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ABSTRACT: A balance between the catalytic activity and product selectivity remains 

a dilemma for the partial oxidation processes because the products are prone to be 

over-oxidized. In this work we report on the partial oxidation of benzyl alcohol using 

a modified catalyst consisting of nanosized Au-Pd particles (NP) with tin oxide 

(SnOx) deposited on mesoporous silica support. We found that the SnOx promotes the 

autogenous reduction of PdO to active Pd
0
 species on the Au-Pd NP catalyst 

(SnOx@AP-ox) before H2 reduction, which is due to the high oxophilicity of Sn. The 

presence of active Pd
0
 species and the enhancement of oxygen transfer by SnOx led to 

a high catalytic activity. The benzaldehyde selectivity was enhanced with the increase 

of SnOx content on catalyst SnOx@AP-ox, which is ascribed to the modulated affinity 

of reactants and products on the catalyst surface through the redox switching of Sn 

species. After H2 reduction, the SnOx was partially reduced and Au-Pd-Sn alloy was 

formed. The formation of Au-Pd-Sn alloy weakened both the catalytic synergy of 

Au-Pd alloy NPs and the adsorption of benzyl alcohol on the reduced catalyst, thus 

leading to a low catalytic activity. 

KEYWORDS: SnOx, Au-Pd, oxygen transfer, alloying, benzyl alcohol oxidation 

1. INTRODUCTION 

The catalytic partial oxidation to produce various fine chemicals is a vital research 

area for the pharmaceutical, food, and cosmetic industries.
1
 One of such processes in 

the modern synthetic chemical industry is the catalytic partial oxidation of primary 

alcohols to their corresponding intermediates,
2
 such as benzyl alcohol oxidation to 
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benzaldehyde, benzyl benzoate, benzoic acid and/or benzyl ether depending on the 

catalytic system and reaction conditions used.
3-4

 Among which benzaldehyde is 

considered as the most valuable product and widely used in the manufacture of 

flavors, pharmaceuticals, dyes, spices, etc.
5
 Oxidizing a primary alcohol to an 

aldehyde using molecular oxygen/air as an oxidant conforms with the principles of 

green and sustainable chemical processes since water is the only by-product.
1
 

However, the desired products are highly reactive and susceptible to over oxidization 

generating low-value by-products, which results in low product selectivity during 

selective oxidation with oxygen/air as oxidant. In the industrial process, high product 

selectivity is generally achieved through the control of conversion, which results in 

low single-pass conversion, excessive recovery of unreacted reactant and high energy 

consumption. Therefore, it has been a long-standing dilemma between the high 

activity and high selectivity for the partial oxidation catalysts. 

Au-Pd bimetallic catalysts are the most frequently reported for benzyl alcohol 

partial oxidation;
6-8

 and a catalytic synergy between these two metals has been 

observed. This catalytic synergy was attributed to the formation of Au–Pd alloy NPs 

and electrons transfer between surface Au and Pd atoms, preventing the formation of 

inert surface PdO species.
8-10

 Metallic Pd
0
-enriched clusters/surface has been reported 

as active sites for O2 activation,
8-14

 however, Pd-enriched surfaces are usually coated 

with a layer of inert PdO.
15-16

 This contradictive condition has been improved to a 

certain extent by introducing Au to Pd with H2 reduction process. Electrons 

rearrangement between Au and Pd atoms facilitates the formation of metallic 
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Pd
0
-enriched clusters/surface on H2 reduced Au-Pd bimetallic NP catalyst.

16-17
 

However, Wiley and co-workers observed a surface enrichment of Au on Au-Pd alloy 

NPs after H2 reduction, resulting in a decrease of Pd
0
-enriched surface-active sites.

16
 

These results pointed out to the need to find another route to reduce the surface inert 

PdO layers on Au-Pd NP catalyst. Pd has a relative high electron negativity and a low 

oxygen affinity,
17-18

 while Sn is considered as an oxophilic metal.
17, 19-20

 Thus, this 

reminds us to consider the possibility of applying tin as a potential promoter for 

in-situ autogenous reduction of surface PdO layer instead of high temperature H2 

reduction. 

Meanwhile as we mentioned above, the dilemma between the high activity and 

high selectivity for benzyl alcohol partial oxidation also persists on Au-Pd bimetallic 

NP catalyst. A high benzyl alcohol conversion (> 90%) was obtained on Au-Pd 

bimetallic catalysts but with a relative low benzaldehyde selectivity of 50%～60%.
8
 

Studies have shown that the introduction of auxiliaries can regulate the surface 

affinity to reactants, products or intermediates to reduce side reactions and improve 

product selectivity.
13, 21-22

 He et al. demonstrated that when a small amount of Pt 

metal was alloyed with Au-Pd sol, a high selectivity to benzaldehyde was achieved on 

the solvent-free oxidation of benzyl alcohol.
1
 Hutchings et al. applied SnOx promoted 

Pd/TiO2 catalyst for hydrogen peroxide synthesis.
13

 The promoted catalyst exhibited 

high H2O2 selectivity attributable to the presence of the SnOx surface layer which 

prevented further hydrogenation and decomposition of H2O2. In our previous work,
23

 

we found that applying SnOx promoted Au nanoparticle (NP) catalyst for benzyl 



 

5 

 

alcohol oxidation can effectively reduce the disproportionation reaction, achieving a 

high benzaldehyde selectivity. In summary, tin is a potential promoter for in-situ 

reduction of surface PdO species because it is more oxophilic and it can also 

effectively enhance the benzaldehyde selectivity on Au NP catalyst by regulating the 

surface affinity.
23

  

In this paper we report the preparation of Au-Pd bimetallic NP catalyst modified 

with Sn/SnOx. First, the mesostructured cellular foam silica (MCF) supported Au-Pd 

NP catalyst (AP-ox) was prepared by a one-pot method.
8
 Second, the SnOx was 

deposited on the surface of Au-Pd NPs to obtain the SnOx@AP-ox catalysts. The 

results showed that the SnOx significantly enhanced the benzaldehyde yield thus 

broking the dilemma between the high activity and high selectivity of Au-Pd NPs 

catalyst. The role of SnOx in modulating the catalyst performance was approved 

experimentally and theoretically. 

