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Abstract

Strong metal-support interaction catalysts have shown to improve desired product 

selectivity at the cost of fractional rates due to active site coverage. The goal of this study was to 

determine if the active site coverage of metallic nanoparticles could be controlled to lower levels 

than have been previously reported in SMSI catalysts with the aim of improving the rate while 

maintaining high selectivity. 2Pd-XTi/SiO2 (2 wt% Pd, X wt% Ti) strong metal-support interaction 

(SMSI) catalysts with Ti loadings between 0-1.0 wt% were synthesized to control Pd nanoparticle 

coverage. Calcination at 450 °C and reduction at 550 °C were sufficient for forming ~2 nm sized 

Pd particles in all catalysts. Increasing the Ti loading from 0.1 to 1.0 wt% increased the surface 

coverage from 40 to 85% at a fixed reduction temperature of 550 °C. The IR spectra of the SMSI 

catalysts were similar with a high fraction of linear bonded CO which was much higher than that 

of Pd nanoparticles of similar size. The SMSI overlayer could be removed by oxidation at 350 C 

and re-reduction at 200 C. EXAFS of the oxidized catalysts indicate that nearly full oxidation of 

the metallic nanoparticle was required to remove the SMSI overlayer. Oxidation temperatures from 

30 to 300 °C partially oxidized the Pd nanoparticles and subsequent re-reduction at 200 °C partially 

decreases the SMSI coverage. The fractional surface coverage was determined by measuring the 

rate of propylene hydrogenation with and without the SMSI overlayer. Increasing the reduction 

temperature from 200 to 550 °C increased the SMSI coverage from 0 to 85% depending on the Ti 

loading and temperature. The range of coverages varied between ~10% with 0.1 wt% Ti after re-

reduction at 300 °C and ~85% with 1 wt% Ti after reduction at 550 °C.
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1.   Introduction

Since the original report of strong metal-support interaction (SMSI) by Tauster, et al. where 

a 2 wt% Pd/TiO2 catalyst initially reduced at 175 °C experienced a significant drop in CO uptake 

when further reduced at 500 °C1, there has been continued interest in utilizing this phenomenon 

for improving catalyst performance. SMSI has been shown to improve product selectivity, catalyst 

lifetime, and process performance in reactions such as propane dehydrogenation2, olefin and 

acetylene hydrogenation3-5, Fischer Tropsch synthesis6, the water gas shift reaction7, and in 

electrocatalysis8. Dulub and coworkers used electron microscopy on a Pt/TiO2 catalyst to better 

understand why SMSI occurs. It was observed that the TiO2 support, after surface species 

mobilization and partial reduction9, covered metal nanoparticles resulting in less active sites 

available for catalysis10. Further work by Tauster, et al. found that this coverage could be reversed 

under high temperature oxidation1. Related work found that the same process can occur on Pt/CeO2 

catalysts as well indicating that this effect is not strictly limited to TiO2 supports11. Further studies 

on transition metal oxide supports revealed that SMSI can occur on most reducible metal oxide 

supports such as TiO2
9, CeO2

11,12, Fe3O4
13,14, La2O3, Nb2O5

15, MnO2
16, and even partially modified 

supports such as Tantalum-doped TiO2
8. SMSI has also been observed on non-reducible metal 

oxide supports such as ZnO17,18 and non-metal supports such as hydroxyapatite19,20 and Boron 

Nitride21 through different migration and coverage processes. The metal nanoparticles that 

facilitate SMSI are as varied as the supports that induce them: Pd1, Pt10,11, Ag22, Au19, Ni, Fe21, 

Rh6,23, and Co24, among others. Many early studies have concluded that the covered nanoparticles 

experience an electronic interaction with the encapsulating SMSI oxides1,6,25-27. Recent studies 

suggest that SMSI is primarily a physical interaction where the uncovered active sites do not 

experience an electronic interaction with the nearby SMSI oxide species2,28-30. It is likely that this 

misunderstanding of strong electronic interactions arose due to reactive metal-support interactions 

(RMSI), a process in which the encapsulating SMSI oxide becomes fully reduced to form an 

alloyed nanoparticle which experiences electronic interactions31.

While studies on SMSI oxide supports were useful in understanding the encapsulation 

process, they have been shown to display low activity, particularly at reaction temperatures of 500 

°C and above as the metal active sites become covered to near completion. Addition of low 

loadings of SMSI oxides to catalysts on inert supports, e.g. Pt-Ti/SiO2, also display lower 

chemisorption and catalytic activity at these high reaction temperatures2,4,15. Previous studies have 
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typically used SMSI oxide loadings of greater than 1 wt%. While these have improved rates 

compared to nanoparticles on SMSI supports and retained the benefits of increased selectivity, 

improved catalyst lifetime, and reduced leaching rates in liquid systems2,24, the rates remain 

relatively low compared to catalysts without SMSI oxides. Other methods, such as atomic layer 

deposition (ALD) of metal oxides onto supported metal nanoparticles, have the same effect seen 

in these SMSI systems24,29,32. For both SMSI and ALD catalysts the loss of nanoparticle surface 

coverage is typically greater than 70%. Lower surface coverage may give desirable modifications 

to catalytic performance but at higher rate. Currently, however, there are no methods to control the 

SMSI surface coverage levels below 70%.

In the present work, the goal was to determine if the active site coverage of metallic 

nanoparticles could be controlled to lower levels than have been previously reported in SMSI 

catalysts with the aim of improving the rate while maintaining high selectivity. Several methods 

are given to control the TiO(2-x) SMSI coverage of Pd nanoparticles from 10 to 80%. CO 

chemisorption, propylene hydrogenation rates, CO IR spectroscopy, STEM, and in situ X-ray 

absorption spectroscopy (XAS) are combined to show that the catalytic surface of ~2 nm sized Pd 

particles in 2Pd-XTi/SiO2 SMSI catalysts (2 wt% Pd, X wt% Ti, SiO2 support) can be partially 

covered by SMSI oxides in a controllable manner. A method to determine the fractional Pd surface 

coverage is also provided.

