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ABSTRACT 

Pt-Pd bimetallic nanoparticles were synthesized on TiO2 support on the planar substrate as 

well as high surface area SiO2 gel by atomic layer deposition (ALD) to identify the catalytic 

performance improvement after forming Pt-Pd bimetallic nanoparticles by the surface analysis 

techniques. From X-ray absorption near edge spectra (XANES) of Pt-Pd bimetallic nanoparticles, 

d-orbital hybridization between Pt 5d and Pd 4d was observed which is responsible for charge 

transferring from Pt to Pd. Moreover, it was found that Pt-Pd nanoparticles has a Pd shell/Pt core 

structure from the in-situ grazing incidence X-ray absorption spectroscopy (GI-XAS) study with 

CO adsorption. Resonant photoemission spectroscopy (RPES) on Pt-Pd bimetallic nanoparticles 

showed that Pd resonant intensity is enhanced compared to Pd monometallic nanoparticles 

because of d-orbital hybrization and electronic states broadening of Pt and Pd compared 

monometallic catalysts, which results in the catalytic performance improvement.  
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I. INTRODUCTION 

Platinum (Pt) based nano-materials have been studied extensively for their exceptional 

catalytic behaviors.
1, 2

 Due to platinum’s high price and low reservoir, it is very important to 

minimize its usage. One of the frequently used methods to reduce the amount of Pt in the 

catalytic system is synthesizing bimetallic alloys with Pt and other metals without losing its 

catalytic properties.
3-10

 In fact, Pt based bimetallic catalysts provide the synergetic effect of 

combining each components so that the catalytic performance, selectivity, as well as stability can 

be improved when the bimetallic structure and composition are fine-tuned.
11-14

 Pt−Pd bimetallic 

nano-catalysts on oxide support are the one of the most studied bimetallic catalysts,
15, 16

 owing to 

their excellent performance in aromatics hydrogenation,
17

 petroleum hydrocracking,
18

 emission 

control,
19

 hydrogen storage,
20

 and electrocatalysis in fuel cells.
21

 Moreover, Pt−Pd bimetallic 

nano-catalysts show an improved sulfur resistance in a process of hydrogenation of aromatics.
17

 

However, the Pt bimetallic catalyst structure-performance relationship still needs to be 

established for the targeted chemical reactions. 

 Industrial catalysts are typically in the form of powder before being pressed and extruded into 

solid pellets of various shape. This morphology hinders various surface analysis techniques at the 

atomic level. To identify the electronic as well as the structural configurations of the catalysts in 

detail, it is required to manage the number of variables for the controlled experiments. For this 

purpose, single crystal substrates have been studied as simplified model catalysts under ultrahigh 

vacuum (UHV) conditions to understand the fundamental behavior of catalytic systems.
22, 23

 This 

approach does not address some important factors such as the role of catalysts particle size and 

the influence of the support materials. To imitate the actual catalyst-support system, physical 

vapor deposition (PVD) of metal on metal oxide substrates was developed under UHV 
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conditions.
24-27

 However, discrepancies in structure and performance relationship were found 

between industrial catalysts and model catalysts.
28

 “Pressure gap” and “materials gap” have been 

the focus on bridging the studies of industrial and model catalysts. One other possible issue that 

has limited discussion in the literature is the “synthesis gap”. “Synthesis gap” between industrial 

and model catalysts is caused by differences in preparation methods. Industrial catalysts are often 

prepared using chemical methods with the presence of water and/or moisture and possible 

inorganic contaminations such as chloride, while the model catalysts are prepared by PVD of 

high purities with no or little presence of surface water under UHV conditions. This difference 

may cause departure from imitating the industrial catalysts with different morphologies and 

compositions. In addition, it is challenging to provide conformal coverage of metal nanoparticles 

and oxide supports on high aspect ratio substrates using PVD. To overcome this “synthesis gap”, 

an alternative way to prepare identical nanoparticles and oxide thin films on both planar 

substrates and high surface area materials are highly desired.  

