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ABSTRACT: Well-dispersed PdIn bimetallic alloy nanoparticles (1 ~4 nm) were
immobilized on mesostructured silica through an in situ capture-alloying strategy and
PdIn-In,O3 interfaces were rationally constructed by changing the In,O3 loading and
varying the reduction temperature. The catalytic performance for benzyl alcohol
partial oxidation was evaluated and a catalytic synergy was observed. The Pd-rich
PdIn-In,O3 interface is prone to formation on the catalyst with a low In,O3 loading
after reduced at 300 °C. It was demonstrated that the Pd-rich PdIn-In,O5 interface is
more active for benzyl alcohol partial oxidation than In-rich Pd,Ins species which is
likely to be formed at a high reduction temperature (400 °C). The high catalytic
activity on Pd-rich PdIn-In,O3 interface was attributed to the exposure of more
Pd-enriched active sites and an optimized PdIn-In,O3/Pd assemble ratio enhanced the
oxygen transfer during the partial oxidation. The DFT calculation confirmed that the
Pd-rich PdsIny(111)-In,0O3 interface facilitated the activation of oxygen molecules,

resulting in a high catalytic activity.

KEYWORDS: PdIn, alloy nanoparticles, interface, capture-alloying strategy, partial

oxidation

1. INTRODUCTION

Partial oxidation of primary alcohols to corresponding aldehydes or ketones is crucial
in organic synthesis since high-value added products or fine chemical intermediates

are produced 2. Among which, benzaldehyde is a very important aromatic molecule
2



used in the cosmetics and condiments industry. Since 1863, benzaldehyde has been
synthesized through benzene chloride hydrolysis as a by-product.® However, the
presence of organic chlorine or benzoic acid in the products limits the use of
benzaldehyde in food and cosmetic field. The oxidation of benzyl alcohol (BA) to
benzaldehyde using oxygen gas conforms with the principles of green and sustainable
chemistry and provides high quality benzaldehyde products. However, with oxygen
gas as the oxidant, benzaldehyde is prone to over-oxidation, leading to decrease of
selectivity of desired products. Hence, the key to the industrialization of benzyl
alcohol partial oxidation process is the development of efficient catalysts with high
activity and high selectivity to useful products.*

Supported noble metal nanoparticles (NPs) catalysts such as Pd,>°® Pt,” Au ® have
been investigated in catalytic oxidation and hydrogenation reactions. Recently,
supported Pd NPs catalysts attracted the attention of researchers dealing with partial

9, 10

oxidation reactions. Metallic Pd’-enriched clusters/surface has been widely

accepted as active sites for oxidation reactions,''™'® however, it is unavoidable to form

17,18

an inert PdO layer on Pd’-enriched Pd surface. This problem has been reported in

several papers and the formation of PdO layer was possible to be retarded by

introducing promoters to Pd.'" '

In our previous work, Au and Sn have been added to
Pd NPs as promoters to inhibit the formation of PdO.'* ' The results demonstrated

that alloying of Au-Pd partially prevent the easy oxidation of surface Pd atoms after

H; reduction. The in situ reduction of surface PdO layer was achieved by the addition



of Sn species to Au-Pd alloy NPs instead of high temperature H, reduction
treatment. '’
For partial oxidation reaction, the key towards enhancement of catalyst activity is

the improvement of adsorption and activation of reactants '*2*2!

and oxygen transfer
capacity of catalysts.”* > Among them, Pd based catalysts show high activity in the
process of partial oxidation reaction since the d band of Pd partially overlaps with the
Fermi level leading to strong adsorption capacity for reactants.** The addition of
promoter modifies the activity of the catalyst through the ligand ***® and structural

27,28
effects.””