2.   Materials and methods

2.1   Materials

Davisil 636 silica (99%), titanium(IV) bis(ammonium lactato)dihydroxide (50% solution), 

and tetraamminepalladium(II) nitrate (10% solution) were purchased from Sigma-Aldrich. All 

gases used for catalytic testing were purchased from Indiana Oxygen Company. 3% C3H6 and 5% 

H2 were both balanced with N2. The gases for XAS experiments were 3% H2 balanced in He, pure 

He, and 10% O2 balanced in He. All gases for XAS were purchased from AirGas, Illinois.

2.2   Catalyst preparation

The control, non-SMSI 2Pd/SiO2 catalyst (0 wt% Ti, 2 wt% Pd) was synthesized using pH 

adjusted incipient wetness impregnation (IWI) on Davisil 636 silica (pore size = 60 Å, surface area 

= 480 m2 g-1). Ammonium hydroxide was added dropwise to a 10 wt% Pd(NH3)4(NO3)2 solution 
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diluted in deionized water until the pH was 11. This solution was added dropwise to Davisil 636 

silica. The catalyst was dried overnight at 125 °C, split into thirds, and calcined at 450/600/700 °C 

for 3 hours each. The three catalysts were reduced in 5% H2/N2 (~100 mL min-1) at 200 °C for 30 

minutes and 250 °C for 30 minutes.

2Pd-XTi/SiO2 (denoted as X wt% Ti containing catalyst throughout this paper, 2 wt% Pd) 

sequentially impregnated strong metal-support interaction (SMSI) were synthesized using 

sequential incipient wetness impregnation (IWI). Varied amounts of titanium(IV) bis(ammonium 

lactate) dihydroxide (50% solution) corresponding to 0.1/0.5/1.0 wt% Ti were diluted in deionized 

water and added dropwise to Davisil 636 silica. The XTi/SiO2 catalyst precursors were dried 

overnight at 125 °C and calcined at 300 °C for 3 hours. A second solution containing 10 wt% 

tetraamminepalladium(II) nitrate solution diluted in deionized water was pH adjusted to 11 using 

ammonium hydroxide. This solution was added dropwise to the XTi/SiO2 catalyst precursors to 

achieve a loading of 2 wt% Pd. The 2Pd-XTi/SiO2 catalysts were dried overnight at 125 °C, split 

into thirds, and calcined at 450/600/700 °C for 3 hours each. The resulting 12 2Pd-XTi/SiO2 

catalysts were sequentially reduced in 5% H2/N2 (~100 mL min-1) at 200 °C for 30 minutes and 

250 °C for 30 minutes. SMSI was induced on the 2Pd-XTi/SiO2 catalysts prior to analysis using a 

pre-treatment reduction temperature of 550 °C to initially stabilize particle sizes. The SMSI 

overlayer was removed using oxidation at 350 °C for 30 minutes. Analysis of the non-SMSI state 

was possible using a re-reduction temperature of 200 °C which did not induce SMSI coverage.

2.3   CO chemisorption

CO chemisorption was performed on a Micromeritics ASAP 2020 chemisorption 

instrument using a volumetric chemisorption analysis to determine relative particle sizes. A U-

shaped quartz tube was filled with approximately 0.1 g of catalyst. The samples for the 2Pd/SiO2 

(0 wt% Ti) catalysts were reduced in 5% H2/He at temperatures ranging from 250-550 °C for 30 

minutes prior to analysis at 30 °C. The 0.1-1.0 wt% Ti containing catalyst samples were reduced 

in 5% H2/He at 250 °C for 30 minutes. The 250 °C pre-treatment was used to determine if the 

SMSI catalysts had the same changes to relative particle size as the 2Pd/SiO2 (0 wt% Ti) catalyst 

when increasing the calcination temperature. CO uptakes were estimated by taking the difference 

between the physisorption plus chemisorption and the physisorption only uptakes at different 

pressures. A linear regression of these points was used to estimate the uptake at zero pressure in 
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mmol CO/g metal. The sample loading and Pd wt% were used to convert to mol CO/mol metal. 

Pd nanoparticles can bind CO in a linear, bridging, or three-fold manner depending on the 

nanoparticle size. Larger Pd nanoparticles (> 4 nm) have predominately bridge bonding and three-

fold bonding while small nanoparticles (< 4 nm) have a mixture of linear, bridge, and three-fold 

bonding. Higher reduction temperatures result in larger particle sizes and more face sites which 

cause the bonding factor to increase. This changing bonding factor makes it difficult to estimate 

particle sizes directly using only CO chemisorption.

2.4   Propylene hydrogenation catalytic performance tests

Propylene hydrogenation TORs at 30 °C were used to compare the performance of the 

catalysts. Rate measurements of the non-SMSI state were used in conjunction with Pd EXAFS 

dispersion estimates to calculate the TORs of all catalysts. The 2Pd/SiO2 (0 wt% Ti) catalyst was 

reduced at 250-550 °C then the rate was measured at 30 °C. For these reaction tests the 0.1-1.0 

wt% Ti containing catalysts were reduced at 550 °C, oxidized at 350 °C, then re-reduced at 200-

550 °C. The change in catalytic rate from the SMSI state (re-reduced between 300-550 °C) to the 

non-SMSI state (re-reduced at 200 °C) after the initial 550 °C reduction to stabilize particle size 

was used to estimate particle coverages. All catalytic tests were performed in a 12.7 mm ID quartz 

tube fixed bed reactor with a K-type thermocouple placed in the center of the bed to monitor the 

reaction temperature. A furnace connected to a temperature controller was used to manually adjust 

the bed temperature. Approximately 10 mg of catalyst was loaded into the reactor and was diluted 

to 1 g using SiO2. The reactions were performed in 2.0% H2 and 1.8% C3H6 balanced with N2 at 

30 °C. The products were analyzed using a Hewlett Packard 6890 GC with a flame ionization 

detector (FID). Peaks were integrated and compared to a bypass run of the mixed gases to 

determine conversion and catalytic rate. The catalytic rate was calculated using the conversion and 

initial propylene flow rate to obtain mol C3H8*gcat
-1*s-1. The catalyst loading and Pd wt% were 

used to transform this to mol C3H8*molmetal
-1*s-1. The TOR was calculated by dividing the catalytic 

rate in mol C3H8*molmetal
-1*s-1 by the dispersion from EXAFS. Each measurement was conducted 

at four flowrates that were averaged with five injections each. The rates at each flow rate were 

then averaged to obtain the final catalytic rates that are included in this report. SMSI coverage was 

calculated using the ratio of the catalytic rate when re-reduced at 300-550 °C (SMSI) and re-

reduced at 200 °C (non-SMSI).
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2.5   CO infrared spectroscopy