2. EXPERIMENTAL SECTION 

2.1. Chemicals. HAuCl4·xH2O (Sinopharm Chemical), PdCl2 (Sinopharm 

Chemical), SnCl2·H2O (Sinopharm Chemical), tetraethyl orthosilicate (TEOS, 98%, 

Sinopharm Chemical), triblock co-polymer PEO20PPO70PEO20 (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. 
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2.2. Preparation of Unmodified Catalysts. Supported Au-Pd NP catalyst was 

prepared following the procedure reported in our previous work.
8
 In a typical 

synthesis, 8.0 g of P123 was dissolved in 60 mL deionized water, followed by 

introduction of 20 mL of concentrated hydrochloric acid (37%) at room temperature. 

Then, 8 g of 1,3,5-trimethylbenzene was added into the clear solution as a pore 

swelling agent and stirred at 38 
o
C for 2 h, followed by the dropwise addition of 18.4 

g TEOS and 1.14 g MPTMS into the mixture. Finally, the HAuCl4 and PdCl2 

solutions were added into the synthesis mixtures. After stirring at 38 
o
C for 24 h, the 

mixtures were transferred to a Teflon-lined stainless-steel autoclave to undergo a 

hydrothermal treatment at 100 
o
C for 24 h. The obtained solids were purified with 

deionized water, dried at 80 
o
C overnight, and eventually calcined in air at 550 

o
C for 

6 h to remove the templating and coupling agent. Catalysts with a total noble metal 

(Au + Pd) loading of 0.75 wt.% with an Au loading of 0.25 wt.% and a Pd loading of 

0.5 wt.% were abbreviated as AP-ox and the reduced samples were denoted as AP-H2. 

Monometallic catalysts Au-ox with an Au weight ratio of 0.25% and Pd-ox with a Pd 

weight ratio of 0.5% were prepared as references. The catalysts 2Pd-ox with a Pd 

weight ratio of 1.0% and 2AP-ox with Pd and Au weight ratio of 1.0%, respectively, 

were also prepared for comparison purpose. 

2.2.1 Preparation of SnOx@AP Catalysts. 2 g of AP-ox solid was dispersed in a 

stannous chloride solution and stirred at room temperature for 4 h until a slurry was 

formed. The obtained slurry was dried at 100 
o
C for 12 h and finally calcined at 300 

o
C for 4 h under air atmosphere. Different amounts of SnOx were introduced and the 
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obtained catalysts were denoted as ySnOx@AP-ox (y represents the nominal weight 

percentage of SnOx, such as 0%, 0.2%, 0.5%, 1.0%, x=1～2). These catalysts were 

reduced at 300 
o
C for 2 h under H2 atmosphere to investigate the effect of reduction 

on the catalytic performance; the obtained catalysts were denoted as ySnOx@AP-H2.  

For comparison, catalysts 1%SnOx@2Pd-ox and 1%SnOx@2AP-ox with higher 

noble metal loadings were prepared following the same procedure and reduced under 

H2 atmosphere to obtain samples 1%SnOx@2Pd-H2 and 1%SnOx@2AP-H2, 

respectively. 

2.3 Characterization. N2 adsorption/desorption was carried out to analyze the 

textural properties of catalysts after degassing at 300 
o
C for 4 h under vacuum using 

an automatic volumetric sorption analyzer (Micromeritics, TriStar 3000). X-ray 

powder diffraction (XRD) patterns of catalysts were recorded on a X’Pert PRO MPD 

system (Dutch company Panaco) with a Cu Kα radiation (λ = 0.15418 nm) at 35 kV 

and 40 mA. High angle annular dark field (HAADF) images and X-ray energy 

dispersive spectroscopy (XEDS) of the catalysts were obtained using a scanning 

transmission electron microscope (STEM) (JEOL JEM-2100F) with an acceleration 

voltage of 200 kV. HAADF images of nanoparticles were collected on HITACHI 

HF5000 field emission transmission electron microscope equipped with a spherical 

aberration corrector (AC-TEM) and energy dispersive spectroscopy (EDS) from 

Oxford operated at 200 kV. Actual noble 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 
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catalysts were collected by a Hitachi U-4100 UV-vis-NIR spectrophotometer using 

BaSO4 as an internal reference. The diffuse 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 was 1486.6 eV. The spectra 

were calibrated with C1s binding energy (284.5 eV) as a calibration binding energy 

(BE) reference. In situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) of CO adsorption on the fresh catalysts (pretreated in H2 at 573 K at a flow 

rate of 20 mL min
-1

 for 60 min, cooled down to 303 K and purged with He for 30 

min) was conducted in a high-temperature diffuse reflection reaction cell (PIKE). The 

spectra were recorded on a BRUKER VERTEX70V FT-IR spectrometer at room 

temperature with a resolution of 4 cm
-1

. H2-temperature programmed reduction 

(H2-TPR) experiments were conducted on a chemisorption apparatus (Micromeritics 

AutoChem II 2920). Typically, the sample (100 mg) was pre-treated at 300 °C for 1 h 

under an Ar stream (30 mL/min). Afterwards, the system was cooled to 50 °C, and 

then a 10 vol% H2/Ar stream (30 mL/min) was introduced. The temperature was 

raised linearly from 100 °C to 800 °C at a rate of 10 °C/min, and the signal was 

recorded by a thermal conductivity detector (TCD). 

2.4 Selective Oxidation of Benzyl Alcohol. The selective 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 
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were charged into the reaction vessel. After purging with O2 for 3 times, the 

temperature was raised to 110 
o
C and the O2 pressure was maintained at 0.8 MPa for 2 

h under stirring. Then, the products were separated and analyzed using a gas 

chromatograph (Agilent 6870) equipped with a FID detector 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 noble metals (Au + Pd) per hour.  

2.5 Theoretical Calculation.The spin-polarized density functional theory (DFT) 

calculations were implemented using the DMol
3
 program of Materials Studio 2018 

software package.
24-25

 The exchange-correlation term was described within the 

general gradient approximation developed by Perdew, Burke, and Ernzerhof 

(GGA−PBE).
26

 Particularly, Grimme’s PBE+D2 method was used to correct the 

long-range dispersion forces,
27

 which shows a comparable reliability with the PBE0 

hybrid XC functional including an ab initio Van der Waals correction.
28

 The ion cores 

of metal atoms were treated with the density functional semicore pseudopotential 

(DSPP), while the valence electron functions were represented by the localized 

double-numerical basis with polarization (DNP) function. The transition state 

structures were located by using the linear synchronous transition/quadratic 

synchronous transit method,
29

 confirmed by the frequency calculations. A real-space 

global orbital cutoff of 4.9 Å was adopted to keep the balance between high quality of 

results and high computational cost. The convergence tolerances for energy change, 

max force, and displacement were 1 × 10
−5

 Ha, 2 × 10
−3

 Ha Å
-1

, and 5 × 10
−3

 Å, 

respectively. According to the experimental results, a homogeneous Pd3Au alloy with 
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a Pd-Au atomic ratio of 3:1 was selected as the palladium-gold alloy model, and a 

stable close-packed (111) surface was chosen as the model surface (Pd3Au(111)). The 