The activation sites for O, on Pd based catalyst is at the interface between
active component and support %’ or between active component and promoter '* have
been reported. In our previous work, bimetallic (Au-Pd)-oxide (SnOy) interfaces have
been constructed for benzyl alcohol partial oxidation." The Pd-enriched Au-Pd alloy
sites were found to be responsible for O, activation and the adjacent SnOy sites
promoted the O transfer, leading to a high catalytic activity. However, after H,
reduction, the SnOx was partially reduced and Au-Pd-Sn alloy was generated with the
loss of AuPd/SnO, interfaces, which dramatically decreased the catalyst activity."
These findings suggest that more efforts are needed to explore efficient promoters and
construct active metal (bimetal)-oxide interfaces for the partial oxidation reaction.
Indium or In,O; have recently emerged as a promising promoter for Pd based
catalysts to enhance the catalytic performance for ethane dehydrogenation,®
132,33

CO,-selective methanol steam reforming ' and CO, hydrogenation to methano

The formation of intermetallic PdIn species alone was shown not to be sufficient to



achieve the catalytic synergy of PdIn bimetallic catalyst; the presence of oxidized
indium surface was essential. Thus, the presence of PdIn bimetal/oxide interface is
considered to be the key for the catalytic synergy between PdIn intermetallic
compound and indium oxide.”*' This implies that the PdIn-In,Os interface may be
also active in the partial oxidation of benzyl alcohol. The problem in constructing
PdIn bimetal-oxide interface is the aggregation of Pd and/or In species resulting in
nanoparticles with size from 20 nm to 50 nm using the traditional impregnation
method ** ** that reduce substantially the active interfaces. Therefore, the
development of a strategy to construct well-dispersed NPs catalysts with abundant
PdIn-In,O; interfaces for benzyl alcohol partial oxidation is highly desired.

In this work, well-dispersed Pd NPs were immobilized in mesostructured cellular
foam (MCF) silica through a one-pot synthesis with mercaptopropyltrimethoxysilane
(MPTMS) as an anchoring ligand, while indium was introduced through a wet
impregnation procedure. Since In,03 particles have a high tendency to become mobile
and aggregate during heating, immobilized Pd NPs may act as a capturing agent
through the formation of PdIn alloys during the reduction process, preventing the
aggregation and loss of Pd and/or In,O3 species. An optimized PdIn-In,O3 interface
with defined Pd/In and PdIn/In,O3 ratios in the alloy was achieved through changing
the In,O3 loading and the reduction temperature. The catalytic performance of
catalysts was evaluated and a catalytic synergy was observed. The detailed structure
of the active sites and the mechanism of the catalytic synergy for partial oxidation

were clarified.



2. EXPERIMENTAL SECTION

2.1. Chemicals. PdCl, (Sinopharm Chemical), In(NOs3);-H,O (Sinopharm
Chemical), tetraethyl orthosilicate (TEOS, 98%, Sinopharm Chemical), triblock
co-polymer PEO,)PPO7PEOy, (P123, Aldrich), mercaptopropyltrimethoxysilane
(MPTMS, 97%, Aldrich), 1, 3, 5-trimethylbenzene (99%, Sinopharm Chemical),
hydrochloric acid (37%, Sinopharm Chemical), benzyl alcohol (99.99%, Sinopharm
Chemical), benzaldehyde (99.99%, Sinopharm Chemical), benzoic acid (99.99%,
Sinopharm Chemical) and absolute ethanol (99.98%, Sinopharm Chemical) were used
as received without further purification.

2.2. Preparation of yIn,O;@Pd/MCF-T-H, Catalysts. PA/MCF was prepared
following the same procedure as reported previously '* with a Pd weight loading of
0.5wt.%. For the loading of In,03, 2 g of PdA/MCF precursor was dispersed in a certain
amount of indium nitrate solution, followed by stirring at room temperature for 12
hours until a slurry was formed. Then the mixture was dried at 100 °C for 12 hours,
and finally calcined at 400 °C for 3 hours. The obtained catalysts were denominated
as yIn,O3@Pd/MCF-ox (y represents the weight percentage of In,O;, and ox
represents the oxidation state of catalyst before H, reduction). The obtained catalysts
were reduced in hydrogen atmosphere for 2 hours, and the catalysts reduced under
different temperatures were denominated as yIn,O3;@Pd/MCF-T-H,, T= 250, 300,
350, 400 °C, respectively. A reference sample 1.0%In,O3/MCF-ox was synthesized

too. Catalysts 0.5%In,0s@ 1.0%Pd/MCF-300-H,, 1.0%In,03@1.0%Pd/MCF-300-H,



and 2.0%In,0;@1.0%Pd/MCF-300-H, with high Pd (1.0wz.%) loading were prepared
and subjected to further analysis.