CO infrared spectroscopy was performed on a Thermo Nicolet iS50 instrument with a mercury 

cadmium telluride (MCT) detector to determine the binding modes of the control and SMSI 

catalysts. Each spectrum was recorded by collecting 32 scans from 4000 to 650 cm-1 at a resolution 

of 8 cm-1. Spectra were collected until equilibrium had been achieved. This was done by scanning 

until there were no changes in spectra over time. The 0.1-1.0 wt% Ti containing catalysts were 

reduced in pure H2 at 550 °C prior to analysis at 30 °C in pure CO. Ar was used to purge samples 

at 350 °C between gas treatments (pure Ar, 30 mL/min). Peaks were assigned for all catalysts as 

follows: atop bonding (2083 cm-1), bridge bonding (1920-1950 cm-1), and three-fold bonding 

(1840 cm-1) which is consistent with past studies30,33.

2.6   In situ X-ray absorption spectroscopy (XAS)

In situ XAS measurements were conducted at the 10-BM-B beamline at the Advanced 

Photon Source (APS) of Argonne National Lab at the Pd K edge (24.350 keV) to determine the Pd 

coordination environment and estimate particle sizes. The first set of measurements were 

conducting using catalysts that were pre-reduced from 250-550 °C. These catalysts were re-

reduced at 200 °C for 30 minutes prior to scanning at room temperature in He. A second set of 

measurements were used to determine if particle sizes change after 350 °C oxidation and 200 °C 

re-reduction as well as how much Pd in the sample becomes oxidized after each stage of oxidation. 

The catalysts were scanned at room temperature after each of the following steps: reduced at 550 

°C, oxidized at 30 °C, oxidized at 200/300/350 °C, and re-reduced at 200 °C. All scans were 

conducted at room temperature. For this set, the reduced catalyst scans were taken under flowing 

5% H2/He and the oxidized samples were scanned under flowing He. All samples were ground 

into a fine powder, pressed into a 6-shooter sample holder, and sealed in a sample cell with Kapton 

end caps. A gas purifier was connected to the He tank used for analysis to reduce the possibility 

of O2 exposure upon cell cooling. Samples were analyzed with flowing He or flowing H2. 

Measurements had a Pd foil and a third ion chamber that were used for energy calibrations. XAS 

data was fit using winXAS 3.1. Least-squares regression fits of the k2-weighted Fourier transform 

data from 2.5 to 11.5 Å-1 in k-space were used to obtain the extended x-ray absorption fine structure 

(EXAFS) coordination parameters. The first shell was used to fit all spectra. All samples were fit 

using experimental phases and amplitudes as well as theoretical scattering paths using FEFF. An 
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So
2 value of 0.79 at a fixed coordination number of 12 for the Pd foil was used for all samples. All 

samples were then analyzed using theoretical scattering paths at controlled values of σ2 for direct 

comparison.

2.7   Scanning transmission electron microscopy (STEM)

Samples for scanning transmission electron microscopy (STEM) were prepared by drop-

drying 3 μL of a 1 mg/mL supported catalyst suspension onto a Cu grid. High-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) were obtained on an FEI Talos 

F200X S/TEM with a 200 kV X-FEG field-emission source. 100 particles were imaged and the 

corresponding average particle size and particle size distribution were determined.

3.   Results

3.1   Catalyst synthesis

The 2Pd/SiO2 (0 wt% Ti) catalysts were prepared by addition of Pd to SiO2. At a pH of 11, 

the SiO2 surface hydroxyls are deprotonated using NH4OH. Addition of metal cations such as 

Pd(NH3)4
+2 leads to a strong Coulombic attraction and uniform surface coverage34. Calcination at 

moderate temperature leads to the formation of small metallic nanoparticles35. 2Pd-XTi/SiO2 

where X is the Ti wt% were prepared by addition of Ti to SiO2 followed by Pd. All catalysts had 

2 wt% Pd. The Ti was added via incipient wetness impregnation (IWI) of titanium(IV) 

bis(ammonium lactate) dihydroxide. The SMSI precursors were dried and calcined at 300 °C to 

remove the organic ligands. Pd was then added to all catalysts using IWI of 

tetraamminepalladium(II) nitrate. The catalysts were calcined at 450/600/700 °C and reduced at 

250 °C.

3.2   Pd nanoparticle size effects and evidence for SMSI

3.2a   Calcination temperature

The effect of calcination temperature on Pd nanoparticle size was determined for catalysts 

with 0-1.0 wt% Ti loading. For this study, small sizes of ~2-4 nm are desirable in order to 

determine differences in CO uptake, propylene hydrogenation rates, and the CO IR spectra36,37.

Pd CO chemisorption uptakes at 30 °C were used to determine relative changes in particle 

size with increasing calcination temperature. Propylene hydrogenation rates were also tested as a 
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second method to support these results. The catalysts were tested after calcination at 450, 600, or 

700 °C followed by reduction at 200 °C (Table 1). This low temperature reduction is necessary to 

avoid SMSI coverage which also reduces the CO uptake and propylene hydrogenation rate. All 

catalysts have similar CO uptakes and catalytic rates at a given calcination temperature indicating 

that TiO2 had little effect on the Pd nanoparticle size. The CO uptakes were 0.32-0.39 with 450 °C 

calcination, 0.12-0.15 with 600 °C calcination, and 0.06-0.08 mol CO / mol Pd with 700 °C 

calcination. The propylene hydrogenation catalytic rates follow a similar trend where increasing 

calcination temperature resulted in a drop in catalytic rate from 4.5-5.7 with 450 °C calcination, 

2.5-4.2 with 600 °C calcination, and 1.2-1.7 mol C3H8*molmetal
-1*s-1 with 700 °C calcination. 

Similar CO uptakes and rates for the Ti containing catalyst indicate that the Pd nanoparticle sizes 

increased similarly as calcination temperature was increased. Calcination at 450 °C gave the 

highest CO chemisorption and hydrogenation rates; therefore, this calcination temperature was 

used to synthesize the smallest Pd nanoparticle sizes in all catalysts.