Atomic Layer deposition (ALD) produces a conformal coating by a sequential exposure of 

gas phase precursors for the growth of thin oxide films and uniform metal nanoparticles.
29-34

 

ALD has been utilized to prepare solid catalysts and achieved improving stability, reactivity, and 

selectivity.
35-38

 Because ALD is controlled by self-limiting surface reactions, it is possible to 

grow almost identical catalytic systems on both planar substrates and high surface area 

materials.
39, 40

 ALD has been successfully adopted to produce alumina thin film supports for 

model silver catalysts
41

 and protecting layers for powder palladium catalysts.
42

 Therefore, ALD 

is a promising candidate to resolve the discrepancy between the model and the industrial 

catalytic systems. Oxide supports as well as metal nanoparticles that have precisely controlled 

compositions and particle sizes can be deposited by ALD in both planar model and practical 
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catalyst systems.
43

 In addition, it is worth using planar model catalysts within ALD systems even 

though they do not have high surface areas like commercialized catalysts because surface 

sensitive characterization techniques such as photoemission spectroscopy can be performed to 

understand detailed structural and electronic configurations. Moreover, the number of parameters 

can be easily controlled and minimized in planar model catalysis.  

  Supported Pt-Pd bimetallic nanoparticles have been synthesized prepared using ALD.
 3, 44, 45

 

In our previous report, Pt-Pd bimetallic nanoparticles with 1 nm diameter were synthesized by 

ALD on TiO2 support/SiO2 gel.
45

 Extended X-ray absorption fine structure (EXAFS) results 

showed that Pt-Pd bimetallic nanoparticles form a Pt-core/Pd-shell structure regardless of the 

growth temperature and pulse sequence. Density functional theory (DFT) calculations were 

performed to find out the lowest energy configuration for Pt-Pd bimetallic nanoparticles. There 

was no preferred surface configuration for either a Pt or Pd rich surface in vacuum while Pd-rich 

surface was more stable after adsorption of hydrogen monolayer. In this report, Pt-Pd bimetallic 

nanoparticles were synthesized on TiO2 thin films on a planar substrate instead of SiO2 gel to 

identify the change in their catalytic performance after forming Pt-Pd bimetallic nanoparticles. 

EXAFS fitting shows Pt-Pd nanoparticles on TiO2 thin films have almost same bonding 

characteristics with those on TiO2 support/SiO2 gel. In addition, d-orbital hybridization between 

Pt 5d and Pd 4d was observed which is responsible for charge transferring from Pt to Pd. 

Resonant Photoemission Spectra (RPES) of Pt-Pd bimetallic nanoparticles showed that Pd 

resonance is enhanced compared to Pd monometallic nanoparticles owing to the hybridization 

between Pt to Pd. The RPES indicates that the electronic configuration of Pt-Pd bimetallic 

nanoparticles has been altered significantly compared to monometallic catalysts which results in 

the catalytic performance improvement. 
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II. EXPERIMENTAL 

Pt-Pd/TiO2/Si(100) and Pt-Pd/TiO2/fused silica model catalysts and Pt-Pd/TiO2/SiO2 gel 

practical catalysts were prepared simultaneously in a viscous flow hot-walled ALD system.
45, 46

 

Ultrahigh purity N2 carrier gas (Air-gas, 99.999%) was purified once again using an Aeronex 

Gatekeeper Inert Gas Filter by trapping oxygen-containing impurities right before entering the 

ALD reactor. 

 1 mm thick high purity polished fused silica (Technical Glass Products) and 0.5 mm thick n-

Si(100) wafers (SQI, Inc) were used as substrates for model catalysts. The Si(100) wafer has a 17 

Å thick native SiO2 layer which is measured by spectroscopic ellipsometry. The SiO2 gel 

