly, the EXAFS curve-
fitting was successfully done when we consider Pt—In (In—Pt) and Co—In (In—Co) scatterings, whereas no
reliable fitting was obtained when Pt—Co (Co—Pt) scatterings were considered (Figure S4 and Table S1).
This strongly supports the site-selective doping of Co into the Pt sites and demonstrates that the formation
of the pseudo-binary alloy structure on the CeO, support. Co—Co scattering was also observed obtained
in the Co K-edge, which may be attributed to monometallic Co species that did not participate in the alloy

formation and is consistent with the observation in the HAADF-STEM—-EDX analysis.

€ .. (b) (c)
[
2
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2
[=]
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Figure 1. Characterization of Pt—Co—In/CeQO,: (a) elemental maps of Pt, Co, In, overlap, and HAADF-
STEM image of Pt—Co-In/CeO, (Pt:Co:In =1:2:3), (b) XRD patterns of PtCo2In3/CeO, and
Pt2CoIn3/Ce0,, (¢) Pt Ly-edge XANES, (d) EXAFS, and (e) FT-EXAFS of Pt foil, Ptln/CeO,,
Pt2CoIn3/Ce0O,, and PtCo2In3/CeO,. (f) Single unit cell of the (Pt;—,Co,)In, and (Pt;_,Co,),In; pseudo-

binary alloy structure.

Catalytic performance in DRP

The prepared PtCo2In3/CeO, and Pt2ColIn3/CeO, catalysts were then tested in CO;-assisted propane
6
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conversion with a C3Hg : CO, molar ratio of 1:3 at 550 °C. Figures 2a-d shows the time course of C;Hg
conversion, CO, conversion and the product distribution of both catalysts, respectively. The
Pt2CoIn3/CeO, showed a C;H¢-rich product distribution that consisted of 60% CsHg, 39% CO, and the
other C,, products, and C;Hg selectivity retained at 52% after 10 h reaction. In contrast, the
PtCo2In3/CeQ, catalyst was CO-dominant; CO selectivity was 89% at the initial stage and increased to
95% after 10 h reaction. This suggests that PtCo2In3/CeO, has a higher activity of dry-reforming,
probably due to a strong affinity to C—C bond cleavage and the following oxygenation, whereas
Pt2CoIn3/CeO, prefers to produce C;Hg via C—H bond cleavage and facile desorption. Differences were
also observed in C3Hg conversion trend on time. Although the initial C;Hg conversion was similar for
PtCo2In3/Ce0; and Pt2ColIn3/CeO, (~16%, Figure 2a), whereas C;Hg conversion increased after 10 h of
reaction and stabilized at ~26% for PtCo2In3/CeQO,, whereas it gradually decreased to ~10% for
Pt2CoIn3/CeO,. To understand the individual effect of each second metal, we also performed control
experiments using the corresponding monometallic (Pt/CeO,) and bimetallic (PtCo/CeO,, Co-rich
PtCo3/Ce0O,, Ptln/Ce0O,, and In-rich PtIn3/CeO,) catalysts (Figure S5). CsHg conversion for Pt/CeO,,
PtCo/Ce0O,, and PtIn/CeO, was 40%, 33%, and 28%, while the CO, conversion was 38%, 40%, and 16%,
respectively. The Co-rich PtCo3/CeO, exhibited high initial conversions of both C;Hg and CO,, likely
due to the strong C—C cleavage ability of Co-rich PtCo alloy and/or the large amount of remaining Co
species. In contrast, In-rich PtIn3/CeO, showed low conversions of C;Hg and CO,, which may be
attributed to blocking the active sites by unalloyed In species. These results show that alloying Pt with Co
or In decreases C;Hg conversion due to the ensemble effect, while adding a certain amount of Co increases
CO; conversion. Furthermore, Pt2ColIn3/CeO, showed similar product distribution with PtIln/CeO,,
indicating that adding only a small amount of Co has little effect on the inherent product distribution of
PtIn/CeO,. All the catalysts except PtCo2In3/CeO, were also rapidly deactivated, highlighting that
PtCo2In3/CeO; not only shows superior activity in the dry reforming reaction, but also excellent stability.
To identify the alloying effect of PtCo2In3/CeO,, we further tested the control experiments (Figure S6)

using physical mixtures of the binary and monometallic catalysts (Pt/CeO,+Co—In/CeO,;) and tandem


