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Abstract 

Pt catalyst particles on reducible oxide supports often change their activity significantly at 

elevated temperatures due to the strong metal-support interaction (SMSI), which induces the 

formation of an encapsulation layer around the noble metal particles. However, the impact of 

oxidizing and reducing treatments at elevated pressures on this encapsulation layer remains 

controversial, partly due to the ‘pressure gap’ between surface science studies and applied 

catalysis. In the present work, we employ synchrotron-based near-ambient pressure X-ray 

photoelectron spectroscopy (NAP-XPS) to study the effect of O2 and H2 on the SMSI-state of 

well-defined Pt/TiO2(110) catalysts at pressures of up to 0.1 Torr. By tuning the O2 pressure, 

we can either selectively oxidize the TiO2 support or both the support and the Pt particles. 

Catalyzed by metallic Pt, the encapsulating oxide overlayer grows rapidly in 1x10-5 Torr O2, 

but orders of magnitudes less effective at higher O2 pressures, where Pt is in an oxidic state. 

While the oxidation/reduction of Pt particles is reversible, they remain embedded in the support 

once encapsulation has occurred.  
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1. Introduction 

Titania fulfills various functions in different fields of catalysis, including that of support 

material in thermal catalysis,1 protective agent and light harvester in (photo)electrocatalysis,2 3 

or single-crystalline model sample in fundamental mechanistic studies.4, 5 Despite extensive 

titania-related research, important aspects in its surface chemistry still remain elusive, in 

particular at elevated pressures and temperatures. One of the most prominent examples is the 

so-called strong metal-support interaction (SMSI) between noble metals and TiO2,6 which has 

been shown to lead to an encapsulation of the metal particles by a thin sub-stoichiometric layer 

of TiOx upon annealing under reducing conditions.6-9 From a technological point of view, the 

SMSI phenomenon can be both desired and unwanted. Particle encapsulation can have a 

beneficial effect on selectivity10 and stability11 of the catalyst, which has inspired several studies 

in thermal catalysis12 and electrochemistry,13, 14 but it might equally lead to deactivation. In 

combustion catalysis, different strategies have been tested to prevent or reverse SMSI-related 

deactivation, e.g. by the addition of stabilizing compounds15 or sputtering of the surface after 

its exposure to high temperatures.16 While some authors claim that the encapsulation can also 

be reversed by O2 annealing6, 17, 18-20, others report an oxidation of the particles and/or thickening 

of the titania encapsulation layer under such conditions.7, 21-23  

In their pioneering work on SMSI, Tauster et al. reported that the change in chemisorption 

behavior of a reduced Pd/TiO2 powder catalyst upon O2 annealing at 773 K is completely 

reversible.6 Similarly, different authors found restored H2 chemisorption after annealing 

reduced TiO2 decorated with noble metal powder catalysts at elevated O2 pressures and 

temperature (>70 Torr O2, > 573 K).17 For encapsulated Pt supported on a TiO2 thin film, Dwyer 

et al. observed significantly increased CO desorption from Pt in TPD experiments after 

annealing in ~7.5x10-7 Torr O2 at 875 K for less than 1h.19 Contrary to those studies, Pesty et al. 

found no evidence for a de-encapsulation on a reduced Pt/TiO2(110) catalyst upon annealing in 

1x10-6 Torr O2 at up to 1000 K for 10 min in low energy ion scattering experiments, but 
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proposed the formation of a new stoichiometric TiO2 layer on Pt particles.7 Naitabdi et al. 

observed a considerable encapsulation of Pt on a TiO2(110) support in 0.75 Torr O2 at 440 K22 

and the TiOx overlayer was described to grow significantly upon the exposure of O2 (here at 

~ 750 Torr) at elevated temperature (600 °C) in a recent investigation.21 In those studies, 

different platinum loadings (from larger nanoparticles to sub-monolayer amounts of platinum 

atoms) and different TiO2 support materials (from powders to single crystals) have been studied 

in pressure regimes spanning several orders of magnitude. Furthermore, many applied catalytic 

studies employ mixtures of anatase and rutile, whereas most surface science studies focus on 

rutile TiO2 single crystals. Both the rutile and the anatase phase of titania seem to be capable of 

encapsulating noble metal particles, though some studies report quantitative differences in their 

susceptibility to SMSI.24 This vast parameter range likely accounts for the apparent discrepancy 

in the reported results.  