Catalyst 0.5%In,O3;@Pd/MCF-im was prepared by a stepwise wet impregnation
method and used as a reference. In a typical synthesis, 1 g of MCF was dispersed in
10 mL of PdCl, solution and stirred at room temperature for 12 hours until a slurry
was formed. The slurry was further dried at 100 °C overnight and then calcined at 400
°C for 3 h to obtain sample Pd/MCF-im. In,O; was introduced following the same
procedure as Pd. The obtained catalysts were reduced at 300 °C under hydrogen
atmosphere for 2 hours and the obtained catalysts was denominated as
0.5%In;03@Pd/MCF-im. Loadings of both Pd and In were 0.5wz.%.

2.3 Characterization of Catalysts. N, adsorption/desorption was carried out to
analyze the textural properties of catalysts after degassing at 300 °C for 4 h under
vacuum using an automatic volumetric sorption analyzer (Micromeritics, TriStar
3000). The surface area was calculated by the Brunauer-Emmett-Teller (BET)
method. The total pore volume was calculated at P/P, = 0.998. The pore diameter was
calculated from the adsorption branch using the Barrett-Joyner-Halenda (BJH)
method.

High angle annular dark field (HAADF) images and X-ray energy dispersive
spectra (XEDS) of the catalysts were obtained using a scanning transmission electron
microscope (STEM) (JEOL JEM-2100F) with an acceleration voltage of 200 kV.

X-ray powder diffraction (XRD) patterns of catalysts were recorded on a X’Pert

PRO MPD system with a Cu Ko radiation (4 = 0.15418 nm) at 35 kV and 40 mA.



Actual metal loadings in the catalysts were determined by inductively coupled
plasma - optical emission spectroscopy (ICP-OES) using a VISTA-MPX Varian
system. The solid ultraviolet-visible (UV-vis) spectra of catalysts were collected from
a Hitachi U-4100 UV-vis-NIR spectrophotometer using BaSO, as an internal
reference. The diffusion reflectance spectra from 350 to 800 nm were recorded.

The surface chemical properties of the catalysts were analyzed using a K-Alpha
X-ray spectrometer (XPS) manufactured by Thermo Fisher Scientific. Taking the Al
electrode as the anode, the electron kinetic energy is 1486.6 eV. The spectra were
calibrated with Cls binding energy (284.5 eV) as a calibration binding energy (BE)
reference.

In situ diffuse reflectance infrared Fourier transform (DRIFT) spectra of CO
adsorption on the fresh catalysts were recorded on a BRUKER VERTEX70V FT-IR
spectrometer at room temperature with a resolution of 4 cm™. The analysis was
conducted in a high temperature diffuse reflection reaction cell (PIKE). The catalyst
was pretreated in H, at 623 K with a flow rate of 20 mL min’! for 60 min, followed by
cooling down to 303 K and purging with He for 30 min.

The synchrotron radiation experiments were performed at the BL14B1 of SPring-8
(8 GeV, 100 mA), Japan, to obtain X-ray adsorption fine structure (XAFS) spectra
both in near and extended edge. The samples were filled in a phil0 stainless tube. Pd
foil and PdO powder samples were used as references and all samples were measured
in the transmission mode. Data were normalized using the Athena program with a

linear pre-edge and polynomial post-edge background subtracted from the raw data.”



EXAFS fits were performed using ARTEMIS software.*® The interatomic distances
were optimized by fitting the experimental data.