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cy00231e

Catalysis Science & Technology Page 8 of 21

View Article Online
DOI: 10.1039/D6CY00231E

168  catalytic systems with two sequential catalyst beds (Pt/CeO, — glass wool — Co—In/CeO, and Coln/CeO,
169  — glass wool — Pt/CeQ,). The physical mixture test showed lower catalytic activity than PtCo2In3/CeQ,,

170  while the tandem system exhibited lower stability, suggesting that the ternary alloy based on the pseudo-

—
]
—_

binary structure is essential for the high catalytic performance. Then, we examined the long-term stability

-~
[\

of PtCo2In3/CeO,, which showed a remarkably high stability: conversion of C;Hg and CO, did not

]
w

decrease even at 100 h while maintaining ~95% CO selectivity and ~87% net CO selectivity. In contrast

\]
o~

to conventional systems requiring high temperatures or high CO,/propane ratios for considerable

]
o

conversion (Table S2), the developed catalyst achieves high space-time rate under mild, energy-efficient

\]
(@)

conditions. It maintains a high propane consumption rate while exhibiting excellent durability and coke

resistance, addressing the challenges of low-temperature dry reforming. To verify the reason for the long-

-~
oo

term stability, temperature-programmed oxidation (TPO, Figure S7) and XRD analyses (Figure S8) of the

~
O

spent catalysts after 50 h catalytic run were conducted. As verified by O,—TPO of the fresh monometallic

[0}
(e}

Pt, bimetallic PtIn, and PtCo,In; catalysts (Figure S7c¢), the O, consumption of the fresh samples is below

co
—

the detection limit, indicating that the O, uptake and the corresponding CO, evolution observed for the

Thisarticle is licensed under a Creative Commons Aftribution 3.0 Unported Licence,
~J
~J

o0
[\

spent catalysts mainly reflect the combustion of deposited coke and are not dominated by the oxidation

of intrinsic defects from the supports. The amount of coke shown in Figure 3a was quantified by
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integrating the CO, signal (Figure S7b) throughout the entire TPO run. For clear comparison, the catalyst

185  exhibiting the largest integrated TPO peak area (PtIn/CeQO,) was defined as 100, and the integrated areas
186  of the other catalysts were normalized to this value. The relative coke amount on PtCo2In3/CeO, was
187  much lower than those on Pt/CeO,, PtCo/CeQ,, and PtIn/CeO, even after 50 h reaction (Figure 3a). On
188  the other hand, the physical mixture of the binary and monometallic catalysts (Pt/CeO,+Co—In/CeQ,) also
189  exhibited a quite low coke amount, which was only slightly higher than that of PtCo02In3/CeO,.
190  Combining these results, we can conclude that the close contact of Pt, Co, and In, in an atomic level is
191  necessary allows to minimize coke accumulation. A possible explanation is that the proximity of the three
192  metal elements Pt—Co—In allows facile coupling of C and O atoms generated by C—C scission on the Pt—

193 Co sites®® and by CO, activation on the Co-In sites,?” respectively, at their interface.
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Figure 2. Catalytic performance of Pt—Co—In/CeO, in the DRP: time course of (a) C;Hg conversion, (b)
CO; conversion. (c) product distribution of Pt2CoIn3/CeO,, (d) product distribution of PtCo2In3/CeO,,
and (e) Long-term stability test with PtCo2In3/CeQ, catalyst. Time course of C;Hg and CO, conversions,
CO selectivity and CO* net selectivity.