Table 1: CO chemisorption and propylene hydrogenation results at 30 °C for catalysts calcined at 
different temperatures then reduced at 250 °C

3.2b   Reduction temperature

CO uptakes at 30 °C were calculated for the 2Pd/SiO2 (0 wt% Ti) catalyst calcined at 450 

°C and reduced at 250-550 °C to determine how reduction temperature affects relative particle size. 

Increasing the reduction temperature decreased the CO uptake and the propylene hydrogenation 

Calcination 
Temperature (°C)

Ti Loading 
(wt%)

CO Uptake     
(mol CO / mol Pd)

Catalytic Rate (mol 
C3H8*molmetal

-1*s-1)
450 0 0.32 5.7

0.1 0.39 5.1
0.5 0.35 4.5
1.0 0.33 4.6

600 0 0.15 3.5
0.1 0.12 4.2
0.5 0.15 3.8
1.0 0.12 2.5

700 0 0.07 1.7
0.1 0.08 1.3
0.5 0.08 1.7
1.0 0.06 1.2
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rate (Table 2). The rate decreased from 5.7 to 2.6 mol C3H8*molmetal
-1*s-1 and the CO uptake 

decreased from 0.32 to 0.12 mol CO / mol Pd when reduction temperature was increased from 250 

to 550 °C. Since the CO:Pd ratio changes with Pd nanoparticle size, the particle size cannot be 

directly measured using chemisorption38. A more reliable method is needed that can also be used 

in the presence of SMSI. Thus, the effect of reduction temperature on particle size was tested using 

EXAFS of the Pd K edge to estimate Pd nanoparticle sizes from Pd-Pd first shell coordination39.

Table 2: CO chemisorption and propylene hydrogenation rate results at 30 °C for the 2Pd/SiO2 
(0 wt% Ti) catalyst calcined at 450 °C 

Ti Loading 
(wt%)

Reduction 
Temperature (°C)

CO Uptake     
(mol CO / mol Pd)

Catalytic Rate (mol 
C3H8*molmetal

-1*s-1)
0 250 0.32 5.7

400 0.25 5.5
500 0.12 3.2
550 0.12 2.6

In previous studies the Pt 

and Au NPs, M-M coordination 

number was shown to correlate 

with the nanoparticle size39. 

Thus, Pd K edge X-ray 

absorption fine structure 

(EXAFS) was used to determine 

the Pd-Pd coordination and the 

effect of increasing reduction 

temperature on particle size. 

Spectra were collected after 

reduction temperatures of 

250/400/500/550 °C (Figure 1, 

Figure S1-S3). Coverage of the 

Pd nanoparticle surface by the 

SMSI oxide will not affect the estimated particle sizes. 

Figure 1: Pd K edge EXAFS spectra for the 2Pd/SiO2 (0 
wt% Ti) catalyst reduced at 250 (red, dash), 400 (blue, dot), 
500 (green, solid), 550 (black, dash); spectra for Ti 
containing catalysts were similar (Figure S1-S3)
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There are 3 main 

peaks between 1.5 and 3.0 Å 

in R space of the k2-

weighted magnitude of the 

Fourier transforms which is 

typical for scattering of Pd 

nanoparticles40,41 (Figure 1). 

A Pd-Pd scattering path with 

a bulk bond distance of 2.75 

Å was used to fit all 

samples. The phase and 

amplitude of the Pd foil 

(supported by theoretical 

scattering paths using 

FEFF) were used to 

determine the EXAFS fitting parameters (Table S1). The bond distances were all 0.01-0.03 Å 

smaller than the bulk Pd bond distance of 2.75 Å. This is typical of small metal nanoparticles 

which experience bond contraction due to a high fraction of low coordination surface atoms42. The 

Pd nanoparticle size increased with increasing reduction temperature for all catalysts (Figure 2, 

Table S1). The particle sizes were 1.0-1.5 nm when reduced at 250 °C and grew to ~2 nm when 

reduced at 550 °C. When reduced at 700 °C, the sizes were all similar regardless of Ti loading and 

were about 4 nm. Since SMSI Pd surface coverage will be determined after reduction at 550 C, 

all catalysts were pre-reduced at 550 C in order that the size would not change after SMSI 

treatments. 

To confirm the Pd nanoparticle size, STEM images were obtained on the catalysts after 

reduction at 550 C. A typical STEM image and particle size distribution are shown for 2Pd-

0.5Ti/SiO2 (Figure 3). The average Pd nanoparticle size for each catalyst is given in Table 3 along 

with the sizes estimated by EXAFS. The STEM images and size distributions for the other catalysts 

are shown in Figure S4-S6.

Figure 2: EXAFS particle sizes of 0 wt% Ti (blue, circle), 0.1 
wt% Ti (red, square), 0.5 wt% Ti (grey, triangle), and 1.0 wt% 
Ti (black, diamond) containing catalysts calcined at 450 °C
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Table 3: Particle sizes from EXAFS and STEM for catalysts reduced at 550 °C (EXAFS fittings 
included in Table S1 and STEM images and size distributions shown in Figure S4–S6)

Ti Loading 
(wt%)

EXAFS Est. Size 
(nm)

STEM Size 
(nm)

0 1.6 1.9 ± 0.4
0.1 1.6 1.9 ± 0.8
0.5 2.2 1.9 ± 0.6
1.0 2.3 1.9 ± 0.4

3.2c   Evidence for SMSI

Propylene hydrogenation 

was used to show that an SMSI 

effect occurs for the low content 

Ti containing catalysts (Figure 4, 

Table S2). The Pd nanoparticle 

size was estimated from the Pd-Pd 

EXAFS coordination numbers. 

From the nanoparticle size, the 

fraction of surface Pd was 

Figure 4: Apparent propylene hydrogenation TORs of all 
catalysts at 30 °C after 550 °C reduction

   

Figure 3: (a) STEM image and (b) particle size distribution of the 2Pd-0.5Ti/SiO2 catalyst after 
550 °C reduction

(a) (b)
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estimated. The fraction of Pd surface atoms was calculated as 1/Size (sizes used from Table 3). 