 

A comprehensive and fundamental understanding of the encapsulation process is 

indispensable to allow the tuning of the encapsulation according to the application. In the 

present work, we systematically investigate highly defined Pt/TiO2 model systems with near-

ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) under different oxidizing and 

reducing conditions. We compare samples prepared by deposition of size-selected Pt10 clusters 

with particles from Pt vapor deposition on a rutile TiO2(110) single crystal, with loadings 

ranging from 6% to 84% relative to the amount of Ti4+ surface atoms.25 We observe similar 

trends independently of the method of deposition during the first reduction step suggesting a 

comparable SMSI state regardless of particle size and loading. Furthermore, we show that it is 

the O2 partial pressure which determines the oxidation behavior of Pt/TiO2 at elevated 

temperatures (i.e., 800 K) and greatly influences the effectiveness of the SMSI encapsulation 

process. We also find that the effects of oxidation are only partially reversible by a subsequent 

reduction in ultra-high vacuum (UHV) or H2. Our data explain the apparent contradiction of 
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reported results in the literature demonstrating the importance of reaction environment on the 

SMSI process. 

 

2. Experimental Section 

All XPS experiments were carried out at beamline 9.3.2 at the Advanced Light Source (ALS), 

Lawrence Berkeley National Laboratory.26 Bulk-reduced TiO2(110) rutile single crystals 

(Surface-net GmbH) were prepared by multiple cycles of Ar+ ion sputtering (20 min, 1 keV, 

~ 5x10-6 Torr), annealing in O2 (20 min, 800 K, 1.5x10-6 Torr O2), and annealing in UHV 

(15 min, 800 K) in a UHV setup at Technical University of Munich. Sample cleanliness was 

confirmed by Auger electron spectroscopy (AES) and reproducible thermal and photochemical 

reactivity checked by methanol temperature programmed desorption and photocatalytic 

conversion.27 Two types of Pt/TiO2(110) samples were used, where Pt was deposited ex situ in 

the form of soft-landed Pt10 clusters and in situ as evaporated atoms (‘Ptat’), respectively. For Pt 

clusters, our XPS measurements indicate the presence of sub-nm particles until the first 

annealing step ,in agreement with the literature.20, 22 In the case of Ptat, small particles of variable 

size form upon deposition.28, 29 In both cases, Pt sinters to larger entities when heated to 800 K.28, 

29, 30 For details on the evolution of particle sizes upon annealing see section 4.1. 

Pt10 clusters were generated using a laser ablation cluster source and deposited under soft-

landing conditions (Ekin < 1 eV/atom) on the TiO2(110) support.31 Pt was evaporated from a 

rotating metal target (99.95% purity, ESG Edelmetalle, Germany) by a frequency-doubled 

Nd:YAG laser (532 nm, 100 Hz, Spitlight DPSS, Innolas) and clusters were condensed by 

cooling the generated plasma in a supersonically expanding He pulse (He 6.0, Air Westfalen). 

Cationic clusters were guided, mass-selected in a quadrupole mass filter (Extrel, USA) and soft-

landed onto the TiO2 single crystal. The cluster loading was controlled by integrating the cluster 

neutralization current during the deposition. The cluster coverage of the Pt10 sample reported 

here was 1.8% of a monolayer (ML) with respect to the amount of Ti4+ surface atoms (1.56x1015 
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atoms cm-2). With an accessible crystal surface area of ~ 0.28 cm2 in our setup, a cluster loading 

of 1.8% ML Pt10, corresponds to ~8x1013 Pt atoms. Employing the corresponding atom coverage 

of 18% ML, we will herein refer to the Pt cluster sample as Pt10_18% ML. Pt cluster loaded samples 

were shipped and transferred to the ALS beamline in inert gas atmosphere (Ar and N2) using a 

glove bag and glove box.  

Ptat samples were prepared by e-beam evaporation of Pt atoms in situ at the ALS using a Pt 

rod (Goodfellow, 99.95%). Prior to the evaporation of Pt, the TiO2(110) crystals were cleaned 

by another cycle of annealing in O2 (here 0.1 Torr), Ar+ sputtering, and annealing in UHV. Ptat 

loadings of 84% ML, 71% ML and 6% ML were achieved by varying the evaporation time, 

determined by comparison of the Pt 4f peak area with the Pt10_18% ML/TiO2 sample. In the 

following, these samples will be referred to as Ptat_84% ML, Ptat_71% ML, and Ptat_6% ML. Scheme 1 

gives an overview over all four samples and the respective treatments investigated in this work. 
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Scheme 1. Overview of all samples, i.e. Ptat_84% ML, Ptat_71% ML, Pt10_18% ML, and Ptat_6% ML, and the 

respective treatments investigated in this work where the subscript ‘at’ indicates atom 

deposition by in situ physical vapor deposition at the ALS experimental station and ‘10’ 

indicates a sample with Pt10 clusters deposited ex situ in our home laboratory at the Technical 

University of Munich. The abbreviation ML indicates the loading of total deposited Pt atoms 

with respect to the amount of Ti4+ atoms on the TiO2(110) surface in monolayers. Measurements 

corresponding to the Pt 4f spectra displayed in Figure 1, 2, and 3 are highlighted in blue, yellow, 

and red, respectively. 
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Every sample was characterized by a survey scan at the beginning of the XPS experiments 