Mechanistic study

Next, a mechanistic study was conducted to elucidate the origin of the difference in selectivity and
stability between PtCo02In3/CeO, and Pt2Coln3/CeO, catalysts. The apparent activation energy (Figure
3c-d) was evaluated by Arrhenius-type plots. Compared with the Pt2CoIn3/CeQO,, the activation energies
of PtCo2In3/CeO, for CsHg and CO, decreased from 121.9 to 100.1 kJ/mol and 129.5 to 117.5 kJ/mol,
respectively. This suggests that adjusting the amount of Co into the PtIn crystal structure could reduce the
activation barrier, which is consistent with the activity trend in the DRP reaction. Then, we performed a
kinetic study on the CO,-DRP reaction over PtC02In3/CeO, at 550 °C within the Arrhenius temperature

window. The reaction order of Pc,u, is positive for both rc,u, and 7co, (0.69 and 1.31; Figure S9c-
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d), whereas that of Pco, is negative for rco, (—0.47; Figure S9a) and near-zero for rc,u, (—0.02;
Figure S9b). This near-zero to negative dependence suggests that increasing Pco, does not accelerate
the rate in the investigated range and can even suppress CO, consumption, which is consistent with
competitive adsorption by CO,-derived surface species. This behavior suggests that the overall rate is
primarily governed by steps associated with propane activation/dehydrogenation, whereas the influence
of CO, partial pressure on propane consumption rate is negligible under these conditions. To further
realize the reason for different selectivity between these two catalysts, temperature-programmed surface
reactions (TPSRs) were conducted in various conditions, such as C3Hg desorption (CsHg—TPD), propylene
oxidation by CO, (C3Hg + CO,), and reverse water gas shift reaction (RWGS, H,+CO,). From the C3Hg—
TPD results (Figure 3b), PtCo2In3 exhibited a broad desorption feature between —40 and 40 °C, whereas
Pt2CoIn3 showed a single sharp peak at around —30 °C and almost complete desorption by this
temperature. The broader and slightly higher-temperature desorption on PtCo2In3 suggests stronger and
more heterogeneous adsorption of C3;Hg, while Pt2Coln3 binds CsHg weaker and thus favors facile
desorption of propylene once it is formed from propane dehydrogenation. TPD reflects adsorption
stability under inert conditions; stronger C;Hg adsorption on PtCo2In3 therefore implies longer surface
residence and a higher probability for subsequent surface reactions, whereas rapid desorption on P2tColn3
limits further transformation. To further elucidate the effect of Co content on the subsequent
transformation of reaction intermediates, C;H¢ + CO, TPSR experiments were performed. C;Hg starts to
be consumed at around 350 °C over PtCo2In3, whereas a higher temperature is required over Pt2Coln3.
This indicates that the strongly bound C;Hg species on PtCo2In3 are more readily activated toward
subsequent oxidation/reforming, leading to higher formation of CO, H,O, and H,, which aligns well with
the C3Hg selectivity trend. Moreover, the easier transformation of C3Hg over PtCo2In3 is accompanied by
enhanced CO, activation, as evidenced by the larger decrease in the m/z = 44 signal. Confirmed by the
following H, + CO, TPSR experiments, PtCo2In3 shows slightly higher consumption of H, and CO, and
higher production of CO and H,O than Pt2Coln3 (Figure 4b), pointing to a more efficient RWGS pathway.

Overall, PtCo2In3 exhibits higher activity and selectivity for dry reforming than Pt2CoIn3, which can be

10
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attributed to the kinetically more favorable activation/dehydrogenation of CsHg due to the stronger CsHg

adsorption capability, and the more efficient RWGS reaction by verifying the Co-content.