Pd3Au(111) model was established by a four-layers periodic slab model with a p(44) 

unit cell and a vacuum region of 15 Å. The Pd3Sn3Au(111) model was created by 

replacing the Pd atoms on the top surface layer of Pd3Au(111) with Sn atoms in a 

ratio of 1:1, and the other bottom three layers still maintained as Pd3Au. The 

Pd3Au(111) surface was covered by a layer of Sn, SnO, and SnO2 species to form 

Sn/Pd3Au(111), SnO/Pd3Au(111), SnO2/Pd3Au(111) models, respectively. Sn, SnO, 

and SnO2 species were doped on the Pd3Au(111) surface to form Sn/Pd3Au(111), 

SnO/Pd3Au(111), SnO2/Pd3Au(111) models, respectively. In Sn/Pd3Au(111), 

SnO/Pd3Au(111), SnO2/Pd3Au(111), the number of Sn, SnO, and SnO2 units was half 

of the atom number of the top-layer Pd3Au(111), where the unit cell contained 8 Sn, 

SnO, and SnO2 units, respectively. In the slab calculations, the atoms in the two 

bottom layers were fixed in their bulk positions, but all other atoms were allowed to 

be fully relaxed. 

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

Eads = Eadsorbate/substrate − (Eadsorbate + Esubstrate), 

where Eadsorbate/substrate and Esubstrate correspond to the total energy of the catalyst 

substrate with and without an adsorbed molecule, respectively, while Eadsorbate 

represents the energy of the free adsorbate. 

3. RESULTS AND DISCUSSION 
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3.1 Catalyst Characterization. N2 adsorption-desorption isotherms and pore size 

distribution curves of catalysts ySnOx@AP-ox(H2) are shown in Figure S1A, B and 

the results are summarized in Table 1. A typical type IV isotherm was measured on all 

catalysts, which contains a H-2 hysteresis loop, indicating an ink-bottle mesoporous 

structure. Reference catalysts Pd-ox and AP-ox exhibited a high specific surface area 

(～800 m
2
/g) and a large pore volume (1.8～2.3 cm

3
/g). A small amount of SnOx 

introduced in catalysts 0.2%SnOx@AP-ox and 0.5%SnOx@AP-ox leads to a slight 

decrease of the specific surface area (700 - 750 m
2
/g). While the specific surface area 

of catalyst 1.0%SnOx@AP-ox significantly decreases to～650 m
2
/g when 1wt.% of 

SnOx was added. The average pore diameter increased from 5.6 nm for catalyst 

0.2%SnOx@AP-ox to 7.8 nm for catalyst 1.0%SnOx@AP-ox. The decrease of 

specific surface area and pore volume on catalyst 1.0%SnOx@AP-ox was attributed to 

the partial blocking of small pores after introducing a relatively large amount of SnOx.  
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Table 1. Physical Properties of Catalysts. 

 

 

 

 

 

 

 

 

 

 

a
 The metal loading was evaluated by ICP-OES. SBET, surface area calculated by the BET method. 

Vtotal, total pore volume calculated at P/Po = 0.998. Pore diameter calculated from the adsorption branch using BJH method.  

Catalysts 

Metal loading 
a 
(wt.%) 

SBET 

（m
2
/g) 

Pore 

volume 

 (cm
3
/g) 

Pore 

diameter 

(nm) 

Au Pd Sn 

Pd -ox 0 0.5 0 839  1.8 5.7 

AP-ox 0.25 0.49 0 791 2.3 9.6 

0.2%SnOx@AP-ox 0.24  0.50 0.18 698 1.6 5.6 

0.5%SnOx@AP-ox 0.24  0.49 0.44 747 1.7 5.6 

1.0%SnOx@AP-ox 0.25  0.49 0.88 650 1.6 7.8 

0.5%SnOx@AP-H2   0.24  0.48 0.44 653 1.6 5.6 
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Figure 1. XRD patterns of catalysts 2Pd-ox, 2AP-ox, 2AP-H2, 1%SnOx@2Pd-ox, 

1%SnOx@2AP-ox and 1%SnOx@2AP-H2. 
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Figure 2. Solid UV-vis spectra of catalysts: (a) Pd-ox, (b) AP-ox, (c) 

0.2%SnOx@AP-ox, (d) 0.5%SnOx@AP-ox, (e) 1.0%SnOx@AP-ox, (f) 

0.5%SnOx@AP-H2. 

Different amounts of SnOx were introduced into the bimetallic AP-ox catalysts with 

constant Au (～0.25wt. %) and Pd (～0.5wt.%) contents. The actual metal content 

was determined by ICP-OES and the results are summarized in Table 1. The XRD 

30 40 50 60 70

2Pd-ox

2AP-H
2

1%SnO
x
@2Pd-H2

1%SnO
x
@2AP-H2

2AP-ox

1%SnO
x
@2AP-ox

2 ()

 

 

In
te

n
si

ty
 (

a
.u

.)

PdO(110)

Au-Pd(111)

Pd(111)

PdSn

Au PdSn



 

14 

 

patterns of catalysts in the range of 19.5-70.5° 2θ reveal the weak diffraction peaks 

due to the presence of Pd, Au-Pd and PdO (Figure S1C). Catalysts with high metal 

loadings were prepared to clarify the peak positions of metals and oxides (Figure 1). 