(Figure S1). Carbon contaminations observed after Pt deposition were reliably removed in a 

first UHV annealing step (or 0.1 Torr O2 annealing in case of Pt10_18% ML; Figure S2). All 

experiments were conducted with an incident angle for X-ray photons of 15° and the electron 

analyzer placed perpendicular to the sample surface. The energy resolution of the beamline is 

~E/E=3000.26 Spectra were recorded using a VG-Scienta R4000 HiPP analyzer. O2 (5.0, 

Praxair, USA) and H2 (4.5, Praxair, USA) were dosed by backfilling the chamber, while the 

samples were heated by a pyrolytic boron nitride or an aluminum oxide button heater. For the 

photon energies employed here, beam-induced peak shifts could be excluded (Figure S3).  

The Ti 2p peak position of TiO2(110) at a binding energy of 458.5 eV32 was used as energy 

reference for all given binding energies and especially for the one of the Pt 4f core level, since 

its energy position may be influenced by particle size effects. The chosen referencing procedure 

proved to be consistent, since the energy difference between the Ti 2p3/2 peak and the Ti 3s peak 

remained constant at a value of 396.38±0.07 eV (averaged over all samples) throughout all 

experiments and the derived binding energy of the Ti 3s peak amounted to 62.1 eV in agreement 

with values reported in the literature.32, 33 In addition, a Au foil mounted in ohmic electrical 

contact with the samples was used as external reference in order to account for potential sample 

charging. 

 

 All spectra were normalized to the background level on the low binding energy side of the 

respective Pt 4f peak. Pt 4f core level peaks were fitted using Doniach-Sunjic (DS) functions 

convoluted with a Gaussian line shape. The Ti 3s plasmon is situated in close vicinity of the Pt 

4f peak and had to be addressed by fitting a Voigt function (see below). The fitting also took 

into account a linear background which was separately determined by the overall slope of the 

photoelectron spectrum on the low binding energy side of the Pt 4f peak. For the Ptat_71% ML/TiO2 

sample, a second Voigt function had to be added to account for an additional feature at a binding 
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energy of ~ 74 eV, which is likely related to an Al contamination (Figure S4). Values for the 

branching ratio between Pt 4f7/2 and 4f5/2 peaks (1.33), the spin-orbit splitting (3.33 eV), and the 

Lorentzian width (0.32 eV FWHM) were fixed in accordance with literature values.32, 34, 35 The 

Gaussian width and the asymmetry factor were first fitted without constraints and then averaged 

for each identified Pt compound. As a result, the following binding energies of the Pt 4f7/2 core 

level were extracted: 71.1-71.6 eV for as-deposited Pt particles, 71.2-72.2 eV for the Ptmod 

species, 70.9±0.03 eV for vacuum annealed samples with the Pt 4f peak shape of metallic Pt, 

and finally 72.8±0.2 eV and 74.60±0.3 eV for the two oxidic Pt species that occurred after 

oxidative treatment at elevated pressure. The average Gaussian width for all Pt 4f fits is 1.3 eV. 

For the Ti 3s plasmon, the Lorentzian and Gaussian width were determined from the Ti 3s peak 

first fitted without constraints and averaged for each sample to determine optimized parameters 

for a unique peak shape. The energy difference and intensity ratio between the Ti 3s peak and 

its plasmon peak were derived from a bare TiO2(110) crystal. By employing these relations, the 

plasmon peak was fitted individually in every Pt 4f / Ti 3s spectrum based on the intensity of 

the Ti 3s peak. On average, the energy difference was determined to be 13.4±0.2 eV (Figure 

S4). After this, a refined, final fitting of all Pt 4f spectra was then conducted by applying 

optimized parameters with the Ptmod feature fitted with the same parameters as the metallic Pt 

4f species. The final fit parameters for all species are listed in the supporting information (Table 

S1). 
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3. Results 

The results from three different types of sample treatment are compiled in this section. First, 

we followed the changes caused by an initial reductive heating to 800 K in UHV. Second, we 

investigated the influence of oxygen exposure at different partial pressures at 800 K and, last, 

we monitored whether or not reductive heating in H2 or UHV followed by O2 exposure at 

various partial pressures leads to reversible or irreversible surface changes. 

 

3.1 Pt 4f peak changes induced by reductive heating 

Figure 1 displays Pt 4f / Ti 3s spectra (55-84 eV) recorded for Ptat_84% ML, Ptat_6% ML, and 

Pt10_18% ML under UHV conditions at room temperature and at 800 K. Spectra obtained for 

Ptat_71% ML (Figure S5) under these conditions closely resemble those for Ptat_84% ML and are thus 

omitted from this comparison. 