(a) (b)
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Figure 3. (a) Relative coke amount accumulated on the catalysts estimated from O,-TPO profiles of the
spent after 50h of DRP at 550 °C. (b) C;He-TPD for PtCo2In3/CeO,
Pt2CoIn3/CeO;.catalysts (adsorption temperature: —35 °C). Arrhenius-type plots for (¢) CsHg and (d) CO,
conversion rates obtained in DRP on PtCo2In3/CeO, and Pt2CoIn3/CeO, catalysts. The catalyst amount

was set to 20 mg so that the conversion became below 15%.

catalysts and
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Figure 4. Temperature-programmed surface reactions (TPSRs) on the PtCo2In3/CeO, and
Pt2CoIn3/CeO, catalysts. (a) CsHg + CO, TPSR-Mass experiments (b) and H, + CO, TPSR-Mass
experiments. The reactants and products were collected with mass intensity of m/z = 2(H,), m/z = 18(H,0),
m/z = 28(CO), m/z = 41(C5Hs), and m/z = 44(CO,).
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Figure 5. (a) TS of the C3Hg4 decomposition to C;Hs+H on Pt;In3(012)—Co (left) and PtIny(111)—Co (right)

748  surfaces. (b) Energy barriers of the CsHg decomposition (£,), C;Hg desorption (Ey), and difference
%49 between E, and E4 (AE).

%SO Density functional theory (DFT) calculations were conducted to obtain an atomic scale insight into the
%51 selectivity switching trend between Pt2Coln3 and PtCo2In3 catalysts depending on their specific surface
f—%SZ structure. The Pt;In3(012) and PtIn,(111) planes were selected as the models of Pt2Coln3 and PtCo2In3,

respectively, because they are the most stable surfaces having high surface atomic densities, hence the
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-
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strong diffraction as shown in Figure 1b. The reaction environments of the Co-doped pseudo-binary alloy
255  catalysts (Pt2Coln3 and PtCo2In3) were modeled as Pt;In;(012)—Co and PtIn,(111)—Co, respectively, by
256  replacing surface Pt atoms of the Pt;In; (012) and PtIny(111) slab models with Co atom. Figure 5a shows
257  the transition state (TS) of the CsHg decomposition to C3Hs+H on Pt;In3(012)—Co (left) and on Ptlny(111)—
258  Co (right) surfaces. The difference in the energy barriers (AE = E, — E4) of CsHg decomposition (£,) and
259  desorption (E4) was used as a scale for evaluating the selectivity trend (Figure 5b). Pt;In;(012)—Co
260  exhibited high E, and low Ey, thus providing large AE and favoring the dehydrogenation step. In contrast,
261  Ptlny(111)-Co showed very low AE due to moderate E, and high E4, which easily induces the
262 decomposition process leading to dry reforming. This trend agrees finely with the experimental selectivity

263  trend. The change in the surface structure originating from the bulk crystal structures plays a crucial role

12
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in determining the fate of C;H¢—whether it desorbs to dehydrogenation or decomposes to reforming. The
stronger adsorption capability of the PtCo2In3 surface suggests that dry reforming primarily occurs via

C;Hg without changing the main reaction mechanism, while just altering the product distribution.

Conclusion

Overall, we designed a highly efficient ternary PtCo2In3/CeO, catalyst for the DRP reaction with high
selectivity and stability even for 100 h reaction. The result showed that the catalytic behavior of
PtCo2In3/CeO, and Pt2Coln3/CeO, catalysts is highly sensitive to the doping amount of Co.
Comprehensive structural characterization (X-ray techniques and TEM) showed that increasing the Co
content drives an intermetallic phase evolution from PtyIn; (P3ml) to PtIn2 (Fm3m). By controlling the
amount of Co doping, the catalyst property of Pt-Co-In/CeO, can be drastically switched “CO,-ODP-
dominant” to “DRP-specific”. TPSR experiments and DFT calculations further revealed that, compared
with Pt2Coln3/Ce0O,, PtCo02In3/CeO, exhibits stronger adsorptivity of C;Hg and lower activation energy
of CO,, thus facilitating the subsequent decomposition of propylene into CO. This work not only reports
an excellent catalyst for DRP, but also opens up a new window of catalyst design concepts based on multi-
metallic catalysts. The obtained insights and technology will contribute to carbon-neutralization of
industrial processes for light alkane conversion.