(Silicycle S10040 M silica gel) has about 100 m
2
g

-1
 surface area with a particle size of 75–200 

μm, and a pore diameter of 30 nm. Pre-baked SiO2 gel (0.5 g) was uniformly distributed on a 

stainless steel mesh on the stainless steel sample tray which also contains the Si(100) and fused 

silica substrates. The sample tray was loaded to the center of the ALD reactor and baked for 30 

min at 200 °C with a 350 sccm N2 flow under 1 Torr for thermal stabilizing of samples and 

outgassing of the SiO2 gel. Then the samples were in-situ cleaned by 10% ozone in O2 with a 30 

sccm flow rate under 1 Torr at 200 °C for 15 min before ALD deposition. It has been reported 

that ALD Pt and Pd nucleation is more efficient on TiO2 than SiO2.
47, 48

 After cleaning, 3 Å thick 

TiO2 deposition was made on the substrates by 5 cycles of TiO2 ALD to promote Pt and Pd 

nucleation. The bare SiO2 gel yielded only about 0.1 wt% gain for Pd. TiCl4 (Sigma-Aldrich, 

99.9%) and deionized water were used as precursors alternatively at 150 °C. The thickness of 

TiO2 films on Si(100) were measured by spectroscopic ellipsometry which were deposited on 

SiO2 gel in the same batch. The weight gain of the SiO2 gel by TiO2 was measured to confirm 
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TiO2 film thicknesses. The thickness differences between these two methods were within 10% 

range. 

Pt was grown on TiO2 coated samples by alternating exposures to 

trimethyl(methylcyclopentadienyl) platinum (Pt(MeCp)Me3, Sigma-Aldrich,98%) and O2 (Air-

gas, 99.9%). Pd was grown on TiO2 coated samples by alternating exposures to palladium 

hexafluoroacetylacetonate (Pd(hfac)2, Sigma-Aldrich, 99.9%) and formalin (HCHO, Sigma-

Aldrich, 37 wt.% in H2O with methanol for stability). The deposition temperatures for metals 

growth was 250 °C. For Pt-Pd bimetallic nanoparticles growth, the adsorbed Pt precursor was 

reacted with O2 at 250 °C, and then the adsorbed Pdrpes precursor was reacted with HCHO at 

200 °C. The Pt and Pd metal loadings were determined by X-ray fluorescence spectroscopy 

(XRF, Oxford ED2000) and inductively coupled plasma (ICP, Varian Vista-MPX). In this work, 

the bimetallic Pt−Pd catalysts prepared using ALD has 1:1 molar ratio on 5-cycle ALD TiO2 

coated Si(100), fused silica, and SiO2 gel.  

Scanning Transmission Electron Microscopy (STEM) measurements were made on Pt-Pd 

bimetallic catalysts on TiO2 coated SiO2 gel. The samples were fully reduced under 50 sccm flow 

of 3.5% H2 in He at 250 °C for one hour. After sonicating in 10 mL of isopropanol for 10 min to 

obtain a uniformly dispersed slurry, the sample was drop-casted onto a lacey carbon copper TEM 

grid (SPi Supplies, 400 mesh) and dried carefully by an ultrainfrared lamp. High angle annular 

dark field (HAADF) images were collected using a JEOL JEM-2100F equipped with a field 

emission gun (EPIC at Northwestern University).  

Propane oxidative dehydrogenation (ODH) was carried out in a micro flow fixed-bed reactor 

with inside diameter of about 4 mm under atmospheric pressure. Ten milligrams of the bimetallic 

catalyst Pt-Pd/ TiO2/SiO2 gel was homogeneously diluted in 90 mg silicon carbide with a particle 
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size of 44 μm. For comparison, Pt/ TiO2/SiO2 gel (2 wt % Pt) and Pd/ TiO2/SiO2 gel (1 wt % Pt) 

samples were prepared by ALD with similar particle sizes. The catalysts were calcined under 10% 

O2 and 10% H2 successively at 250 °C for one hour each. 10% propane with 2 sccm flow rate 

and 10% O2 and 1 sccm flow rate were used as reactants, respectively. Online gas 

chromatographic analysis was performed on a Hewlett-Packard 5890 GC equipped with a TCD 

and a FID detector. The conversion of the reaction was defined as the percentage of propane 

consumed to propane fed. The yield of propylene was obtained as Y = X × S, where X is the 

propane conversion and S is the selectivity to propylene. 