Both 2Pd-ox and 2AP-ox catalysts contain a diffraction peak at 33.69
o
 2θ 

corresponding to the PdO (110) (PDF#06-0515). No reduction of the catalysts was 

carried out and therefore the PdO is present.
8
 After introducing the SnOx on catalyst 

1%SnOx@2AP-ox, the intensity of the characteristic PdO phase peak at 2θ = 33.69
o
 

was reduced. The peaks at 40.1
o
 and 46.6

o
 2θ corresponding to (111) and (200) planes 

of cubic Pd (PDF#65-2867) shifted to lower 38.9
o
 and 45.3

o
 2θ for catalyst 

1%SnOx@2AP-ox, respectively, which was attributed to the formation of Au-Pd(111) 

phase.
30

 This result is in accordance with XRD pattern of catalyst 2AP-H2 shown in 

Figure 1. After reduction, two diffraction peaks at 39.9
o
 and 41.0º 2θ were observed 

for catalyst 1%SnOx@2AP-H2, similar to the diffraction peaks detected for the 

1%SnOx@2Pd-H2. The peak at 39.9º 2θ can be assigned to the cubic Pd (111) plane 

(40.1º), while the peak at 41.0º 2θ is due to PdSn (111) phase. These results revealed 

that the H2 reduction treatment weakens the interactions between Au and Pd leading 

to the formation of Pd-Sn alloy. No obvious Sn or SnOx species were detected on 

these catalysts, implying either a good dispersion or amorphous Sn species.
31

 

Concisely, Pd exists as PdO species on unpromoted catalysts 2Pd-ox and 2AP-ox, but 

partially as Au-Pd alloy species on SnOx promoted 1%SnOx@2AP-ox catalyst. This 

phase variation indicated that the introduction of SnOx led to partial reduction of PdO 

and promoted the formation of the Au-Pd alloy, which is probably due to the electron 
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transfer from SnOx to PdO,
32-33

 due to the lower electronegativity and stronger 

oxophilicity of Sn than Pd.
34

 As shown in Figure S1C, the same trend was observed 

for catalysts ySnOx@AP-ox(H2) with different SnOx concentrations; low intensity of 

the Bragg peaks is due to the low metal loadings. 

The UV-vis spectra of catalysts ySnOx@AP-ox and ySnOx@AP-H2 are shown in 

Figure 2 and Figure S2, respectively. A broad peak at around 520 nm for 

monometallic catalyst Au-ox is attributed to the surface plasma resonance (SPR) of 

Au
0
 NPs.

35
 However, on bimetallic AP-ox and SnOx promoted ySnOx@AP-ox 

catalysts the characteristic peak of Au NPs is not observed, indicating the formation of 

Au-Pd alloy NPs on these catalysts (Figure 1) and also Au was no longer present as a 

pure metallic particle.
1
 Even after H2 reduction at 300 

o
C (ySnOx@AP-H2), no bands 

corresponding to the Au NPs were observed in the UV-vis spectra, revealing that Au 

still exists as alloy species (Au-Pd-Sn) (Figure S2). Further elevated reduction 

temperature to 400
 o
C and 500 

o
C did not lead to obvious Au phase formation (Figure 

S3), no SPR of Au NPs (clusters) were detected even after reduction at 500
 o
C for 2h. 

Based on the above results, we could conclude that H2 reduction weakens the 

interaction between Au and Pd and no pure Au phase was present, implying that 

probably Au-Pd-Sn alloy is the dominant phase in the sample. 
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Figure 3. STEM-HAADF images of catalysts (Insets: energy dispersive line scan 

across NPs using the Au-M, Pd-L and Sn-L X-rays) and the corresponding EDS 

spectral maps of Au (yellow), Pd (green) and Sn (orange) and particle size distribution 

histograms of catalysts (a) AP-ox, (b) 0.5%SnOx@AP-ox and (c) 0.5%SnOx@AP-H2. 

Figure 3 shows representative STEM-HAADF images and EDS spectral maps, and 

the histograms of the particle size distribution of catalysts AP-ox, 0.5%SnOx@AP-ox 

and 0.5%SnOx@AP-H2. The size effect of the NP catalyst and the distribution of 

metal elements play important roles in their catalytic performance.
23, 36

 The 

representative STEM-HAADF images and the corresponding EDS spectral maps of 
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catalyst AP-ox indicated the presence of well-dispersed Au and Pd on the MCF 

support. Moreover, the energy dispersive line scan across NPs revealed the consistent 

dispersion of these two elements, indicating the formation of Au-Pd nano-alloys, 

which is in agreement with the UV-vis results. After introducing SnOx, a slight 

increase of NPs size (2-6nm) was observed on catalyst 0.5%SnOx@AP-ox comparing 

with that (2-4nm) on catalyst AP-ox, which was probably due to the dispersion of 

SnOx on Au-Pd NPs. The energy dispersive line scan across the NPs indicated that the 

dispersion of Sn atoms was identical to that of Au-Pd.
37

 After the reduction, the 

intensity of Sn signal was significantly enhanced on catalyst 0.5%SnOx@AP-H2 and 

this result is indicating the aggregation of Sn on Au-Pd NPs and formation of 

Au-Pd-Sn NPs with uniform composition. The introduction of SnOx resulted in a 

slight increase of metal particle size for catalyst 0.5%SnOx@AP-ox and a further 

increase of particle size on reduced catalyst 0.5%SnOx@AP-H2 (3-7 nm), which is 

probably due to the reduction process leading to enhanced interaction between Au-Pd 

NPs and Sn and aggregation into larger NPs.  

To further study the chemical composition of alloy NPs before and after H2 

reduction, the high-resolution HAADF images and corresponding element analysis 

spectra of catalysts 0.5%SnOx@AP-ox and 0.5%SnOx@AP-H2 were recorded by 

AC-TEM (Figure 4). Energy-dispersive line-scanning spectra (Figure 4b) show a 

much higher signal intensity of Au and Pd than that of Sn on catalyst 

0.5%SnOx@AP-ox. EDS elemental mapping (Figure 4d-f) further verified the 

homogenous dispersion of Au and Pd, confirming the formation of Au-Pd alloy NPs. 
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Correlating the line-scanning spectra shown in Figure 4b with EDS mapping of Sn 

element (Figure 4f), it can be concluded that SnOx was successfully deposited on 

Au-Pd NPs of the un-reduced catalyst 0.5%SnOx@AP-ox. The Sn element evenly 

distributed on the surface of catalyst 0.5%SnOx@AP-ox (Figure 4b). By contrast, an 

obvious accumulation of Sn element on Au-Pd alloy NPs was observed through line 

scan (Figure 4b’) and elemental mapping (Figure 4f’) on the H2-reduced catalyst 

0.5%SnOx@AP-H2, and the nanoparticles were morphologically structured with an 

Au-Pd rich core and a Sn-rich shell. These results revealed the structure 

reconstruction of alloy NPs and presence of strong interaction between Au-Pd NPs 

and Sn after H2 reduction. These observations are in line with the XRD and TEM 

results.  
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Figure 4. High resolution HAADF-STEM images with energy-dispersive line-scans 

of a single nanoparticle and elemental maps of Au, Pd, Sn and merged (Au-Pd-Sn) 

images of catalysts 0.5%SnOx@AP-ox (a-f) and 0.5%SnOx@AP-H2 (a’-f’). Scale bar, 

M=5 nm. 
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Figure 5. Au 4f XPS spectra (A), Pd 3d XPS spectra (B), Sn 3d XPS spectra (C) and 

O 1s XPS spectra (D) of catalysts: (a) AP-ox, (b) 0.5%SnOx@AP-ox, (c) 

0.5%SnOx@AP-H2 and a reference sample 1%SnOx/MCF-ox. 