Prior to annealing, Pt/TiO2 samples display a single Pt 4f peak (green) positioned at 

71.2±0.1 eV (71.6 eV for Ptat_6% ML (Figure 1c)). The core level shifts and their dependency on 

the loading/particle size are in agreement with the literature for Pt supported on TiO2(110).36, 37 

When held at 800 K in UHV, the Pt 4f peaks shift to lower binding energies for all samples 

until they reach 70.9 eV for Ptat_84% ML and Pt10_18% ML and 71.2 eV for Ptat_6% ML, respectively. A 

binding energy of 70.9 eV is characteristic for the Pt 4f7/2 bulk core level of metallic Pt35, 38, 39, 

indicating significant ripening of the clusters into large nanoparticles or extended Pt islands as 

expected at high temperatures.28  

Apart from sintering, high-temperature reduction of Pt/TiO2 catalysts is generally agreed to 

induce the formation of a thin sub-stoichiometric TiOx layer over Pt particles.6, 7, 9 A slight 

decrease of the Pt 4f signal intensity and a narrowing of the peak width upon annealing observed 

for all samples investigated herein correspond to XPS spectra of encapsulated Pt particles7, 40 

and support the presumption of similar behavior in our experiments. This is further corroborated 

by a Pt 4f core level shift of ~ 0.2 eV to higher binding energies found for Ptat_84% ML upon 
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prolonged annealing at 800 K (Figure S6), which has likewise been associated with the 

formation of a TiOx overlayer.7 Annealing in 0.1 Torr H2 does not have a significant effect on 

the Pt 4f peak compared to UHV annealing.  

 

 

Figure 1. Pt 4f / Ti 3s spectra of Ptat_84% ML (a), Ptat_6% ML (b), and Pt10_18% ML (c) on TiO2(110) 

measured in UHV at room temperature and at 800 K, recorded with an incident beam energy 

of 620 eV. Data are shown as black dots, fitted peak shapes as solid lines. Two Pt compounds 

can be identified: Pt particles at binding energies ~71.2-71.6 eV (shown in green; BE varies 

somewhat dependent on particle size) and bulk Pt at 70.9 eV (blue). Additionally, the Ti 3s 

plasmon (light gray) was fitted based on the intensity of the Ti 3s peak. Dashed lines indicate 

the position of the Pt 4f7/2 and Ti 3s peak maxima. Spectra are offset for clarity. 

 

3.2 The Pt 4f core level peak during O2 exposure at various partial pressures 
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In order to elucidate the effect of oxygen annealing and potential pressure dependencies on 

the Pt/TiO2 system, we measured Pt 4f / Ti 3s spectra at different O2 pressures. Figure 2 displays 

the evolution of the Pt 4f signal for two samples with comparable Pt loadings ((a) Ptat_84% ML and 

(b) Ptat_71% ML) at intermediate (1x10-6 Torr and 1x10-5 Torr) and high O2 pressure (0.1 Torr), 

respectively. The applied O2 exposure amounted to a dosage of ~ 3x103 Langmuir at 

1x10-6 Torr, ~ 3x104 Langmuir at 1x10-5 Torr, and ~ 4x108 Langmuir at 0.1 Torr. 

 

While the Pt 4f peak shape and binding energy are unaffected by annealing in 1x10-6 Torr and 

1x10-5 Torr O2 (Figure 2a, Figure S7), they change significantly in 0.1 Torr O2 (Figure 2b, 

Figure S8). Almost immediately after applying the O2 pressure, the main Pt 4f peak shifts by 

more than 0.5 eV toward higher binding energies. Moreover, its appearance loses the 

characteristic duplet of the metallic state and develops further components at higher binding 

energies. After ~ 50 min of O2 annealing, a steady state is reached in which the Pt 4f peak 

exhibits an unchanging shape within the timescale of the experiment. To fit the Pt 4f peak in 

0.1 Torr O2, we used three components at binding energies of 71.6 eV, 72.7 eV and 74.4 eV, 

which we assign to Ptmod, PtO, and PtO2. Here, we use the term Ptmod for a species with a similar 

peak shape to the as-deposited Pt, yet shifted by ~ 0.7 eV to higher binding energies, while PtO 

and PtO2 are two oxidized Pt species. For details on the peak assignment, see discussion section 

4.2. Over time, the ratio of the three components gradually changes in favor of the features at 

higher binding energies. The Ptmod signal decreases, whereas the PtO2 signal steadily gains 

intensity. The PtO signal shows an initial rapid increase followed by a subsequent slow 

decrease. Notably, after a few minutes, the sum of the PtO and PtO2 signal stays approximately 

constant. However, even after ~ 70 min in 0.1 Torr (~ 4x108 Langmuir), Ptmod remains the 

prominent species. 
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Apart from its effect on Pt 4f peak shape and position, O2 annealing also induces losses in the 

signal intensity, which are pressure-dependent. In 1x10-6 Torr O2 at 800 K (Figure 2c), we find 

a signal loss of 8% over ~ 50 min (~ 3x103 Langmuir O2) compared to the measurement in UHV 

(in the following referred to as original intensity I0
UHV, 800 K). Further increasing the pressure to 

1x10-5 Torr O2 accelerates the Pt 4f intensity loss (Figure 2c, Figure S7) and over ~ 40 min 

(~ 3x104 Langmuir O2), the Pt 4f signal decreases to ~ 10% of the original intensity. A 

subsequent return to UHV conditions stops the decrease in Pt 4f intensity but fails to restore the 

original state. We find that the signal loss decreases linearly with the O2 dosage at a slope of 

~ 4x10-5 Langmuir-1 both in 1x10-6 Torr and 1x10-5 Torr.  