Since the catalysts were reduced at 550 °C prior to reaction, a portion of the surface Pd atoms were 

covered which lowers the catalytic rate. The propylene hydrogenation rates and fraction of surface 

Pd atoms were used to calculate the apparent TORs, i.e., assuming that there is no coverage and 

all Pd surface atoms are active. The apparent TOR decreases from 4.0 to 0.9 s-1 as Ti loading is 

increased from 0 to 1.0 wt%. Propylene hydrogenation is a known structure-insensitive reaction; 

therefore, the TOR should be constant regardless of changes to particle size43. The lower TORs 

for the Ti containing catalysts are a result of Pd surface coverage by TiO(2-x) SMSI species, i.e., 

not all surface Pd sites are exposed. At 1.0 wt% Ti, for example, there is a loss of ~80% of the 

expected rate, indicating that ~80% of the Pd nanoparticle surface is covered by TiO(2-x). The 

results also indicate that lower Pd surface coverages can be obtained by lowering the Ti loading 

(Table S3). For example, at 0.1% Ti, the surface coverage is approximately 40%. Lower loadings 

may provide even lower surface coverages.

3.2e   Infrared spectra of adsorbed CO on SMSI Pd nanoparticles

The 0.1-1.0 wt% Ti 

containing catalysts calcined at 

450 °C and reduced at 550 °C were 

analyzed using infrared (IR) 

spectroscopy of CO on Pd to 

determine which Pd surface sites 

are covered by the SMSI oxide. 

Face sites bond CO in a bridging 

or three-fold fashion while edge 

and corner sites bond CO linearly 

on a Pd nanoparticle36. The peaks 

at 2083 cm-1 corresponds to atop 

CO bonding on Pd sites. The 

peaks at 1920-1950 cm-1 and 1840 

cm-1 correspond to bridge and 

Figure 5: IR spectra of adsorbed CO on 0.1 (red), 0.5 
(grey), and 1.0 (black) wt% Ti containing catalysts reduced 
at 550 °C; spectra were collected at 30 °C in pure CO 
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three-fold bonding, respectively (Figure 5). The IR spectra of 2 nm Pd particles were previously 

reported and showed high ratios of bridge and threefold (higher order) to linear bonding CO36,37. 

After reduction at 550 °C, the IR spectra of the 2Pd-XTi/SiO2 SMSI catalysts show a significant 

fraction of linear bonded CO and a strong reduction in bridge and threefold bonded CO compared 

to the 0Ti-2Pd/SiO2 catalyst. The ratio of higher order (bridging and three-fold) to linear CO 

bonding indicates that even at 0.1 wt% Ti few threefold face sites bond CO while corner and edge 

sites remain exposed. The ratio of higher order to linear bonding peak areas was 0.8-1.2 for all 

three SMSI catalysts (Table 4) which is much lower than 2.8 for Pd nanoparticles of the same size.

Table 4: CO IR peak area ratios at 30 °C for catalysts reduced at 550 °C

Ti Loading 
(wt%)

Higher Order to 
Linear Bonding Ratio

0 2.8
0.1 1.2
0.5 0.8
1 1.0

3.3   Reversibility of the SMSI state

3.3a   Removal of the SMSI overlayer

Tauster, et al. showed that the adsorption capacity of metallic nanoparticles covered by 

SMSI oxides can be restored by oxidation at 500 °C followed by low temperature reduction at 175 

°C1. For the 2Pd-XTi/SiO2 catalysts, oxidation at 350 °C and re-reduction at 200 °C fully removed 

the SMSI coverage and final Pd nanoparticle sizes were the same as when initially reduced at 550 

°C (Table 5) based on XAS (Table S4) and STEM analysis (Figure S7-S9).
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Table 5: Particle sizes from EXAFS and STEM for catalysts reduced at 550 °C, oxidized at 350 
°C, and re-reduced at 200 °C (EXAFS fittings included in Table S4 and STEM images and size 
distributions shown in Figure S7–S9)

Ti Loading 
(wt%)

EXAFS Est. Size 
(nm)

STEM Size 
(nm)

0 1.5 -
0.1 1.9 2.0 ± 0.7
0.5 2.3 1.8 ± 0.6
1.0 2.3 2.0 ± 0.9

The propylene hydrogenation TORs of the catalysts reduced at 550 °C, oxidized at 350 C 

and re-reduced at 200 C are show in Table 6. The catalytic rates were all similar and the average 

TOR was 5.5 ± 1.3 s-1 was consistent with the literature for 1-3 nm Pd particles on alumina which 

had TORs of 4.4-12 s-1 44. 

Table 6: Propylene hydrogenation results at 30 °C for catalysts reduced at 550 °C, oxidized at 350 
°C, and re-reduced at 200 °C

Ti Loading 
(wt%)

Rate (mol 
C3H8*molmetal

-1*s-1)
Dispersion TOR (s-1)

0 2.6 0.64 4.0
0.1 2.7 0.57 4.7
0.5 3.1 0.44 7.0
1 2.7 0.44 6.1
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Since the nanoparticle 

size does not change after 350 

C oxidation and low 

temperature reduction, the 

fractional surface Pd 

nanoparticle coverage can be 

determine by the ratio of the 

propylene hydrogenation rate 

after high temperature reduction 

(SMSI covered Pd 

nanoparticles) divided by the 

rate after oxidation and re-

reduction where the SMSI oxide 

over layer has been fully 

removed (Table S3). Based on the rates with and without SMSI coverage, the fractional Pd 

nanoparticle surface coverage is shown to increase with increasing Ti loading (Figure 6). 

3.3b   Oxidation at 

temperatures below 350 C

While oxidation at 350 

C leads to a complete loss of 

the SMSI overlayer on the Pd 

nanoparticles, the catalysts 

were also oxidized at lower 

temperatures. All catalysts 
Figure 7: k2-weighthed Fourier transform of the Pd K edge 
EXAFS spectra of the 2Pd/SiO2 (0 wt% Ti) catalyst reduced 
at 550 °C (black, solid) then oxidized at 30 °C (purple, dash); 
spectra for Ti containing catalysts were had similar peaks of  
different sizes (Figure S10-S12)

Pd-Pd

Pd-Pd

Pd-O

Figure 6: SMSI coverage for 0.1-1.0 wt% Ti catalysts 
reduced at 550 °C
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were analyzed using EXAFS to determine the fraction of Pd oxidized after 30 °C (Table 7). Partial 

SMSI coverage will result in incomplete surface oxidation. At 30 °C only exposed surface Pd is 

oxidized, and a new peak at 1.55 Å appears in the EXAFS due to PdO bond formation (Figure 7, 

Figure S10-12). In addition, there is a loss of metallic Pd-Pd scattering peaks.