The XPS spectra of Au 4f, Pd 3d, Sn 3d, and O 1s are shown in Figure 5A-5D and 

the detailed surface states of elements are summarized in Table 2. The XPS spectra of 

Au 4f indicated the presence of two types of Au species (Au
δ-

 and Au
0
) on the 

catalysts.
38-39

 The two characteristic peaks with binding energies (BE) of 84.0 eV 

(Au4f7/2) and 87.9 eV (Au4f5/2) were observed on the bimetallic catalyst AP-ox, 

corresponding to the typical Au
0
 species.

40
 While the other two peaks with BEs of 

83.5 eV and 87.0 eV are attributed to the presence of negatively charged Au
δ-

 

species.
41

 The formation of Au
δ-

 species on bimetallic catalysts was due to the 

alloying effect of Au and Pd, the electrons can easily transfer from Pd to Au to form 



 

21 

 

negatively charged Au
δ-

.
42

 These four peaks were also observed on catalyst 

0.5%SnOx@AP-ox, indicating the existence of Au
0
 and Au

δ-
species,

40-41
 however, the 

ratio of surface Au
δ-

/Au
0
 changed drastically from 0.6 for catalyst AP-ox to 4.5 for 

catalyst 0.5%SnOx@AP-ox. The low surface Au
δ-

 content for catalyst AP-ox was due 

to the presence of surface PdO species as shown by XRD; the Au cannot alloy with 

PdO.
11

 Whereas the introduction of SnOx promoted the reduction of PdO and 

formation of Au-Pd alloy NPs and increase the amount of surface Au
δ-

 species. On the 

reduced catalyst 0.5%SnOx@AP-H2, the Au
δ-

/Au
0
 ratio decreased to 1.7 due to the 

partial reduction of SnOx to Sn and its alloying with Au-Pd to form Au-Pd-Sn alloy 

NPs. The latest weakened the interaction between Au and Pd and resulted in a 

decrease of electron density of the Au surface.  

For 3d Pd XPS spectra contain the 3d5/2 with BE of 335.5±0.3eV corresponds to Pd
0
 

species
43-45

 and the 3d5/2 with BE of 337.5±0.3eV corresponds to Pd
2+

(PdO) 

species.
43-44

 The Pd XPS spectrum (Figure 5B) of the AP-ox bimetallic catalyst 

contains a peak with BE of 337.5 eV corresponding to PdO species.
46

 On SnOx 

promoted catalyst (0.5%SnOx@AP-ox), two Pd 3d5/2 characterization peaks with BE 

of 335.9 eV and 337.6 eV corresponding to Pd
0
 and PdO, respectively, are present.

46
 

These results are in accordance with the XRD data, revealing that the introduction of 

SnOx leads to a partial reduction of PdO to Pd
0
 species, which is due to the higher 

oxophilicity of Sn with lower electronegativity than the Pd (Sn=1.96, Pd=2.20).
34

 On 

the H2 reduced catalyst (0.5%SnOx@AP-H2), the Pd
0
 species with BE of 336.2 eV,

47
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with a slight positive shift (0.3 eV) probably due to the strong interaction between Sn 

and Pd is observed.  

The Sn 3d XPS spectrum of the reference sample (SnOx/MCF-ox) contains peaks at 

487.3 eV(3d5/2) and 495.7 eV(3d3/2) corresponding to the presence of SnO2 species 

(Figure 5C). The spectrum of catalyst 0.5%SnOx@AP-ox contains a peak slightly 

shifted to higher binding energy (487.5 eV) confirming the presence of SnO2. This 

positive BE shift is generally attributed to the strong interaction between Au-Pd NPs 

and SnO2 in which an electron transfer from SnO2 to Au-Pd occurred,
48

 resulting in 

partial reduction of PdO to Pd
0
 and formation of more surface Au

δ-
 species as shown 

in Figure 5A, B. However, on the reduced catalyst 0.5%SnOx@AP-H2, typical Sn
0
 

species with BE of 485.5 eV were detected in addition to the SnO2, indicating that 

SnO2 was partially reduced under H2 at 300 
o
C. In summary, electrons transfer from 

SnO2 species to Au and Pd on catalyst 0.5%SnOx@AP-ox, leading to the formation of 

Au-Pd alloy NPs was observed. As low-coordinated Pd
0
-enriched clusters are 

generally considered as active sites for benzyl alcohol oxidation,
 13,49

 introducing 

SnOx to AP-ox catalyst increased the active sites of catalyst 0.5%SnOx@AP-ox, 

which could cause an enhancement of catalytic activity for benzyl alcohol oxidation. 

After the reduction, the PdO was completely reduced to Pd
0
, and SnOx was partially 

reduced to Sn. The strong interaction between Pd and Sn species leaded to the 

formation of Au-Pd-Sn alloy as confirmed by correlating the UV-Vis and XRD 

results. The O 1s XPS spectrum of sample 1%SnOx/MCF-ox contains a lower energy 

band (532.8 eV) implying that there are more electron-rich oxygen atoms near the 
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surface of the metal oxide (Figure 5D). While for the 0.5%SnOx@AP-ox, the binding 

energy shifted to higher value (533.0 eV), indicating the weakening of surface metal 

oxygen (M-O) interactions.  

Table 2. Surface Composition of Catalysts.  

a
 Catalyst 0.5%SnOx@AP-ox was analyzed after a control reaction in N2 

atmosphere. 

The bulk atomic ratio of Au/Pd/Sn based on ICP and surface chemical 

composition based on XPS of different catalysts are summarized in Table 2. The 

atomic ratio of Au/Pd/Sn in the bulk of the 0.5%SnOx@AP-ox catalyst is 1: 3.6: 2.8, 

while the surface composition was found to be 1: 6.0: 23.8 on the same catalyst. This 

result confirmed that most of Sn is distributed on the catalysts surface, which is 

consistent with EDX analysis (see line-scans and mapping in Figure 4). After the 

reduction, the Au/Pd/Sn ratio on the surface was dramatically changed to 1: 4.1: 6.3, 

indicating that Sn partially entered in the bulk of NPs. This observation is consistent 

with the STEM-HADDF results showing that the reduction led to the transformation 

of surface Sn to the bulk, which may result in the formation of Au-Pd-Sn alloy NPs, 

Samples 

ICP XPS XPS 

Au: Pd: Sn Au: Pd: Sn Au
δ­

: Au
0 Pd

0
: Pd

2+ Sn
0
: Sn

δ+ 

AP-ox 1: 3.6: 0 1: 2.3: 0 0.6: 1 0: 1:   --- 

 0.5%SnOx@AP-ox 1: 3.6: 2.8 1: 6.0: 23.8 4.5: 1 1: 1.2 0: 1 

 0.5%SnOx@AP-H2 1: 3.6: 2.8 1: 4.1: 6.3 1.7: 1 1: 0 0.2: 1 

 0.5%SnOx@AP-ox
a 1: 3.7: 2.6 0: 1: 8.6 undetectable 1: 0.25 0: 1 
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and/or a reduced SnOx shell with different spreading on the Au-Pd particles. 