Experiments

Catalysts preparation. Pt/CeO,, Pt—Co/CeO,, Pt-In/CeO,, and Pt-Co-In/CeO, (Pt: 3 wt%) were
prepared by a conventional impregnation method using H,PtClg (aqueous solution, Kojima Chemicals, Pt
8.77 wt%), In(NOs);-3H,0, and Co(NO;),-6H,0, as metal precursors. The CeO, support (JRC-CEO-2,
Sger= 123.1 m?g ') was added to a vigorously stirred aqueous solution (50 ml H,O per gram of CeO,)
containing Pt and the corresponding second and/or third metal precursor(s) (Pt:Co =1:1, Pt:In =1:1, and
Pt:Co:In =1:2:3 or 2:1:3), followed by stirring for 3 h at room temperature. The mixture was dried under
a reduced pressure at 50 °C using a rotary evaporator, followed by calcination under flowing air at 500 °C
for 1 h and reduction under flowing H, (50 ml/min) at 600 °C for 1 h. Co/CeQ,, Coln/CeQ,, and In/CeO,

were prepared by a similar method, where the amounts of Co and In were adjusted to be equal to those

13
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291  included in Pt—Co—In/CeO,.

292

293 Catalytic test. DRP was performed in a quartz fixed-bed reactor with 6 mm of internal diameter under

294 an atmospheric pressure The catalyst (0.10 g) diluted with sea sand (0.90 g, Miyazaki Chemical, 99.9%)

Ne)
[®)]

was treated under flowing hydrogen (10 mL/min) at 550 °C for 0.5 h prior to the catalytic reactions. Then,

O
(@)Y

the catalysts were evaluated by feeding reactant gas mixture (CsHg: CO,: He = 1:3:2, a total flow rate of

O
Ay

30 mL/min). The long-time stability reaction was test by feeding reactant gas mixture (C;Hg: CO,: He =

O
o¢)

1:3:26, a total flow rate of 30 mL/min). The gas phase was analyzed and quantified using an online thermal

O
\e]

conductivity detection gas chromatograph (Shimadzu GC-8A, column: Gaskuropack 54) equipped

S
)

downstream. For all the catalysts, C;Hg, C;Hy, C;Hg, CHy, CO, CO,, H,0, and H, were detected as

reaction products in outlet gas.

in out
FC sHg = FC3H8

02 C3Hg conversion: X¢, i, (%) = i X 100 (D
CsHg
Fity, — FO
03 CO; conversion: X¢o, (%) = ——,——— X 100 (2)
CO,

o
=

where, F* and F* indicate the x (mL min™"), inlet and outlet flow rates of respectively.
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In this reaction, CO can be generated from C,H, species via dry reforming as well as from the oxidative

dehydrogenation of propane. To distinguish between these pathways, we have defined two separate
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expressions for CO selectivity.

308  Product selectivity, including CO selectivity, are defined on a carbon number basis with respect to

309  product-derived carbon:

Fout
310 CxH,y: SEH, (%) = 5 5 T T X 100 (3)
F&h, +3F&h, +3Feh, 3 Fel, +3FE
1 Fout
311 CO: S2U(%) = 5 23 - —— % 100 4

F&h, +3F8h, +3Feh, +3F&8L, +3F
312 Net CO selectivity (CO* selec.): CO selectivity generated from propane via dry-reforming propane can

. . . Cy H _Fout_Faut
313 be defined as the ratio of the carbon atoms like this: [Fcg ~ = %].
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C,H F(()Julel
C3H6 Sel. in CxHy: SC:H: (%) = 2 2 2e 1 C.H x 100 (5)
F&h, +3Feh, +3F8h, +3F8, +Fo
C,H
F&y™
CO™: Sci” (%) = S - o 100 (6)

2
Feih, +3 F&H, +3F8n, +3FE, +Fco
The carbon balance (including unreacted C;Hg and CO, and all GC-detectable carbon-containing products)

closed within 95-105%. Total carbon balance (CB)was defined as follows:

2 2 1 1 1 ,.CH, 1.0
F&h, + Feh, +3FGn, +3F8E, +3F&8L, +3F8, +53Fc0 7+ 3F
CB = T X100 (7)
Fg:l),Hs + §F

O,

Characterization. The crystal structure of the prepared catalyst was examined by powder X-ray
diffraction (XRD) using a Rigaku MiniFlex II/AP diffractometer with Cu Ka radiation. High-angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) was carried out using a
JEOL JEM-ARM200 M microscope equipped with an energy dispersive X-ray (EDX) analyzer
(EX24221M1GS5T). STEM analysis was performed at an accelerating voltage of 200 kV. To prepare the
TEM specimen, all samples were sonicated in ethanol and then dispersed on a Mo grid supported by an

ultrathin carbon film.

TPO experiment was conducted using BELCAT II (MicrotracBEL) to quantify the amount of coke
deposited on the spent catalysts after 50 h of DRP at 550 °C (0.1g of the catalyst with 0.9g quartz sand).
The spent catalyst placed in a quartz tube reactor was treated under flowing He (30 mL/min) at 150 °C
for 30 min, followed by cooling to room temperature. Then, the catalyst bed temperature was increased
(40-900 °C, ramping rate: 5 °C min™!) under flowing O,/He (2%, 50 mL/min). The amount of CO; in the
outlet gas was quantified by an online mass spectrometer. C;Hg and CO, temperature-programmed
desorption were performed. Prior to the C3Hg-TPD, the as-reduced catalyst (100 mg) was heated to 600 °C
under 5%H,/Ar gas mixture (20 mL min!) with a ramping rate of 20 °C min™!, then kept at same
temperature for 0.5 h. After the reduction, the catalyst was cooled to —35 °C using CATCryo-II under a
He flow (20 mL min™'), then kept at =35 °C for 0.5 h, subsequently exposed to 5% C;H¢/He gas mixture

(20 mL min™') at same temperature for 5 mins. The catalyst was then purged under He (50 mL min!) at

15
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—35 °C for 1.5 h, subsequently heated from —35 °C to 300 °C with a ramping rate of 2 °C min~!'.The outlet
gas (CsHg; m/z = 41) was analyzed online by quadrupole mass spectrometer (BELMASS). For C;Hg +
CO,-TPSR, the catalyst was pre-treated under 5%H,/Ar gas mixture (20 mL min') at 600 °C and then
purged under He (50 mL min™') at 50 °C for 0.5 h, subsequently heated from 50 °C to 600 °C with a
ramping rate of 5 °C min~! with following C3Hg + CO, gases (5+15 mL min™!) equipped downstream. The
outlet gas (CO,; m/z =44, C;Hg; m/z =41, CO; m/z = 28, H,0; m/z = 18, and H,; m/z = 2) was analyzed
online by quadrupole mass spectrometer (MicrotracBEL, BELMASS).

XPS (Kratos-ULTRA2, Shimadzu) analysis was conducted using an air-isolated sample vessel and
an apparatus equipped with a charge neutralization system. The binding energy was corrected against the
signal of C 1s orbital (C 1s =284.6 eV). Before the measurement, the catalyst was pretreated with H, (30
mL min™") at 550 °C for 2 h in a quartz tube, followed by cooling to room temperature with Ar purge (10
ml min~!) and stored in the glovebox. X-ray absorption fine structure (XAFS) spectra of the prepared
catalysts were collected at the BLO1B14 beamline of SPring-8, Japan Synchrotron Radiation Research
Institute (JASRI) using Si(111) (for Co K- and Pt Lyj-edges) and Si(311) (for In K-edge) double-crystals
as monochromators. Prior to the measurement, the catalyst was pelletized (ca. 150 mg with a diameter of
10 mm) and pretreated by H,/N; (20%, 40 mL/min) at 550 °C for 0.5 h in an in-situ quartz cell, followed
by cooling to room temperature with N, purge (50 mL/min). The XAFS spectra were recorded in a
transmission (In K-edge) and a fluorescence (Pt Ly;-, and Co K-edge: using a 19-element Ge solid-state
detector) modes at room temperature. Athena and Artemis softwares ver. 0.9.25 implemented in the
Demeter package were used for the analysis of the obtained XAFS spectra. FEFF8 was used for the
calculation of the back-scattering amplitude and phase shift functions.** We defined the R-factor (R?) for

curve-fitting as follows: R? = X, {3y &P (k)—K3y /"(k)} /2 { K3y P (k) } 2.