2.4 Catalytic Test: Selective Oxidation of Benzyl Alcohol. The partial oxidation
of benzyl alcohol was carried out in a 100 mL autoclave with a
polytetrafluoroethylene liner (Model: SLM100, Beijing Easychem Science and
Technology Development Company, China). Typically, 10.8 g of benzyl alcohol and
50 mg of solid catalyst were charged into the reactor. After purging with O, for 3
times, the temperature was raised to 110 °C and the O, pressure was maintained at 0.8
MPa for 1 h under stirring. After reaction, the products were separated and analyzed
using a gas chromatogram (Agilent 6870) equipped with a flame ionization detector
(FID) and a DB-1 column (30%0.32*0.25). The turnover frequency (TOF) was
calculated based on the moles of benzyl alcohol converted per mole of Pd per hour.
The standard deviations were calculated based on three repeated experiments.

2.5 Density Functional Theory Calculations. The spin-polarized density
functional theory (DFT) calculations were conducted using the DMol? program of

Materials Studio 2018 software package.’” **

The exchange-correlation term was
evaluated within the general gradient approximation developed by Perdew, Burke,
and Ernzerhof (GGA-PBE).*’ The long-range dispersion forces was established by
the Grimme’s PBE+D2 method,* revealing a comparable reliability with the PBEO
hybrid XC functional including an ab initio Van der Waals correction.*’ The density

functional semicore pseudopotential (DSPP) was used to model the ion cores of metal

atoms, while the localized double-numerical basis with polarization (DNP) function is



applied as the valence electron functions. The linear synchronous transition/quadratic
synchronous transit method was used to establish the transition state structures,*
which was verified by the frequency calculations. A real-space global orbital cutoff of
4.9 A was applied to maintain the balance between high quality of results and high
computational cost. The convergence tolerances for energy change, max force, and
displacement were 1 x 10> Ha, 2 x 10> Ha A™!, and 5 x 107 A, respectively.

The adsorption energy (Ea4s) of an adsorbate on catalyst surfaces was defined as

E'ads = Eadsorbate/substrate ~ (Eadsorbate T Esubstrate)

where Eagsorbate/substrate aNd Egybstrate cOTrespond to the total energy of the catalyst
substrate with and without an adsorbed molecule, respectively, while FE,gsorbate

represents the energy of the free adsorbate.

3. RESULTS AND DISCUSSION

3.1 Catalytic Performance. The effect of reduction temperature on the catalytic
performance was investigated by reduction of catalyst 0.5%In,O3;@Pd/MCF-ox under
different temperatures (250, 300, 350, 400 °C). The results are shown in Figure 1A;
the detailed results from the catalytic tests are summarized in Table S1. The
0.5%In,03@Pd/MCF-ox catalyst exhibited a lower catalytic activity (TOF=11872 h™")
and lower benzaldehyde selectivity than those of reduced catalysts. Catalyst
0.5%In,03@Pd/MCF-ox was further reduced in H, atmosphere at 250 °C, 300 °C,
350 °C and 400 °C, respectively. After H, reduction, the catalytic activity increased
with the reduction temperature and the highest catalytic activity and the highest

benzaldehyde selectivity were obtained on catalyst 0.5%In,O3@Pd/MCF-300-H;
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reduced at 300 °C in H,. Further increasing the reduction temperature (>300 °C) led to
the decrease of catalytic activity, but no obvious change in benzaldehyde selectivity
was observed. This is due to the fact that the reduction of catalyst results in the
formation of more surface-active sites for partial oxidation, however, the catalyst
reduction above 350 °C probably led to the reconstruction of nanoparticle surface
sites, thus resulting in the decreased catalytic activity. Based on above results, 300 °C
was considered as the optimal reduction temperature and the variation of catalyst

surface properties under different reduction temperatures will be further discussed.
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Figure 1. Catalytic performance of catalysts: (A) 0.5%In,0O3;@Pd/MCF-T-H, reduced
at different temperatures and (B) yIn,Oz;@Pd/300°C-H, Catalysts with different In
loadings. (a: 0.5%-im represents catalyst 0.5%In,O3;@Pd/MCF-im which was
prepared for comparison by stepwise wet impregnation method).