Furthermore, the strong interaction between Pd and Sn weakened the interaction 

between Au and Pd, thus leading to the electron redistribution between Au-Pd-Sn 

atoms. 

H2-TPR profiles of the catalysts are depicted in Figure 6A. The spectrum of 

monometallic catalyst Pd-ox contains a peak at 106 °C which is commonly attributed 

to the reduction of surface PdO species and a peak at 267°C ascribed to the reduction 

of bulk PdO. While in the spectrum of bimetallic catalyst AP-ox, the bulk reduction 

peak at 267°C disappeared, indicating alloying of Au and Pd that prevented the 

formation of bulk PdO phase.
8-10

 A negative reduction peak at 59 °C was observed for 

catalysts 0.2%SnOx@AP-ox, 0.5%SnOx@AP-ox and 1.0%SnOx@AP-ox, which 

could be attributed to the decomposition of β-PdHx. Since PdO species are easily 

reduced in a hydrogen atmosphere to metallic Pd, which further interacts with 

hydrogen to form β-PdHx species.
50-51

 The presence of this peak indicated that PdO 

species on SnOx promoted catalysts are easily reduced to active Pd
0
 species or the Pd

0
 

species are present. A reduction peak around 525°C is observed for sample 

SnOx@MCF-ox, which is due to the reduction of surface SnOx species, however, this 

peak shifts to 370°C for catalysts 0.5%SnOx@AP-ox and 1.0%SnOx@AP-ox, 

revealing that the interaction between SnOx and Au-Pd NPs promotes the reduction of 

surface SnOx species. Combined the H2-TPR with XPS results, one can conclude that 

the strong interaction between SnOx and Au-Pd NPs helps the reduction of surface 
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SnOx and PdO species, which may act as oxygen transfer intermediate during the 

oxidation reaction.  

 

 

Figure 6. H2-TPR spectra (A) of catalysts (a) Pd-ox, (b) AP-ox, (c) 

0.2%SnOx@AP-ox, (d) 0.5%SnOx@AP-ox, (e) 1.0%SnOx@AP-ox and (f) 

SnOx@MCF-ox. Time-resolved CO-desorption DRIFTS spectra of catalysts (B) Au 
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-ox, (C) Pd -ox, (D) AP-ox, (E) 0.5%SnOx@AP-ox and (F) 0.5%SnOx@AP-H2 at 

25ºC. 

The time-resolved CO adsorption DRIFTS spectra were conducted for all catalysts 

and presented in Figure 6B-F and Figure S4-5 (full spectral range). The bands at 2171 

cm
-1

 and ~2117 cm
-1

 are observed in the spectra for all samples and their intensity 

decreased with the CO desorption, which are ascribed to the physically adsorbed 

gaseous CO.
52

 The typical CO adsorption on Au at 2100～2000 cm
−1

 was not 

obvious
53

 on catalyst Au -ox (Figure 6B), which is probably due to the strong 

interaction between Au NPs and silica support.
8
 For catalyst Pd-ox (Figure 6C), the 

carbonyls on Pd
2+

 at 2117 cm
−1 

overlapping with adsorption bands of gaseous CO are 

confirmed,
54

 and this band does not disappear during CO desorption. A new band at 

~2100cm
-1

 was observed on the bimetallic catalyst AP-ox (Figure 6D). The intensity 

of the latest band was enhanced for catalyst 0.5%SnOx@AP-ox (Figure 6E), 

associated with the linearly adsorbed CO on Pd
δ+

 located in the corner or edge sites of 

Pd nanoparticles 
55-56

. A weak adsorption band centered at 1985 cm
-1

 is present in the 

spectrum of catalysts AP-ox (Figure 6D) due to bridged CO adsorption on contiguous 

Pd
0
 sites or Pd

0
-enriched clusters (νCO: 1900 – 2000 cm

-1
)
57

 that was further enhanced 

for catalyst 0.5%SnOx@AP-ox (Figure 6E), indicating the formation of Pd
0
-enriched 

clusters after introducing SnOx. Whereas, the enhanced intensity of the band at 

~2100cm
-1

 reflecting the increase of linearly adsorbed CO on Pd
0
 sites. These results 

reveal the increase of both Pd
0
-enriched clusters and single Pd

0
 sites on catalyst 

0.5%SnOx@AP-ox, which is consistent with XRD and XPS results. After H2 
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reduction (Figure 6F), the band corresponding to the bridged adsorption of CO on Pd
0
 

at 1985 cm
-1

 disappeared, indicating the reconstruction of Pd
0
-enriched clusters to 

Au-Pd-Sn or Pd-Sn alloy NPs. The CO2 vibration peaks (~2360 and ~2340 cm
-1

)
52

 

were detected on SnOx promoted catalysts 0.5%SnOx@AP-ox and 

0.5%SnOx@AP-H2, revealing that CO was readily oxidized to CO2 on these catalysts 

at room temperature (25°C). Especially on unreduced catalyst 0.5%SnOx@AP-ox, the 

intensity of CO2 adsorption bands increased as the desorption proceeds (Figure 6E, 

black frame), indicating that the adsorbed gaseous CO was oxidized to CO2. These 

results indicated that SnOx could serve as an oxygen transfer medium which would 

enhance the oxygen transfer during partial oxidation of benzyl alcohol over Au-Pd 

NPs catalyst. 