Based on the nanoparticle size determined from EXAFS and STEM (Table 3) and EXAFS 

of the reduced Pd nanoparticles (Figure 1, Figure S1-S3), the fraction of surface Pd atoms in each 

catalyst was estimated. The fraction Pd oxidized in each catalyst was determine from Pd-O 

coordination numbers (CN) of the fits for 30 C oxidized catalysts. For fully oxidized Pd there are 

4 Pd-O bonds, thus the fraction of oxidized Pd in any catalyst is given by the Pd-O CN/4. The 

surface fraction oxidized Pd decreases from 0.95 for 2Pd/SiO2 to as low as 0.28 at 1.0 wt% Ti 

(Table 7). This indicates that the SMSI overlayer prevents oxidation of the surface Pd atoms that 

it covers. Increasing the Ti loading from 0.1 to 1.0 wt% increased the fraction of the nanoparticle 

surface that was covered.

Table 7: Fraction of Pd nanoparticle surface covered by TiO(2-x) with increasing Ti loading; 
catalysts were reduced at 550 C and oxidized at 30 °C

Ti Loading 
(wt%)

Surface Fraction 
Pd Oxidized

Fraction of Surface 
Pd Covered by SMSI

0 0.95 -
0.1 0.44 0.54
0.5 0.33 0.66
1.0 0.28 0.72
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The rate of propylene hydrogenation of SMSI covered Pd nanoparticles initially reduced 

at 550 C was determined after oxidation with increasing temperature and re-reduction at 200 °C. 

For the 2Pd-0.5Ti/SiO2 catalyst, the rate increases with increasing oxidation temperature 

suggesting that increasing oxidation temperatures partially removes the SMSI overlayer (Figure 

8a, Table S5). Above 350 C, the catalytic rate remained constant at ~3.1 mol C3H8*molmetal
-1*s-1 

corresponding to a TOR of 6.8 s-1 which is consistent with past studies of ~2 nm Pd particles44 

suggesting there is little to no SMSI coverage remaining. 

The remaining coverage can be measured for the samples when oxidized below 350 °C, 

i.e., the rates after oxidation at low temperature and re-reduction at 200 °C divided by the rate after 

complete removal with 350 °C oxidation and 200 °C re-reduction (Figure 8b, Table S5). For 2Pd-

0.5Ti/SiO2, the Pd nanoparticle surface coverage is 75% after 550 °C reduction and no oxidation. 

Using an oxidation step with increasing temperature and re-reduction at 200 C results in a lower 

SMSI coverage. Thus, the oxidation temperature can be used to control the SMSI coverage, at least 

for low temperature reactions.

Figure 8: (a) Propylene hydrogenation rate and (b) fractional SMSI coverage of the 2Pd-
0.5Ti/SiO2 catalyst reduced at 550 °C, oxidized at different temperatures, and re-reduced at 200 °C
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The fraction of total Pd that 

was oxidized with increasing 

temperature was determined by 

EXAFS. As the oxidation 

temperature increased the Pd-O 

coordination number increased 

(Table S6). Since fully oxidized 

PdO has a coordination number of 

4, the fraction of oxidized Pd with 

increasing temperature was 

estimated by determining the 

catalysts Pd-O CN/4. Increasing the 

oxidation temperature increases the 

fraction of oxidized Pd in all 

catalysts (Figure 9). At 30° C exposed surface Pd atoms are oxidized. At higher oxidation 

temperatures Pd that is covered by the SMSI oxide is oxidized. At 350 C, where there is little 

remaining SMSI coverage, there is also little metallic Pd. The EXAFS suggests that removal of 

the SMSI overlayer requires the oxidation of the metallic Pd covered by the SMSI oxide. For high 

coverages of the SMSI oxide this requires nearly complete oxidation of the metallic nanoparticle. 

3.4   Controlling partial SMSI coverage by increasing the re-reduction temperature

As shown above, the fraction of SMSI coverage can be determined from the propylene 

hydrogenation rate at 30 °C with and without SMSI coverage. As demonstrated in Figure 6, the Pd 

nanoparticle coverage can be controlled by the Ti loading where coverages of less than ~50% 

would require ~0.2 wt% Ti or less. Additionally, the SMSI coverage for low temperature reactions 

can be controlled by oxidation of the SMSI catalyst at temperatures below 350 C. While the SMSI 

overlayer can be removed at 350 °C, partial removal occurs at lower oxidation temperatures 

(Figure 8b).

The 2Pd-XTi/SiO2 (0.1–1.0 wt% Ti) SMSI catalysts were reduced at 550 °C, oxidized at 

350 °C, and re-reduced at 200 °C through five oxidation and re-reduction cycles and the CO 

Figure 9: Fraction Pd oxidized for 0 wt% Ti (blue, circle), 0.1 
wt% Ti (red, square), 0.5 wt% Ti (grey, triangle), and 1.0 wt% 
Ti (black, diamond) containing catalysts reduced at 550 °C, 
and oxidized at different temperatures
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chemisorption uptake was measured to confirm that there were no changes in particle size after 

these treatments. The initial and final CO chemisorption values were identical (Table 8) indicating 

no changes in nanoparticle size for oxidation and reduction temperatures below 350 °C and 550 

°C, respectively. 

Table 8: CO uptake for 2Pd-XTi/SiO2 (0.1-1.0 wt% Ti) SMSI catalysts reduced at 550 C, 
oxidized at 350 C, and re-reduced at 200 C after multiple oxidation and re-reduction cycles

Ti Loading 
(wt%)

200 °C Re-Reduction 
Measurement

CO Uptake       
(mol CO / mol Pd)

0.1 Initial 0.29
Final 0.28

0.5 Initial 0.26
Final 0.28

1.0 Initial 0.21
Final 0.22

 The 2Pd-XTi/SiO2 catalysts were reduced at 550 °C and oxidized at 350 °C to remove the 

SMSI overlayer. Each catalyst was subsequently re-reduced at increasing temperature from 200-

550 °C. The propylene 

hydrogenation rate (measured at 

30 °C) for each re-reduction 

temperature was divided by the 

rate of the catalyst re-reduced at 

200 °C to determine the fraction 

of SMSI surface coverage 

(Figure 10, Table S7). For each Ti 

loading, the SMSI coverage 

increased with increasing 

reduction temperature. In 

addition, lower Ti loadings 

resulted in lower coverages at 

every reduction temperature. 