X-ray Absorption Spectroscopy (XAS) was performed on Pt-Pd bimetallic catalysts including 

Extended X-ray absorption fine structure spectroscopy (EXAFS) and X-ray absorption near edge 

structure spectroscopy (XANES) at the beamline of the Materials Research Collaborative Access 

Team (MRCAT) at Sector 10-ID of the Advanced Photon Source, Argonne National Laboratory. 

XAS measurements were made in transmission mode for the Pd/TiO2/SiO2 gel powder catalysts. 

Grazing incidence XAS (GI-XAS) was performed using a partially focused beam (<50 m) for 

the Pt-Pd/TiO2/fused silica model catalyst with an incident angle ~0.16°, which is below the 

critical angle of SiO2 (0.20°). A gas-ionization chamber with Soller slits was used to collect the 

florescence signal. Spectra at both Pt L3 edge (115,627.6 eV) and Pd K edge (24,352.6 eV) were 

acquired for the bimetallic samples. Pt and Pd foils were used to calibrate the monochromator. 

The samples were fully reduced as it was described above. Then the reactor was purged under 

150 sccm flow of ultrahigh purity He for 10 min at 250 °C. The samples were cooled down to 

room temperature and measured under He atmosphere for accurate metal-metal bonds distances 

and coordination numbers. Standard procedures for EXAFS fitting based on WINXAS 3.1 

software were used to fit the data.
49

 The Pt−Pt and Pd−Pd coordination numbers and bond 
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distances were obtained from reference Pd foil for Pd−Pd (NPd−Pd= 12 at 2.75 Å) and Pt foil for 

Pt−Pt (NPt−Pt = 12 at 2.77 Å). Pt−Pd and Pt−Pd scattering phase shift and amplitudes were 

constructed by FEFF. A homogeneous Pt−Pd alloy model for FEFF fitting was constructed by 

substituting Pt with Pd in an fcc bulk structure. A two-shell model fit of the k
2
-weighted EXAFS 

data was obtained between k = 2.8−12 Å
-1

 and r = 1.3−3.0 Å, respectively. The composition 

weighted average first shell coordination number (CN) for the 1:1 bimetallic nanoparticles was 

calculated using: CN = (CNPt−Pt + CNPt−Pd)/2 + (CNPd−Pd + CNPt−Pd)/2. In-situ Pt L3 edge XANES 

spectra were obtained for Pt-Pd/TiO2/fused silica and Pt/TiO2/fused silica samples after 

introducing CO gas molecules in the chamber to identify the surface structure of the catalysts. 

Ultraviolet resonant photoemission spectroscopy (RPES) was performed at the 3 m toroidal 

grating monochromator (TGM) beamline at Center for Advanced Microstructures and Devices 

(CAMD) at Louisiana State University. The beamline was equipped with a photoemission 

endstation using a 50 mm hemispherical electron energy analyzer. Pd/TiO2/SiO2/Si(100) model 

catalyst was placed on a Ta sheet for in-situ heating. The sample was first slowly degassed in 

UHV chamber at 250 
o
C. After that, the sample was reduced under 3.75 × 10

-5
 Torr ultrahigh 

purity hydrogen atmosphere at 250 
o
C for 30 minutes. The valence band spectra were acquired 

after cooling down the sample to room temperature in UHV. The incident photon energy was 

tuned in the range from 35 to 96 eV.  

 

 

III. RESULTS AND DISSUSSION 

Model catalysts used in this work were prepared on fused silica and Si(100), respectively. The 

use of the amorphous fused silica is critical to the success of GI-XAS measurements. In the 
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contrary, the crystalline wafer such as Si(100) would generate diffraction patterns in the EXAFS 

spectra, leading to poor data quality and complicating the data analysis.
50

 The samples for RPES 

measurements were prepared on boron and phosphorus doped Si(100) wafers with resistivity 

about 70 ohm-cm as the accuracy of RPES experiments benefits from using conductive 

substrates. Nonetheless, the surface of fused silica and Si(100) was covered with ALD TiO2 thin 

film to create similar chemical environment for chemical reactions.  