3.2 Catalytic Evaluation. The activity for benzyl alcohol oxidation and 

benzaldehyde selectivity of different catalysts are presented in Figure 7A; detailed 

oxidation results are summarized in Table S1. The external and internal diffusion 

limitations have been neglected based on the results from our recent study.
58

 

Therefore, the TOFs is used to represent the intrinsic activity of catalysts in the 

current study. As is shown (Figure 7A and Table S1), the catalytic activity on 

unreduced monometallic catalysts (Au, Pd, Sn) and bimetallic catalysts (Au-Pd, 

Au-Sn, Pd-Sn) are low. But a significant enhancement of catalytic activity was 

achieved on SnOx promoted catalyst 0.5%SnOx@AP-ox, indicating a synergy among 

different Au, SnOx and Pd species. Catalyst AP-ox exhibited a low catalytic activity 

(TOF=4365h
-1

) for benzyl alcohol oxidation because inert PdO species exist as the 
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dominant surface species (see XPS spectra, Figure 4B). After introducing 0.5wt.% 

SnOx, a higher catalytic activity (TOF=13662 h
-1

) was achieved on catalyst 

0.5%SnOx@AP-ox, due to the presence of active Pd
0
 species on the catalyst surface. 

Thus, the introduction of SnOx promoted the partial reduction of PdO to Pd
0
 and 

formation of more Pd
0
-enriched clusters on catalyst 0.5%SnOx@AP-ox, leading to 

catalytic activity enhancement. However, the catalytic activity decreases on the H2 

reduced catalyst 0.5%SnOx@AP-H2, where most of PdO species are believed to be 

reduced to Pd
0
. The low catalytic activity of catalyst 0.5%SnOx@AP-H2 is due to the 

formation of Au-Pd-Sn alloy NPs with uniform composition, which results in the 

decrease of active Pd
0
-enriched clusters as shown by CO adsorption FT-IR.

13
 It is also 

noted that no obvious enhancement of catalytic activity was observed on SnOx 

promoted Pd NP catalysts no matter whether were or not treated under H2 (catalysts 

0.5%SnOx@Pd -ox and 0.5%SnOx@Pd-H2, TOF=7500-7800 h
-1

), Table S1. These 

results indicate that the effect of Au on the catalyst performance should not be 

ignored. The role of Au on the Au-Pd alloy NP catalyst was usually considered as a 

structural and electronic promoter, which fostered the formation of active 

Pd
0
-enriched sites. It is worth noting that a significant enhancement of benzaldehyde 

selectivity (from 60.1% on catalyst AP-ox to 73.2% on catalyst 0.5%SnOx@AP-ox) 

was achieved after introducing the SnOx promoter, and especially the benzaldehyde 

yield increased from 15.7% (AP-ox) to 59.8% (0.5%SnOx@AP-ox) after 2h reaction. 

The benzaldehyde selectivity increased with the increase of SnOx content, which 

should be related to the surface properties of the catalyst. Similar results were also 
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reported by Hutchings and coworkers for H2O2 synthesis.
13

 SnOx promoted Pd/TiO2 

catalyst exhibited high H2O2 selectivity attributable to the surface modification of 

SnOx to Pd sites. 

 

 

Figure 7. (A) Performance (TOF) of catalysts, XPS spectra of Pd 3d (B), Sn 3d (C), 

and Au 4f (D) before and after control reaction (reaction conditions: 50.0 mg catalyst, 

10.8 g benzyl alcohol, nitrogen pressure of 0.8 MPa, reaction temperature of 110℃, 

reaction time of 2 h, stirring rate of 800 r/min).  

In order to study the catalytic mechanism of benzyl alcohol oxidation on SnOx 

promoted Au-Pd catalyst, the control reaction was carried out on catalyst 

0.5%SnOx@AP-ox under the same reaction conditions except for using N2 

atmosphere. A benzyl alcohol conversion of 5.8% with benzaldehyde selectivity of 
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85.3% were obtained after 2h reaction. The surface properties of the used catalyst 

were characterized by XPS, Figure 7B-D. A significant increase of Pd
0
/Pd

2+
 ratio 

from 1:1.2 to 1:0.25 was observed after the reaction under N2 atmosphere, indicating 

that PdO participates in the oxygen transfer during the oxidation reaction. The BE of 

Sn 3d shifted from 487.5eV to 487.1eV revealing the partial reduction of SnOx to 

lower valance state SnOx-δ (Figure 7C). However, no surface Au species are detected 

after the reaction. ICP results revealed no obvious leaching of Au during the control 

reaction (Table 2). These results indicated that both PdO and SnO2 were reduced in 

the control reaction, namely participating in the oxygen transfer during the oxidation, 

which is in good accordance with time resolved CO-DRIFTS data. The surface Pd/Sn 

ratio decreased from 0.25 to 0.12 after the reaction, indicating the surface 

accumulation of Sn on Au-Pd-Sn NPs, while Au transferred to the inner bulk or 

covered by Sn-Pd.  

Correlating the characterization results with the activity of the catalyst 

(0.5%SnOx@AP-ox), we could conclude that the introduction of SnOx promotes the 

partial reduction of surface PdO to active Pd
0
 species. Both PdO and SnOx 

participated in the oxygen transfer reaction, leading to a high catalytic activity. After 

H2 reduction, the PdO was completely reduced to Pd
0
, while SnOx was partially 

reduced and migrated to the bulk of Au-Pd NPs to form Au-Pd-Sn alloy NPs. A low 

catalytic activity was observed on catalyst 0.5%SnOx@AP-H2, which is due to the 

formation of surface Au-Pd-Sn alloy. 
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3.3 DFT Calculation. The DFT calculations were applied to further explain the 

reconstruction of active sites on SnOx promoted Au-Pd catalysts and the results are 

shown in Table 3. It was found that the bond energy of Sn-O is 141.1 kcal/mol, which 

is significantly higher than that of the Pd-O bond (86.8 kcal/mol), therefore, part of 

PdO species would be reduced by Sn and more Pd
0
 sites were generated after 

introducing Sn (XPS results). Simultaneously, the formation energy of different alloys 

was calculated to verify the reconstruction of active sites after H2 reduction. The 

results indicated that the absolute value of Pd3Au formation energy (-0.43 eV) is quite 

smaller than that of Pd3Sn (-1.84 eV), which explained the easy formation of 

Pd-Sn/Au-Pd-Sn alloy after H2 reduction and justified the experimental results. 

Table 3. The bond energies of different M-O bonds and formation energies of 

different alloys. 