Decreasing the re-reduction 

Figure 10: SMSI coverage for 0.1 wt% Ti (red, square), 
0.5 wt% Ti (grey, triangle), and 1.0 wt% Ti (black, 
diamond) containing catalysts at varied re-reduction 
temperatures after 550 °C reduction and 350 °C oxidation
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temperature resulted in lower levels of coverage from ~10% after 300 °C re-reduction to ~35% 

after 500 °C re-reduction for 0.1 wt% Ti. For 1 wt% Ti, 84% of the catalytic surface was covered 

after 550 °C reduction. Intermediate coverages of 0-75% were achieved with 200-400 °C re-

reduction temperatures. These differences in coverage indicate that re-reduction temperature is 

also an effective method to vary particle coverage as long as the reaction temperature is below the 

re-reduction temperature.

4.   Discussion

4.1   Evidence for SMSI and Conditions for Reversibility

SMSI has been widely studied for metallic nanoparticles on oxide supports such as TiO2
9, 

CeO2
11,12, Nb2O5

15, ZnO17,18, and on SiO2 and supported SMSI oxides2,4,15. For the latter, the 

weight loadings of SMSI oxide are typically greater than 1.0 wt%. For both types, the NP surface 

is highly covered, often greater than 70%. In this study, we present three methods for controlling 

the SMSI coverage from 10-85%. To determine the Pd surface coverage by the SMSI oxide, one 

needs to compare the rate of propylene hydrogenation, a structure insensitive reaction in which the 

rate of every surface Pd is identical, with and without the SMSI overlayer. As shown by Tauster, 

et al. the SMSI oxide can be removed by oxidation at high temperature. For these 2Pd-XTi/SiO2 

catalysts, oxidation at temperatures of 350 C led to nearly complete oxidation of the metallic Pd 

nanoparticles and reversal of the SMSI coverage. Re-reduction at 200 C restored the Pd 

nanoparticles without formation of the SMSI overlayer. As shown by STEM and EXAFS, these 

treatments did not alter the Pd nanoparticle size. Comparison of the propylene hydrogenation rates 

for the SMSI and SMSI-free states allows for determination of the Pd surface coverage as shown 

in Figure 11.
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4.2   Partial coverage of Pd nanoparticles by TiO(2-x) SMSI oxides

The first method to control the Pd surface coverage is to control the Ti loading and reduce 

the catalyst at high temperature (550 C) to give the maximum coverage for that loading. For 

example, with 0.1 wt% Ti, the Pd nanoparticle surface coverage is ~40%. While lower SMSI 

surface coverages were not investigated in this study, Ti loadings of less than 0.1 wt% would be 

expected to give even lower coverages. With 0.5 wt% Ti the surface coverage is ~75%. At 

coverages of 1% or higher, the Pd surface coverage is nearly constant at ~85% as seen in a previous 

study2.

It is surprising that 0.1 wt% Ti can lead to a loss of 40% of the Pd surface sites. For 

example, on a 1.6 nm sized Pd nanoparticle in 2% Pd/SiO2 the dispersion is 0.62. The ratio of 

surface Pd to Ti is approximately 6. In addition, not all of the TiO(2-x) would be expected to be near 

the Pd nanoparticles. In order for 0.1% Ti to reduce the catalytic rate by 40%, a high fraction of 

the TiO(2-x) would have to be covering the Pd nanoparticle surface and each TiO(2-x) species would 

Figure 11: Determination of the fractional SMSI oxide covearge: Steps 1 
(calcinatin at 450 °C) and 2 (reduction at 550 °C) give small metallic 
nanoparticles with the maximum SMSI coverage. Step 3 (oxidation at 350 C) 
gives PdO and removes the SMSI overlayer. Step 4 (re-reduction at 200 °C) gives 
Pd nanoparticles of the same size as in Step 2 but without the SMSI surface 
coverage. Comparison of the propylene hydrogenation rate after Step 2 and 4 
gives the fractional SMSI surface coverage.
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have to be covering more than one active site. Based on the IR spectra, the SMSI oxide selectively 

covers threefold Pd surface sites. Therefore, the SMSI oxide likely blocks more than one active 

site per Ti. If each SMSI oxide were to block three catalytic sites, this would require ~0.07% Ti to 

give a surface coverage of 40%. This also assumes that all of the Ti added to the catalyst is on the 

SMSI oxide with little remaining on the support. This suggests that at low loadings much of the 

TiO(2-x) is near or covering the Pd nanoparticles. High resolution electron microscopy techniques 

such as EDX may prove useful in determining this as well as the local structure of the partial SMSI 

overlayer.

The second method to control the Pd nanoparticle coverage by the SMSI oxide is to re-

reduce the SMSI-free catalyst (Step 4 in Figure 10) at increasing temperatures. While there is little 

SMSI coverage upon reduction at 200 C, the SMSI coverage increases at temperatures from 300-

550 C as seen in Figure 10. Re-reduction combined with low Ti loading gives surface coverages 

as low as 10%. The limitation of this method is that, to maintain the low surface coverage, the 

reaction temperature must be lower than the re-reduction temperature. However, by reducing the 

Ti loading, one can get the same surface coverage at a higher temperature. For example, with 0.1 

wt% Ti a surface coverage of 30% is achieved using re-reduction at ~500 °C while for 0.5 wt% Ti 

the same surface coverage is possible using re-reduction at 300 C (Figure 10).