Catalysts with different In/Pd ratios reduced at 300 °C in H, atmosphere were
applied for benzyl alcohol oxidation, and the results are shown in Figure 1B; the
detailed results from the catalytic tests are summarized in Table S2. A low benzyl
alcohol conversion (25.1%) with a benzaldehyde selectivity of 64.2% on pure Pd
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catalyst PdA/MCF-300°C-H, was obtained. After introducing the In promoter, the
benzyl alcohol conversion increased dramatically to 93.2% and 79% on catalyst
0.2%In,03@Pd/MCF-300-H; and 0.5%In,03@Pd/MCF-300-H,, respectively, with a
benzaldehyde selectivity higher than 70%. When the In content increased further, the
benzyl alcohol conversion decreased to 16.3% on catalyst
1.0%In,0;@Pd/MCF-300-H, with a relative low benzaldehyde selectivity (46.4%).
For comparison, catalyst 0.5%In,O3@Pd/MCF -im prepared by wet impregnation
method and reduced at 300 °C in H, atmosphere was evaluated too. Under the same
reaction conditions, a low benzyl alcohol conversion (30.2%) with a low
benzaldehyde selectivity (50.6%) on the 0.5%In,O3@Pd/MCF-im catalyst was
obtained. These results suggested an obvious promoter effect of In species to Pd for
benzyl alcohol oxidation. The capture-alloying strategy is more effective to prepare
catalysts with high activity in comparison with the wet-impregnation method. Thus,
the structure-performance relationship by extensively characterizing the surface and
interface properties of PdIn catalysts is highly interesting to be studied.

3.2 Nature of active sites. The textural properties of catalysts were analyzed by N,
physisorption technique, and the textural properties are summarized in Table 2. The
N, sorption isotherms and pore size distribution curves of the catalysts are presented
in Figure STIA-S1B. A typical type IV isotherms with a type H-2 hysteresis loop were
measured for all catalysts, indicating the mesoporous structure of catalysts. A high
specific surface area ( ~ 600 m”/g) was measured for most catalysts (Table 2) with an
average pore size of 3.9 nm; a slight decrease of the specific surface area with the

12



increase of In content was detected. Higher reduction temperature (400 °C) led to
lower specific surface area (535.2 m®/g) on catalyst 0.5%In,O;@Pd/MCF-400-H,
than that of catalyst 0.5%In,0;@Pd/MCF-300-H, (599.4 m*/g), which is probably
due to the partial contraction of pore structure of silica support. The metal loadings
were measured by ICP-OES, which were found to be close to the nominal contents.
XRD patterns of catalysts with different In,O3 contents are shown in FigureS1C. No
diffraction peaks expected for In, Pd or PdIn were detected due to the low loading
content and high dispersion of metals on the catalyst surface. To identify the peak
positions of Pd/In on different catalysts, the 0.5%In,03@1%Pd/MCF-300-H,,
1.0%In,03@ 1.0%Pd/MCF-300H, and 2.0%In,03;@1.0%Pd/MCF-300-H, with high
metal loadings were prepared. As shown in Figure 2A, a wide diffraction peak in the
20 range of 39 - 40° was present in the XRD patterns of samples
0.5%In203@1%Pd/MCF-300-H, 1.0%In,03@1.0%Pd /MCF-300-H, and
2.0%In,03@1.0%Pd/MCF -300-H,; the peaks intensity corresponding to Pd (40.2°)
and/or PdIn (39.7°) increased with increasing the content of In species due to the
formation of intermetallic structure.>> No obvious diffraction peaks of In or In,O3
were detected on these catalysts, indicating that Pd/PdIn alloy may be present as
dominate species on catalysts yIn,O3;@Pd/MCF-300-H,. To further identify the
specie, the catalyst 2.0%In,O;@1.0%Pd/MCF-300-H, was reduced at 400 °C and 500
°C (Figure 2B). A slight enhancement of the diffraction peak at 39.2° 26 was observed
with the increase of reduction temperature, indicating that more In atoms were

incorporated into Pd phase, and PdIn intermetallic compounds may be produced.
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Table 2. Properties of Catalysts