In 0.1 Torr O2 at 800 K, the Pt 4f peak amplitude decreases over ~ 70 min (~ 4x108 Langmuir 

O2) until reaching ~ 60 % of its original intensity. This signal loss initially occurs with a slope 

of ~ -5x10-9 Langmuir-1, but slows down after ~ 10 min of O2 exposure to ~ -6x10-10 Langmuir-1 

(Figure 2d). By plotting the O2 dosage on a log scale, we can directly compare the development 

of the Pt 4f intensity in the three different investigated O2 pressure regimes, as shown in Figure 

2e. Even though the O2 dosage at 0.1 Torr is four orders of magnitude larger than that at 1x10-

5 Torr, the rate of Pt signal loss is significantly slower at the higher pressure.  
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Figure 2. Pt 4f / Ti 3s spectra and Pt 4f peak areas for Ptat_84% ML (a, c, e (left)) and Ptat_71% ML (b, 

d, e (right)) in different O2 pressures at 800 K recorded with an incident beam energy of 620 eV. 

Data are shown as black dots, fitted peak shapes as solid lines. Ptat_84% ML was investigated in 

UHV, 1x10-6 Torr O2 and 1x10-5 Torr O2. Ptat_71% ML was first checked in UHV and then directly 

exposed to 0.1 Torr O2. For spectra obtained in UHV and at low O2 pressures (a), a Pt bulk core 

level at 70.9 eV (blue) is observed. At 0.1 Torr O2, three new components Ptmod, PtO, and PtO2 

are found at 71.6 eV (green), 72.7 eV (yellow), and 74.4 eV (red), respectively. Additionally, 
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the Ti 3s plasmon (light gray) was fitted based on intensity of the Ti 3s peak. For Ptat_71% ML, the 

Al impurity was explicitly considered (dark gray, see experimental section). Dashed lines 

indicate the position of the Pt 4f7/2 (bulk and Ptmod) and Ti 3s peak maxima. Spectra are offset 

for clarity. Pt 4f peak areas were obtained from the fits and normalized to the respective original 

intensity in UHV at 800K (I0
UHV, 800 K). The error bars were estimated based on the standard 

deviation of the Pt 4f peak area of four measurements at UHV and room temperature at different 

positions. The slope of the signal loss was determined by a linear regression analysis of the 

acquired total Pt 4f peak intensity. The arrows in Figure 2 c, d, and e indicate the beginning and 

the end of the measurement at the respective pressure. 
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3.3 The Pt 4f core level peak during UHV/O2 redox cycling 

According to Beck et al., the effects of annealing in high O2 pressures on the Pt/TiO2 system 

are reversible by annealing in H2.21 In order to investigate the reversibility of O2 annealing for 

our system, we performed a series of reduction experiments (here using the inherent reducing 

properties of UHV) subsequent to O2 exposure.  

 

Figure 3 shows the evolution of Pt 4f / Ti 3s spectra for Ptat_6% ML/TiO2 (a, b) and 

Pt10_18% ML/TiO2 (c, d) during two UHV/O2 annealing cycles. A third cycle was performed for 

Pt10_18% ML, which is shown in Figure S9. Under the same conditions, Pt species with almost 

identical binding energies as for Ptat_71% ML (Fig. 2) are observed for Ptat_6% ML and Pt10_18% ML 

despite the lower metal content as well as for Ptat_84% ML after the exposure to O2 at 1x10-6 Torr 

and 1x10-5 Torr (Figure S10). Small differences in binding energy may likely be caused by the 

inaccuracy of the fit at low signal/noise ratios. The ratio of Ptmod, PtO, and PtO2 differs 

depending on the method of deposition. For Pt10_18% ML, PtO2 exhibits the highest intensity, while 

for Ptat samples, Ptmod accounts for the majority of the Pt 4f peak area. High temperature 

reduction in UHV after annealing in elevated O2 pressures (both at 800 K) restores the original 

Pt 4f peak shape that is characteristic for bulk Pt (for details on peak shape and positions see 

section 3.2). Consecutive O2 annealing steps again result in the formation of up to three species, 

Ptmod, PtO, and PtO2. At low Pt 4f intensities, the PtO species could not be accurately resolved. 