The formation of Pt-Pd bimetallic nanoparticles were confirmed by STEM HAADF image of 

Pt-Pd/TiO2/SiO2 gel after H2 reduction on TEM grid as shown in Fig. 1. HAADF image shows 

brighter contrast for higher Z-number elements which is proportional to Z
2
. Therefore, it was 

identified that the bright contrast Pt-Pd nanoparticles were formed and distributed uniformly on 

TiO2/SiO2 gel matrix with dark contrast because the nucleation properties of Pt and Pd are 

greatly improved on TiO2. The average diameter of the Pt-Pd nanoparticles is ~1.2 nm. 

 

Figure 1. HAADF STEM images of the reduced Pt-Pd/TiO2/SiO2 gel catalyst.  

 

(a) (b) 
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 The catalytic performances of Pt-Pd bimetallic nanoparticles were directly compared with 

monometallic Pt/TiO2/SiO2 gel and Pd/TiO2/SiO2 gel for identifying the synergetic effect of 

bimetallic catalysts by evaluating the oxidative dehydrogenation of propane to propylene at the 

temperature range from 300 
o
C to 500 

o
C. While TiO2/SiO2 is not active for propane ODH, the 

loading of TiO2 could affect the catalyst performance,
51

 therefore the loading of TiO2 was kept as 

a constant at ~8 wt% by applying five ALD cycles of TiO2 on SiO2.  As shown in Fig. 2 (a), the 

conversion to propylene in Pt-Pd bimetallic catalyst is significantly improved compared to Pt and 

Pd monometallic catalysts throughout the entire temperature range. In particular, the conversion 

to propylene in Pt-Pd bimetallic catalyst is about 40 % above 450 
o
C while that of Pt and Pd 

monometallic catalysts stay below 20 %. Moreover, the propylene yield is significantly higher in 

Pt-Pd bimetallic catalyst especially above 400 
o
C as shown in Fig. 2(b). The yield of propylene 

for Pt-Pd bimetallic catalyst is peaked at 400 
o
C with about 4.0 % of value while that of Pt and 

Pd monometallic catalysts are about 0.5 % and 2.2 %, respectively. Therefore, it is clear that the 

formation of bimetallic Pt-Pd nanoparticles on TiO2 support gives a great enhancement on the 

catalytic activities compared to Pt and/or Pd monometallic catalysts on TiO2. Hence, the 

fundamental understanding on the structural and electronic properties of Pt-Pd bimetallic 

catalysts using surface analysis techniques including GI-XAS and RPES is necessary.  
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Figure 2. Performance of catalysts in propane ODH. (a) Conversion of propane, and (b) yield of 

propylene of Pt-Pd/TiO2/SiO2 catalyst (Blue), Pd/TiO2/SiO2 (Red), and Pt/TiO2/SiO2 (Black) 

catalysts, respectively.  

 

 

To identify the bonding nature of Pt-Pd bimetallic nanoparticles on TiO2/fused silica, 

synchrotron GI-XAS measurements were carried out for Pt L3 edge and Pd K edge. GI-XAS was 

used to enhance the signal from the very thin surface layer. Because of its high reactivity, Pt-Pd 

nanoparticles were oxidized upon air exposure. Therefore, it is necessary to reduce the changes 

caused by air exposure prior to GI-XAS measurements by hydrogen annealing as described in 

the experimental section. Even with the surface enhancement from GI-XAS the amount of Pd 

was not enough to obtain smooth EXAFS oscillation with sufficient signal to noise ratio in high 

(a) (b) 
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k region. To avoid the confusion due to high noise, Pd K edge XAFS data were not be fitted. 