M-O Bond energy (kcal/mol) Alloys Ef (eV) 

Sn-O -141.2 Pd3Au -0.43 

OSn-O -76.3 Pd3Sn -1.84 

Pd-O -86.8   

Ef = [E(PdiMj) - iE(Pd) - jE(M)]/(i + j), E (PdiMj) represents the total energy of the PdiMj 

alloy unit cell, E (Pd) and E (M) represent the energy of each atom in Pd and M simplex, 

respectively, i and j represent the number of Pd and M atoms in the alloy unit cell, respectively. 
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Figure 8. Adsorption/desorption energies and configurations of benzyl alcohol, O2 

and benzaldehyde on Pd3Au(111), SnOx/Pd3Au(111), Sn3Pd3Au(111) and 

Sn/Pd3Au(111) surfaces (blue, yellow, gray in the catalyst, gray in the benzene ring, 

red, and white balls denote Pd, Au, Sn, C, O, and H atoms, respectively). Note: The 

adsorption energy and desorption energy are calculated by the same equation but with 

opposite values. The term of adsorption energy was applied for reactants (benzyl 

alcohol and oxygen), while the term of desorption energy was applied for product for 

distinction. 

The catalytic activity and useful product selectivity of benzyl alcohol partial 

oxidation were closely related to the adsorption properties and surface O species.
59-60

 

Thus, the adsorption/desorption energies and configurations of benzyl alcohol, O2 and 

benzaldehyde on Pd3Au(111), Sn3Pd3Au(111), Sn/Pd3Au(111), SnO/Pd3Au(111), and 

SnO2/Pd3Au(111), whereas the detailed energy barrier for the O2 decomposition into 2 
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O, the adsorption energy of benzyl alcohol and oxygen, and the desorption energy of 

the products are presented in Figure 8 and listed in Table S2. Compared with the 

bimetallic Pd3Au(111) surface, the Sn containing surfaces (Sn/Pd3Au (111) and 

SnO/Pd3Au(111)) are conducive for the adsorption and activation of oxygen 

molecules, since the decomposition energy barrier of the O2 decomposition is 

significantly reduced from 42.5 kcal/mol on the Pd3Au(111) surface to 19.2 kcal/mol 

on the Sn/Pd3Au(111) surface and to 33.5 kcal/mol on the SnO/Pd3Au(111) surface. 

The adsorption energies of benzyl alcohol on the SnO/Pd3Au(111) and 

SnO2/Pd3Au(111) surfaces are 32.0 kcal/mol and 39.2 kcal/mol, respectively, much 

higher than those of other surfaces, indicating that benzyl alcohol could be easily 

adsorbed on the SnO/Pd3Au(111) and SnO2/Pd3Au(111) interfaces. On the other hand, 

the adsorption energy of benzaldehyde on the reduced surfaces (SnO/Pd3Au(111) and 

Sn/Pd3Au(111)) is lower than that on the surface of SnO2/Pd3Au(111), which indicates 

benzaldehyde easily desorbed from the SnO/Pd3Au(111) or Sn/Pd3Au(111) interface. 

The characterization results revealed that SnO2 participates in the oxygen transfer 

reaction and is partially reduced during the reaction (Figure 7C). Benzyl alcohol was 

easily adsorbed on the SnO2/Pd3Au (111) surface and oxidized by SnO2, and at the 

same time, the SnO2/Pd3Au (111) interface was reduced to SnO/Pd3Au(111) or 

Sn/Pd3Au(111) which are beneficial for the benzaldehyde desorption. The reduced 

interfaces SnO/Pd3Au (111) and Sn/Pd3Au(111) continue to adsorb oxygen and 

participate in the next reaction cycle (Figure 9A). However, when the catalyst was 

completely reduced (Pd3Sn3Au alloy formation), the adsorption energies of benzyl 
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alcohol decreased (from 16.2 kcal/mol on AuPd3 alloy to 10.5 kcal/mol on Pd3Sn3Au 

alloy), the adsorption distance increased (2.502Å→2.698Å), thus, leading to a low 

catalytic activity on H2-reduced catalyst 0.5%SnOx@AP-H2.  

Based on the above results, a reaction mechanism was proposed (Figure 9B). The 

enhanced catalytic activity on SnOx promoted AP catalyst was due to the presence of 

high oxophilic Sn, which promoted the partial reduction of PdO to active Pd
0
. Both 

PdO and SnOx participated in the partial oxidation reaction and enhanced the O 

transfer, thus leading to a high catalytic activity. The redox switching of SnOx with 

SnOx-δ changed the catalyst surface affinity to benzyl alcohol and benzaldehyde. 

Benzyl alcohol was easily adsorbed on SnO2/Pd3Au(111) surface, and SnO2 

participated in the oxygen transfer via reduction to SnO/Pd3Au(111) or 

Sn/Pd3Au(111), which is crucial for the benzaldehyde desorption, leading to a high 

benzaldehyde selectivity. The SnO/Pd3Au or Sn/Pd3Au reduced surfaces readily 

adsorb and react with oxygen to form SnO2/Pd3Au and participate in the next reaction 

cycle. 

 

Figure 9. (A) Adsorption energy of benzyl alcohol and benzaldehyde on 

SnO2/Pd3Au(111), SnO/Pd3Au(111) and Sn/Pd3Au(111) surfaces, and (B) Schematic 
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illustration of benzyl alcohol and benzaldehyde adsorption/desorption on SnOx/Au-Pd 

and SnOx-δ/Au-Pd surface. 

4. CONCLUSIONS  

 In this study, SnOx was introduced into the Au-Pd bimetal catalyst as a promoter. 

Based on the comprehensive experimental and theoretical results we found out that 

the introduction of SnOx promotes the partial reduction of PdO to active Pd
0
-enriched 

clusters on unreduced catalyst, which is due to the high oxophilicity of Sn. The 

presence of more active Pd
0
-enriched clusters, together with the enhancement of O 

transfer by PdO and SnOx, results in the highest catalytic activity (13662 h
-1

) for 

benzyl alcohol oxidation on catalyst 0.5%SnOx@AP-ox, while the benzaldehyde 

selectivity increased with SnOx ratio. The enhanced benzaldehyde selectivity on SnOx 

promoted catalysts ySnOx@AP-ox was due to the in-situ regulation of reactants and 

products affinity on the catalyst surface through redox switching of SnOx with SnOx-δ 

during oxidation reaction. After H2 reduction, the SnOx was partially reduced and 

Au-Pd-Sn alloy was formed leading to a reduced activity of the catalyst. The 

theoretical results revealed that the formation of Pd-Sn/Au-Pd-Sn alloy weakens the 

adsorption of benzyl alcohol on catalysts SnOx@AP-H2. In summary, the SnOx 

promoted autogenous reduction of PdO to active Pd
0
 species together with the 

enhancement of O transfer by PdO and SnOx leading to high catalytic activity, while 

the SnOx redox switching during the oxidation reaction modulated the adsorption 

properties of reactants and products which enhanced the benzaldehyde selectivity. 
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