Notably, the binding energies determined for Pt 4f core levels in UHV at 800 K decrease during 

cycling for both Ptat_6% ML (71.2 eV to 70.9 eV after the first cycle) and Pt10_18% ML (70.9 eV to 

70.8 eV and 70.7 eV after the first and the second cycle, respectively).  

The observed reversible changes of the Pt 4f peak shape are accompanied by an irreversible 

loss of the integral Pt 4f peak intensity (see section 3.2) with the first O2 annealing step 

exhibiting the most pronounced effect (S11). Overall, our results suggest a gradual decline of 

the Pt 4f area during cycling, but with an accurate quantification becoming increasingly difficult 
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as the signal intensity decreases and changes in peak area fall within the range of measurement 

error. In total, the Pt 4f intensity of Ptat_6% ML and Pt10_18% ML decreases to ~ 20% and ~ 4% of the 

original intensity, respectively (see Figure 3 and Figure S11). Note that for Pt10_18% ML, the 

second and third O2 annealing steps were performed with an O2 pressure of 0.02 Torr and 

0.2 Torr, respectively. In this elevated pressure regime, the same behavior is observed 

throughout. 

 

For Pt10_18% ML, three UHV/O2 annealing cycles (see Figure 3 and Figure S11) in total reduce 

the Pt 4f intensity to ~ 4% of the original intensity. Note that the second and third O2 annealing 

steps were performed with an O2 pressure of 0.02 Torr and 0.2 Torr, respectively. In this 

elevated pressure regime, the same behavior is observed throughout.  

 

Overall, the effects of annealing in elevated O2 pressures on the Pt 4f peak shape and binding 

energy are reversible, but the loss of intensity is not. Likewise, UHV annealing does not restore 

the Pt 4f signal intensity after annealing in 1x10-5 Torr O2. Irrespective of whether the samples 

were exposed to O2 at high or low pressures, the reductive annealing at 800 K leads to a stable 

sample state, i.e. a subsequent reduction treatment in 0.1 Torr H2 at 800 K after the UHV anneal 

performed for the samples Ptat_84% ML, Ptat_6% ML, and Pt10_18% ML had no significant effect on the 

spectra. 
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Figure 3. Evolution of Pt 4f / Ti 3s spectra (55-84 eV) of Ptat_6% ML (a, b) and Pt10_18% ML (c, d) 

upon alternating UHV and near-ambient pressure O2 annealing at 800 K. The measurements 

were performed with an incident beam energy of 620 eV. Data are shown as black dots, fitted 

peak shapes as solid lines. For clarity, the same Pt 4f spectra are shown from 55-84 eV, i.e. 

including the Ti 3s peak (b, c), and separately from 68-81 eV, scaled to better visualize the Pt 

4f fits (a,d). Under UHV conditions, a single Pt feature is observed, which was fitted based on 

the Pt 4f bulk core level (green and blue, respectively). At elevated O2 pressures, two species 

Ptmod (green) and PtO2 (red) are observed for Ptat_6% ML (a) and three species Ptmod (green), PtO 

(yellow), and PtO2 (red) for Pt10_18% ML (d) (details see experimental methods section). 

Additionally, the Ti 3s plasmon (light gray) was fitted based on intensity of the Ti 3s peak. 

Dashed black lines indicate the position of the Pt 4f7/2 (bulk and Ptmod) and Ti 3s peak maxima. 

Dotted gray lines indicate corresponding spectra. Spectra are offset for clarity. 
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3.4 Impact of different treatments on the Ti 2p peak and correlation with the Pt 4f peaks  

After having investigated the effect of oxidizing and reducing conditions on the Pt particles 

by analyzing Pt 4f spectra, we now turn to the Ti 2p spectra in order to correlate potential 

changes in the support with the trends identified for the noble metal.  

Figure 4 displays the evolution of the Ti 2p peak for Ptat_84% ML/TiO2 during oxidation and 

reduction (a) and the corresponding areas of the Ti 2p3/2 and Pt 4f peaks (b). The inset in Figure 

4a shows the magnification of the Ti 2p3/2 low binding energy edge. All recorded Ti 2p spectra 

exhibit the characteristic duplet. The peak shape at room temperature and directly after reaching 

800 K corresponds to that of stoichiometric TiO2.7 However, as shown in the inset of Fig. 4a, 

prolonged UHV annealing induces the formation of a shoulder at the low binding energy edge 

of the Ti 2p3/2 peak, which may be attributed to the sub-stoichiometric SMSI overlayer.7 The 

shoulder persists in 1x10-6 Torr O2, but vanishes completely in 1x10-5 Torr O2 and is not restored 

by consecutive reducing treatments. 