Metal loading  Pd: In

| a molar SBET me] d.POI'e

Catalysts (Wt.%) ratio ( m¥/g) (cm’/g) 1ameter
(nm)

Pd In

Pd/MCF-300-H, 0.42 0 - 609.2 0.48 5.69
0.2%In,03@Pd/MCF-300-H, 0.41  0.18 2.9:1 624.1 0.45 5.71
0.5%In,03@Pd/MCF-300-H, 0.40  0.38 1.1:1 5994 0.49 6.50
1.0%In,03@Pd/MCF-300-H, 0.42  0.87 0.52:1 582.5 0.49 6.67
0.5%In,03@Pd/MCF-400-H, 0.41  0.37 1.2:1 535.2 0.51 5.65
0.5%In,03@Pd/MCF-im 045 048 1.0:1 569.0 0.98 9.82

“ The metal loading measured by ICP-OES. Szgr, surface area calculated by the BET
method.

Vo, total pore volume calculated at P/P, = 0.998. Pore diameter calculated from the
adsorption branch using the BJH method.
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Figure 2. XRD patterns of catalysts (A-B), normalized XANES spectra (C) and
Fourier transform EXAFS spectra of Pd K-edge of the monometallic and intermetallic
catalysts along with the reference metal foil (Pd foil) and PdO foil (D): (a)
Pd/MCF-300-H,, (b) 0.2%In,0;@Pd/MCF-300-H_, (c) 0.5%In,0;@Pd/MCF-300-H,,

and (d) 1.0%In,0O;@Pd/MCF-300-H,.

Normalized X-ray absorption near edge structure (XANES) and Fourier transform
Pd K-edge EXAFS spectra of catalysts are shown in Figure 2C. In the near edge
spectra of X-ray absorption, the catalysts yIn,O;@Pd/MCF-300-H, exhibit similar
K-edge energy (24350 eV) and white line intensity to those of Pd foil, but obviously
different from the PdO foil, indicating that Pd° are the dominant species on these
catalysts. After the addition of In, the XANES profiles of bimetallic catalysts
yIn,O3@Pd/MCF-300-H, are different from that of the Pd standard. With the increase
of the In content, a slight decrease of while line intensity was observed, indicating the
presence of metallic In around Pd atoms™® and electron transfer from In species to Pd.
These results suggested the incorporation of indium into the Pd; these findings are
consistent with previous results reporting on the formation of Pdin bimetallic alloy
NPS.3O' 43

The Fourier transform EXAFS spectra of catalysts are shown in Figure 2D and the
fitting parameters are summarized in Table 3. The Pd-O and Pd-Pd path intensity
decreased with the increase of In content, suggesting the incorporation of In into Pd
phase. The Pd-Pd bonds at 2.50 A and 2.05 A, Pd-O bond at 1.58 A are determined

according to the standard samples of Pd and PdO foils (Figure 2D). The Pd-Pd bond

15



at 250 A shifts to higher value after introducing In on catalysts
yIn,03@Pd/MCF-300-H,, while that at 2.05 A shifts to lower value with the increase
of In content, suggesting the formation of PdIn alloy on the first coordination shell.*
The coordination number (CN) of Pd-O on PdO foil is 4, while it decreases to 1 or
less than 1 on catalysts yIn,O;@Pd/MCF-300-H; (Table 3). Moreover, the Pd-O bond
distance increases dramatically, indicating that most PdO species have been reduced
to Pd°. The fitting data show that the CN of Pd-M on catalyst Pd/MCF-300-H, is 5.3
and the atomic spacing (R) is 2.738 A, while the CN is 5.6 and R is 2.759 A on
catalyst 0.2%In,0;@Pd/MCF-300-H; after introducing In. This distance falls between
that of metallic Pd (2.739 A) and bimetallic InPd (2.81 A) species,*® which indicates
the presence of Pd-Pd/Pd-In coordination in these catalysts.