XANES Pt L3 and Pd K edges for Pt-Pd bimetallic catalysts on TiO2/fused silica (Blue) are 

shown in Fig. 3 (a) and (b). XANES spectra for Pt and Pd monometallic catalysts TiO2/fused 

silica (Red) are shown for the comparison. Interestingly, the intensity of Pt L3 edge whiteline 

(WL) is significantly higher after forming Pt-Pd bimetallic nanoparticles compared to Pt 

monometallic nanoparticles. Previous reports for XANES study on Pt-Pd bimetallic 

nanoparticles have observed the same behavior.
52-54

 Since the Pt L3 edge involves a transition 

from occupied 2p3/2 to partially unoccupied 5d3/2 and 5d5/2 states, the hole density of 5d states are 

proportional to the intensity of the WL. Therefore, Pt-Pd alloying produces an electron transition 

from Pt to Pd 4d states which results in Pt L3 edge WL intensity increase. Even though bulk Pd 

has fully occupied 4d orbital configuration, nano-sized Pd loses 4d electrons due to the 

coordination reduction and the s-d orbital hybridization.
55

 Hence, the charge transfer from Pt 5d 

to Pd 4d orbital can happen when it becomes a nano-sized catalyst as shown in Fig. 1. On the 

other hand, Pd K edge WL shows similar height of intensity for both Pt-Pd bimetallic and Pd 

monometallic catalysts because the cross-section of the 1s to 4d transition in Pd K edge is limited 

by the selection rule.
53

 EXAFS data for Pt and Pd in Fig. 3 (c) and (d), respectively show 

significant changes after forming bimetallic Pt-Pd nanoparticles compared to Pt and Pd 

monometallic nanoparticles in the magnitude and imaginary parts of the EXAFS signals, which 

indicates a second nearest-neighbor scatterer upon alloying.
56, 57

 The detailed EXAFS fitting 

results for the Pt-Pd bimetallic nanoparticles are listed in Table I. As it was described above, the 

total coordination numbers for Pt-Pd bimetallic and Pt monometallic nanoparticles are 10.2 and 

5.3, respectively which are smaller than 12 of the bulk sample (Pt foil). It has a good agreement 

with the fact that the coordination reduction occurs with the formation of nano-sized catalysts. In 
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addition, Pt monometallic sample has a shorter Pt-Pt bond distance and a smaller coordination 

number compared to that of Pt-Pd monometallic sample because the smaller size of Pt 

nanoparticles affect the bond length as well as the coordination number.
58

 

 

Figure 3. XANES (a) Pt L3 edge for Pt/TiO2/fused silica (Red) and Pt-Pd/TiO2/fused silica 

samples (Blue) and (b) Pd K edge for Pd/TiO2/fused silica (Red) and Pt-Pd/TiO2/fused silica 

samples (Blue). Fourier transformed k
2
-weighted EXAFS data of (c) Pt L3 edge for Pt/TiO2/fused 

silica (Red) and Pt-Pd/TiO2/fused silica samples, k = 3.1 – 9.5 Å
-1

, and (d) Pd K edge for 

Pd/TiO2/fused silica (Red) and Pt-Pd/TiO2/fused silica samples (Blue), k = 2.8 – 9.8 Å
-1

. 

 

(a) (b) 

(c) (d) 
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Table I. EXAFS Data Fitting Results of Pt-Pd Bimetallic and Pt Monometallic Samples and Pt 

foil.  

 

Samples Scatter CN
a
 D (Å)

b
 σ

2
 (×10

3
) E0 (eV) 

Pt foil Pt-Pt 12 2.76 4 7.8 

Pt/TiO2/fused silica Pt-Pt 5.3 2.67 6 1.8 

Pt-Pd/TiO2/fused silica 
Pt-Pt 7.2 2.73 6 3.9 

Pt-Pd 3.0 2.73 5 7.5 
a
CN –coordination number 

b
D – bond distance 

 

To verify the catalytic reaction on bimetallic nanoparticles after gas adsorption, in-situ Pt L3 

edge XANES spectra were obtained after introducing CO gas molecules on the samples at room 

temperature as shown in Fig. 4 (a). The spectra were taken in the CO flow. In the monometallic 

Pt/TiO2/fused silica sample, Pt L3 edge WL intensity increases which indicates that the electronic 

charge transfer occurs between Pt and CO. This is contrary to the Pt L3 edge WL of Pt-

Pd/TiO2/fused silica which does not show any changes in WL intensity indicating that Pt is not 

involved in catalytic activity. This strongly indicates that the Pt-Pd has a Pd shell/Pt core 

structure as it is depicted in Fig. 4 (b) and it is consistent with the reported DFT calculations.
45
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Hence, it is crucial to observe the electronic states of Pd atoms in bimetallic structure using 

RPES.  