The Ti 2p3/2 area displays a sudden increase by approximately a factor of 2 compared to the 

original intensity upon annealing in 1x10-5 Torr O2
 (Figure 4b) and thus follows the opposite 

trend of the Pt 4f peak intensity. Note that the further increase in area observed in the 

consecutive measurement in UHV likely occurred predominantly during the transition from the 

oxygen-rich atmosphere to UHV conditions, i.e. when the sample was still exposed to O2 while 

pumping out the chamber. Further small changes in the Ti 2p3/2 area upon exposure to different 

oxidizing and reducing conditions similarly reflect overall trends in the Pt 4f signal. The Ti 2p3/2 

area increases slightly during the first annealing steps in UHV and 1x10-6 Torr O2 and stays 

approximately constant after exposure to 1x10-5 Torr O2. However, these changes approach the 

statistical error introduced when determining the Ti 2p 3/2 peak intensity and must be 

considered cautiously.  
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Figure 4. (a) Evolution of the Ti 2p spectra of the Ptat_84% ML/TiO2 sample in different 

atmospheres and temperatures. The measurements were performed with an incident beam 

energy of 620 eV. (a) Ti 2p spectra at 800 K measured in UHV (directly after the heating ramp), 

0.1 Torr H2, UHV (after >4h at 800 K), 1x10-6 Torr O2, 1x10-5 Torr O2, UHV, 0.1 Torr H2, and 

0.1 Torr O2 (from bottom to top). These measurements correspond to the Pt 4f spectra shown 

in Fig. 2(a). Spectra are offset for clarity. The inset shows a magnification of the Ti 2p3/2 low 

binding energy edge. Dashed vertical lines indicate the position of the Ti 2p3/2 peak and of its 

low binding energy shoulder. Hollow shapes indicate the measurements where a Ti 2p3/2 

shoulder was observed. (b) Overview of the integrated Ti 2p3/2 peak areas (455-461 eV) in 

different atmospheres and temperatures and corresponding Pt 4f areas (lines drawn to guide the 

eye). The error bars were estimated based on the standard deviation of three measurements of 

the Ti 2p3/2 peak area and four measurements of the Pt 4f peak, respectively, in UHV at room 

temperature, at different positions. Estimated Langmuir dosages are given for each pressure 

individually. Dashed horizontal lines indicate mean Ti 2p3/2 areas prior to and after annealing in 

1x10-5 Torr O2. 
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4. Discussion 

4.1 Sintering and SMSI-induced encapsulation of Pt particles upon UHV annealing 

The heat treatment of Pt deposited on TiO2(110) leads to the formation, sintering, and 

encapsulation of Pt particles on TiO2(110). These processes are well documented7, 9, 28, 36 and our 

observations are in excellent agreement with the literature. We follow the interpretation of 

Madey and co-workers and assign the evolution of our XPS spectra during prolonged heating 

to sintering and encapsulation.7, 36 The Pt 4f core level shifts indicate sintering to particles with 

a metallic character, which we observe for all samples except for Ptat_6% ML. The latter retains 

some characteristics of small particles, an observation that is in line with a lower Pt loading 

resulting in a smaller average particle size. Apart from ripening, annealing under reducing 

conditions (UHV or H2) is further known to induce the encapsulation of Pt particles by a thin 

sub-stoichiometric TiOx overlayer.6, 7, 9, 41 In accordance with XPS spectra reported by Pesty et 

al. for encapsulated Pt/TiO2(110) catalysts, we observe a similar decrease in the Pt 4f signal by 

~ 10 % together with a decrease in its Gaussian width for all samples. Likewise, we find a Pt 4f 

core level shift by ~ 0.2 eV to higher binding energies for Ptat_84% ML upon prolonged annealing 

in UHV (> 4 h) and a simultaneous appearance of a shoulder at the low binding energy edge of 

the Ti 2p3/2 peak. These phenomena can be assigned to a covering of the Pt surface with a 

reduced TiOx layer based on the work of Pesty et al..7 

 

4.2 Pressure dependence of Pt oxidation and SMSI kinetics 

Our results demonstrate a strong pressure dependence in the formation of surface species of 

the Pt/TiO2 system upon oxygen exposure at elevated temperature. In general, we differentiate 

between two phenomena, i.e. the oxidation of the TiOx encapsulation layer and its growth on 

the one hand and the oxidation of the Pt particles themselves on the other hand. We observe 

distinct O2 pressure regimes where these two processes occur.  
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At intermediate O2 pressures of 1x10-6 Torr and 1x10-5 Torr, Pt remains in the metallic state 

with a Pt 4f7/2 core level at 70.9 eV35, 38, 39, while the peak linearly decreases in intensity over 

time. The Pt 4f signal loss is reflected in a similar increase of the Ti 2p3/2 peak intensity, 

suggesting an increase in the amount of TiO2 close to the surface at the expense of Pt. While 

the support is not significantly affected by O2 annealing in 1x10-6 Torr, we observe a re-

oxidation of the sub-stoichiometric SMSI overlayer in 1x10-5 Torr, which is reflected in the 

decrease of the Ti3+ shoulder in the Ti 2p spectrum. A similar oxidation was reported by Pesty 

et al. already in 1x10-6 Torr. The fact that we observe the effect only at a 10 times larger oxygen 

pressure might be related to the higher annealing temperature of the study of Pesty et al. of up 

to 1000 K or to a different degree of bulk reduction of the employed TiO2 support.7  