Table 3. Fitting Parameters of Fourier Transform Pd K-edge EXAFS Spectra

Sample Path CN R (A) R-factor
Pd foil Pd-Pd 12.0 2.739 0.005
PdO Pd-O 4.0 2.026 0.021

Pd-O 11 2077 0.001
Pd-Pd 5.3 2.738 -
Pd-O 1.0 2.052 0.002
Pd-M 56 2.759 -
Pd-O 0.7 2051 0.008
Pd-M 58 2752 -
Pd-O 09 2.093 -
Pd-M 52 2747 -

Pd/MCF-300-H;
0.2%In,0;@Pd/MCF-300-H,
0.5%In,0;@Pd/MCF-300-H,

1.0%In,0;@Pd/MCF-300-H,

The STEM-HAADF images and the corresponding EDS spectra of catalysts
0.5%In,03@Pd/MCF-ox, 0.5%In,03@Pd/MCF- 300-H; and
0.5%In,03@Pd/MCF-400-H; are presented in Figure 3 and Figure S2. Well-dispersed
metal NPs are observed on all samples with the particle size in the range of 1-5 nm.

The energy dispersive line scan across NPs using the In-L (red line) and Pd-L (green
16



line) X-rays on different catalysts were conducted to obtain the information of In and

Pd distribution.**
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Figure 3. STEM-HAADF images of catalysts (Inset: the energy dispersive line scan
across NPs using the In-L and Pd-L X-rays), corresponding color-coded EDS
mapping and particle size distribution histogram of bimetallic nanoparticles on
catalysts (A, D, G) 0.5%In,03@Pd/MCF-ox, (B, E, H) 0.5%In,0O3@Pd/MCF-300-H,
and (C, F, I) 0.5%In,03@Pd/MCF-400-H,.

As shown in Figure 3A, the inset particle line scan results indicate that In is mainly
distributed on the surface of the 0.5%In,O3@Pd/MCF-ox catalyst. Both the EDS
mapping and elemental analysis results suggested that In was mobile during the H,
reduction process, resulting in the accumulation of In on Pd NPs (Figure 3B-C).

Figure S2 shows the STEM-HAADF images, color-coded EDS mapping and
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elemental analysis of more representative bimetal nanoparticles on catalysts
0.5%In,0;@Pd/MCF-0x,  0.5%In,0;@Pd/MCF-300-H, and  0.5%In,O;@Pd/
MCF-400-H, and the In/Pd ratio calculated from EDS elemental analysis presented in
Figure S3 further confirmed the accumulation of In on Pd NPs during H, reduction.
As is shown in Figure S2 and Figure S3, the In/Pd ratio was estimated to be 1/6 on
unreduced catalyst 0.5%In,O3@Pd/MCF-ox based on EDS elemental analysis of
represented NPs. The In/Pd ratio increased to 1/4~1/3 on catalyst
0.5%In,03@Pd/MCF-300-H, and to 1/2~1/1 on catalyst 0.5%In,0Os@
Pd/MCF-400-H, after reduction in H, atmosphere. With increasing the reduction
temperature, the alloying degree of PdIn NPs was enhanced, as indicated by inset
particle line scan results. In is mainly dispersed on the surface of catalyst
0.5%In;03@Pd/MCF-o0x, and Pd-rich NPs are formed. After reduction by hydrogen,
the indium oxide started to be reduced and accumulated on the surface of Pd NPs
forming PdIn intermetallic species on the 0.5%In,O3@Pd/MCF-300-H, catalyst.
Moreover, further increasing the reduction temperature leaded to the formation of
In-rich bimetallic NPs (catalyst 0.5%In,O3;@Pd/MCF-400-H,). The incorporation of
In to Pd was also verified by HRTEM characterization shown in Figure S4. The
change of lattice spacing revealed the transformation of Pd-rich bimetallic NPs to
In-rich PdIn alloy NPs with the increase of reduction temperature. The low catalytic
activity of catalyst 0.5%In,O3@Pd/MCF-400-H; is probably due to the formation of