 

 

Figure 4. (a) XANES Pt L3 edge for Pt/TiO2/fused silica and Pt-Pd/TiO2/fused silica samples 

before/after CO adsorption. (b) A schematic of Pt and Pt-Pd/TiO2/fused silica model catalyst. Pd 

shell covers Pt nanoparticles so that the reaction with CO only occurs with Pd surface.  

 

 

Fig. 5 shows the RPES valence spectra for Pt-Pd bimetallic nanoparticles on TiO2/Si(100) 

substrate. The incident photon energy varies from 35 eV to 96 eV to assess the resonance 

characteristics of Pd atoms. It is well known that the photoionization cross-sections for 4d 

valence states are influenced by many-body effects which gives a strong resonance at the 

incident energy of 70 eV for Pd atoms.
59

 In Fig. 5, Pd resonance occurs in the incident energy 

range from 58 eV to 95 eV so that the intensity is significantly increases in the binding energy 

range from 0 to 4 eV as previously reported for Pd/TiO2/Si(100) model catalysts.
46

 In addition 

(a) (b) 
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the degree of resonant enhancement is slightly higher in Pt-Pd/TiO2/Si(100) bimetallic catalysts 

than that of Pd/TiO2/Si(100) even though there are fewer Pd atoms in the system. We note that 

the resonant intensity decreases above an energy of 85 eV in contrast to 70 eV observed in 

Pd/TiO2/Si(100) system. Observing a continued resonance enhancement above 70 eV also 

supports strongly the d-orbital hybridization involving charge transfer from Pt 5d to Pd 4d, 

significantly affecting the electronic states of Pt-Pd bimetallic catalysts. The maximum density of 

states can be obtained when the photon direct transition occurs to the strongly broadened electron 

states.
59

 Therefore, the enhanced Pd 4d resonance indicates the broadening of the electronic 

states after the bimetallic Pt-Pd nanoparticles form, with d-orbital hybridization. As the catalytic 

reaction activity occurs on the Pd shell in the bimetallic Pt-Pd catalysts, it is plausible that the 

bimetallic Pt-Pd catalysts has a synergetic improvement of catalytic behavior compared to Pt and 

Pd monometallic catalysts due to this d orbital hybridization.  
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Figure 5. RPES valence spectra for Pt-Pd/TiO2/Si(100) sample with the incident photon energy 

range from 35 to 96 eV. Intensity increase in the binding energy range from 0 to 4 eV is observed 

due to Pd resonance at the incident energy of 70 eV. Compared to spectra from Pd/TiO2/Si(100) 

in the previous report, the resonance has been intensified due to d-orbital charge transfer from Pt 

to Pd. 
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IV. CONCLUSION 

In summary, the Pt-Pd bimetallic model catalyst and powder catalyst supported by TiO2 were 

prepared for characterizing catalyst performance and evaluating their electronic properties by 

performing surface analysis. The Pt-Pd/TiO2/fused silica and Pt-Pd/TiO2/Si(100) were 

characterized using GI-XAS and RPES, respectively. The performance of Pt-Pd/TiO2/SiO2 gel 

powder catalysts were examined in the propane ODH. After forming bimetallic Pt-Pd 

nanoparticles, the catalytic performance is significantly improved compared to Pt and Pd 

monometallic catalysts. GI-XAS study shows that the d electron transfer from Pt 5d to Pd 4d 

upon alloying. In addition, the structure of Pt-Pd nanoparticles was revealed as Pd shell/Pt core 

structure from the in-situ GI-XAS study with CO adsorption. RPES spectra of Pt-Pd bimetallic 

model catalyst shows a measurable enhancement on Pd 4d resonance because of the orbital 

hybridization and electronic states broadening of Pt and Pd which may lead to a significant 

improvement on the catalytic performance of bimetallic Pt-Pd catalysts. 
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