Computational details

Periodic DFT calculations were performed using the CASTEP code® with Vanderbilt-type ultrasoft
pseudopotentials as well as the revised version of Perdew—Burke—Ernzerhof exchange—correlation
functional based on the generalized gradient approximation.’® At a kinetic energy of 360 eV, the plane-
wave basis set was truncated. A 0.1 eV Fermi smearing was utilized. The Tkatchenko—Scheffler method

was used to analyze dispersion correlations with a scaling coefficient of sz = 0.94 and a damping

16


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cy00231e

Page 17 of 21 Catalysis Science & Technology

367

368

369

370

w
N
—_

3
[\

N
w

\]
o~

Mg
o

Q
(@)Y

J
o¢)

N
O

09}
)

co
—_

o
[\

:
2
v
877
@
7
(@)
g
B
B
>
%

<
o
™
N
RS
o
&
©
I
1S
(\I
%)
%)
c
S
3
K
o
=
g
o
%]
I
o
«
<
S
[}
=
)
)
c
S
B
K
K]
T
g
=
<
g
<
@
o
@)

388

389
390

391

392

393

394

395

396

View Article Online
DOI: 10.1039/D6CY00231E

parameter of d = 20.%7 The reciprocal space was sampled using a k-point mesh with a spacing of typically
0.04 A7, as generated by the Monkhorst—Pack scheme.’® Geometry optimizations and transition state
(TS) searches were performed on supercell structures using periodic boundary conditions. The surfaces
were modeled using metallic slabs with a thickness of four atomic layers with 13 A of vacuum spacing.
Geometry optimizations were performed using the Two-Point Steepest Descent (TPSD) algorithm.* We
chose Pt;In;(012) and PtIny(111) as the most stable surfaces (Pt2Coln3 and PtCo2In3, respectively),
which have high surface atom density and diffraction intensity.*>*' Pt,In;(012)—Co and PtIny(111)—Co
were constructed as a model of the surface pseudo binary alloy by replacing one of the surface Pt atoms
of Pt;In3(012) and PtIny(111)—Co. The unit cell size of the bulk materials (Pt;In3(012)—Co and PtIny(111)—
Co) were firstly optimized, followed by modeling the slab structure and surface relaxation with the size
of the supercell fixed. The convergence criteria for structure optimization and energy calculation were set
to (a) an SCF tolerance of 1.0 x 107 eV per atom, (b) an energy tolerance of 1.0 x 1073 eV per atom, (c)
a maximum force tolerance of 0.05 eV A~!, and (d) a maximum displacement tolerance of 1.0 x 1073 A,

The adsorption energy was defined as follows: E,q = Ea.s — (Es + E4), Wwhere E4 g is the energy of the
slab together with the adsorbate, £, is the total energy of the free adsorbate, and Ej is the total energy of
the bare slab. The adsorption energy for an oxygen-preadsorbed slab was calculated using Esy, which is
the total energy of the oxygen-adsorbed slab, instead of using Es.

The transition state (TS) search was performed using the complete linear synchronous
transit/quadratic synchronous transit (LST/QST) method.*»* Linear synchronous transit maximization
was performed, followed by energy minimization in the directions conjugating to the reaction pathway.
The approximated TS was used to perform QST maximization with conjugate gradient minimization
refinements. This cycle was repeated until a stationary point was found. Convergence criterion for the TS

calculations were set to root-mean-square forces on an atom tolerance of 0.05 eV AL,
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