In-rich bimetallic NPs that requires further clarified.
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For  comparison, the characterization of the reference  sample
0.5%In,0;@Pd/MCF-im prepared by stepwise wet impregnation by STEM-HAADF
image, EDS mapping, elemental analysis and particle size distribution histogram are
shown in Figure S4. A broad distribution of bimetallic NPs in the range of 1-14 nm
was observed, suggesting the aggregation of Pd and In on the wet-impregnated
sample. The EDS results indicated the formation of homogeneous PdIn alloy NPs as
shown in Figure S4 thus revealing the easy alloying of Pd with In. While
well-dispersed  metal NPs (1-4 nm) were obtained on catalyst
0.5%In,0;@Pd/MCF-300-H; prepared with similar metals (Pd and In) loading under
the same reduction conditions. The only difference is the introduction procedure of Pd
on the two catalysts. Pd was immobilized in silica support by one-pot procedure on
catalyst 0.5%In,0;@Pd/MCF-300-H,, while a wet impregnation method was applied
to load Pd on catalyst 0.5%In,03@Pd/MCF-im. Well dispersed PdIn alloy NPs were
obtained through capturing In by immobilized Pd during the reduction of catalyst
0.5%In,0;@Pd/MCF-300-H,. However, alloying and aggregation of Pd and In
occurred on catalyst 0.5%In,0;@Pd/MCF-im during the reduction process. These
results suggested that the in-situ capture-alloying strategy is effective for the
preparation of well dispersed PdIn alloy NPs (1-4 nm) catalyst. And the low catalytic
activity of catalyst 0.5%In,0;@Pd/MCF-im may be partially attributed to the poor

dispersion of metal NPs.
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Figure 4. Pd 3d (A, C) and In 3d XPS spectra (B, D) of catalysts: (a)

P/MCF-300-H,,  (b)

0.2%In,03@Pd/MCF-300-H,,

(©)

0.5%1[1203@

Pd/MCF-300-H,, (d) 1.0%In,0;@Pd/MCF-300-H,, () 0.5%In,03@Pd/MCF-400-H,

and (f) In100/MCF-300-H,.

Table 4. Binding Energies of In and Pd Elements at Different Atomic Ratios of

In/Pd, Pd/PdO and In,O3/In

BE 3ds,; (eV) Ratio
Catalyst Pd’(Pd*") In’ (In*") ICP XPS Pd: In:
In/Pd In/Pd PdO InyOs
Pd/MCF-300-H, 335.4(337.0) - -—- - 0.7:1 ———-
0.2%In,0;@Pd/MCF-300-H, 335.6(336.5) 443.4(445.3) 0.4:1 2.0:1 3.2:1 0451
0.5%In,0;@Pd/MCE-300-H, 335.6(336.5) 443.5(4452) 1:1  1.4:1 3.0:1 0.50:1
1.0%In,0;@Pd/MCF-300-H, 335.8(336.5) 443.4(445.2) 2:1  3.8:1 23:1 0.34:1
1.0%In,03/MCF-300-H, 446.0 — 01
335.6(336.5) 444.0(445.2) 1:1  12:1 4.0:1 06:1

0.5%In,03@Pd/MCF-400-H,
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The surface composition and valence states of catalysts were characterized by XPS.
The XPS spectra of Pd 3d and In 3d are shown in Figure 4 and the detailed binding
energies/atom ratios are summarized in Table 4. As shown in Figure 4A, the spectra
of Pd 3d were fitted by two doublets on all catalysts, and the Pd 3ds,, with binding
energy of 337.0 eV was attributed to the presence of Pd*" (~337.2 eV) ***® and the
energy value of 335.4 eV was ascribed to metallic Pd’ ( ~335.5 eV).*”* The Pd/PdO
ratio increases dramatically with the introduction of In species, from 0.7/1 for
Pd/MCF-300-H, to 3.2/1 for 0