The third method for controlling the SMSI coverage is by using low temperature oxidation 

of the SMSI catalyst (Figure 7). Room temperature air exposure of the SMSI covered Pd 

nanoparticle resulted in oxidation of the exposed metallic Pd atoms. Room temperature air is well 

known to oxidize metallic surface atoms in noble metal catalysts and is the basis for the oxidation-

reduction chemisorption method. Re-reduction of the oxidized surface atoms does not lead to any 

significant changes in the fraction of metallic surface Pd, the fraction of SMSI coverage, or 

nanoparticle size. Thus, the SMSI oxide is impermeable to O2 and the metallic Pd atoms under the 

SMSI oxide are not oxidized. Increasing the oxidation temperature, however, does oxidize a 

portion of the metallic Pd covered by TiO(2-x). Re-reduction at 200 C gives nanoparticles of the 

same size but with a higher fraction of exposed Pd. The fraction of exposed metallic Pd increases 

with increasing oxidation temperature until 350 C where the SMSI oxide no longer covers the 

metallic Pd nanoparticles and the surface is fully metallic after 200 °C re-reduction. Oxidation at 

350 C leads to nearly complete oxidation of the metallic Pd nanoparticles. Thus, to remove the 

SMSI overlayer, one needs to oxidize the metallic atoms at the Pd-SMSI oxide interface. Since the 
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SMSI oxide is impermeable to O2 and the fraction of oxidized Pd increases with increasing 

temperature, it is likely that oxidation of the SMSI covered Pd occurs at the edge of the SMSI 

oxide. As the temperature increases, sub-surface Pd oxidizes until the SMSI surface covered Pd is 

oxidized and the SMSI-Pd interface is fully removed. Removal of the SMSI oxide requires 

oxidation of the covered Pd atoms rather than migration of the SMSI oxide away from the Pd 

nanoparticle resulting surface oxidation and complete removal of the overlayer.

4.3   Controlling partial coverage for improved SMSI catalysts

The presence of the SMSI oxide has been shown to be beneficial for several catalytic 

reactions2-8; however, the high surface coverage of active sites leads to low rates. SMSI catalysts 

most often improve selectivity by suppressing hydrogenolysis reactions. The desired reaction rate, 

however, is also greatly reduced. Thus, the SMSI catalyst has improved selectivity but at a low 

rate. The latter is fractional compared to the rate of the SMSI-free catalyst.

For example, dehydrogenation of propane on ~2 nm Pt nanoparticles supported on SiO2 

had a 60% propylene selectivity and 40% hydrogenolysis selectivity to methane and ethane at 30% 

conversion2. Addition of SMSI oxides, for example Pt-Ti/SiO2 and Pt-Nb/SiO2 catalysts with 3% 

Ti and 4% Nb, suppressed hydrogenolysis giving propylene selectivities above 95%. As observed 

for these catalysts, the SMSI oxides resulted in the loss of over 80% of the active sites.

Similarly, Yang, et al. prepared Ni-Mo/SiO2 catalysts for m-cresol hydrodeoxygenation 

which is a biomass model compound45. Under reaction conditions the Ni is reduced to Ni 

nanoparticles which are known for their high hydrogenolysis selectivity. The Mo:Ni molar ratios 

were varied and the catalytic performance was determined. At low Mo:Ni ratios and at high 

reaction temperature there is a high selectivity for hydrogenolysis and formation of CH4. At a 

Mo:Ni ratio near one hydrogenolysis is suppressed and hydrodeoxygenation leads to high 

selectivity to toluene. Further increases in the Mo:Ni ratio maintains the high selectivity but 

reduces the rates suggesting extensive coverage of active sites. Thus, controlling the active site 

coverage can lead to improved selectivity and higher rates.

The goal of this study was to determine if one can control the SMSI active site coverage to 

lower levels than is generally obtained with the hope of improving the rate while maintaining high 

selectivity. We demonstrate that the coverage can be controlled resulting in catalysts with higher 

activity; however, much lower SMSI loadings are required than what have typically been used. 
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The effect on selectivity will depend on the specific reaction; however, based on the IR spectra, it 

appears that the SMSI oxide at low coverages occupies threefold surface sites which are known to 

be active sites for hydrogenolysis, for example. This study provides another option for synthesis 

of catalysts with improved performance.

5.   Conclusions

~2 nm sized 2 wt% Pd/SiO2 catalysts with 0-1.0 wt% Ti were synthesized using calcination 

at 450 C and reduction at 550 C. Calcination and reduction at higher temperatures led to slightly 

larger nanoparticles. Catalysts containing 0.1-1.0 wt% TiO(2-x) had reduced CO chemisorption 

capacities and lower propylene hydrogenation rates compare to Pd/SiO2 of the same size 

suggesting coverage of the Pd nanoparticles by the TiO(2-x) SMSI oxide. The Pd nanoparticle 

surface coverage increased with increasing Ti loading. Oxidation at 350 °C followed by reduction 

at 200 C removed the SMSI overlayer and did not change the Pd nanoparticle size. Thus, the 

fractional coverage of the Pd nanoparticles was determined from the ratio of the propylene 

hydrogenation rate with SMSI coverage divided by that without SMSI coverage. For Ti loadings 

from 0.1 to 1.0 wt%, the SMSI coverage increased from about 40-85%. Surface coverage of 40% 

suggests that most of the Ti is covering the Pd nanoparticles and that each SMSI oxide species 

leads to the loss of more than one active site. Consistent with this conclusion, the IR spectra of 

adsorbed CO show that the SMSI oxides are selectively blocking Pd threefold sites.

Following oxidation at 350 C, partial SMSI coverage can also be controlled by re-reducing 

at temperatures from 300-500 C. The low temperature re-reduction can be combined with low Ti 

loadings to give surface coverages as low as 10%. To retain low surface coverage the reaction 

temperature must be lower than the re-reduction temperature; however, by reducing the Ti loading, 

one can get the same surface coverage at a higher temperature. Finally, the SMSI surface coverage 

can be controlled by oxidation at temperatures below 350 C followed by re-reduction at 200 C. 

With increasing oxidation temperature, EXAFS shows that there is an increasing fraction of 

oxidized Pd. At 350 C, where the SMSI oxide is fully removed, the metallic Pd nanoparticles are 

nearly fully oxidized. These results suggest that oxidation of the metallic Pd is required to remove 

the SMSI oxide overlayer. By controlling the SMSI oxide loading to levels of less than 1 wt%, it 

is suggested that catalysts with high selectivity and improved activity are possible. 
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