Based on our observations, we propose that in this intermediate pressure regime, the TiOx 

layer encapsulating the Pt particles grows in thickness, thus leading to the gradual loss of Pt 

signal. In order to elucidate the mechanism of this process, it is useful to consider investigations 

of the growth of bare TiO2 in O2 and compare this process to the Pt/TiO2 system. It is generally 

believed that at sufficiently high temperatures, Ti3+ interstitials migrate to the crystal surface 

where they are oxidized and form new layers of TiO2.4, 42, 43, 44 The rate of the growth of bare 

TiO2 has been shown to increase linearly with O2 pressure.44 Unambiguous studies on the effect 

of noble metal particles on this reaction are surprisingly rare. Bennett et al. investigated a 

Pd/TiO2 system in 7.5x10-8 Torr O2 at 673 K using STM and found a de-encapsulation of Pd 

particles in O2 and a greatly enhanced titania interstitial oxidation rate in the vicinity of Pd 

particles (~ 16 times faster compared to bare TiO2). This growth of the support eventually 

resulted in the complete burial of Pd particles in the TiO2 support.45 The authors proposed a 

mechanism involving the adsorption and dissociation of O2 on the noble metal particles 

followed by the spillover of Oad onto the support. The thus increased concentration of reactive 

oxygen on the TiO2 surface accordingly should lead to the rapid oxidation of Ti3+ interstitials. 
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This interpretation is in line with our own observations and our hypothesis of a complete burial 

of the Pt particles at an O2 pressure of 1x10-5 Torr.  

Our measurements further show that in this intermediate pressure regime, the growth rate of 

the encapsulation layer depends linearly on the O2 partial pressure for the Pt/TiO2 system 

investigated herein. While the growth rate of bare TiO2 in O2 is significantly slower, its equally 

linear dependency on the O2 partial pressure44 suggests comparable mechanisms in both cases. 

The different O2 pressure necessary to achieve significant oxidation of the support in our 

investigations compared to the work of Bennett et al. on Pd/TiO2 is likely caused by a different 

defect concentration of the support, as this is known to strongly affect the rate of TiO2 growth 

in O2.43, 46 While Bennett et al. sequentially observed reductive encapsulation, oxidative de-

encapsulation, and a consecutive deeper oxidative burial, we do not observe evidence for the 

intermediate oxidative de-encapsulation.45  

It remains an open question whether this discrepancy is due to differences in the experimental 

conditions, the type of noble metal, the sample preparation, or the time resolution of our 

experiments being insufficient to resolve this process. It is also worth stressing that most authors 

reporting a de-encapsulation of noble metal particles upon O2 annealing employed significantly 

higher pressures (ambient pressure to 70 Torr) and powdered catalysts with a much higher noble 

metal-to-support ratio (commonly 2-5wt%).6, 17, 18, 21, 47 We attribute the discrepancy between the 

full encapsulation of the noble metal described above and the incomplete burial usually 

observed in applied catalysis to these differences in loading and pressure, as will become clear 

in the comparison with our 0.1 Torr O2 experiments in the following.21, 45  

In contrast to lower O2 pressures, annealing in 0.1 Torr O2 at 800 K does not only affect the 

TiOx overlayer, but even leads to an oxidation of the Pt particles. Three distinct species at 

71.6±0.02 eV, 72.8±0.1 eV, and 74.6±0.3 eV (binding energy values averaged over data for 

Ptat_84% ML, Ptat_71% ML, and Pt10_18% ML), can be differentiated in the Pt 4f spectra at these conditions. 

The binding energies of 72.8±0.1 eV and 74.6±0.3 eV correspond to Pt oxide species, likely 
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PtO and PtO2.32, 39, 48, 49, 50, 51 The feature at 71.6 eV is less easily identified and there are several 

possibilities which may in principle account for the core level shift. While the increase in 

binding energy of ~ 0.7 eV is too small to correspond to a full oxidation of Pt, similar shifts 

have been reported for Pt single crystals in the presence of O2, where they are commonly 

associated with the coordination of more than one oxygen atom to Pt, possibly forming a 

superoxo- or peroxo-like species.38, 39 However, for large nanoparticles or extended islands, a 

simple coordination of oxygen at the Pt surface without significant structural changes should 

lead to a coexistence of both the Pt metallic bulk core level peak at 70.9 eV and the surface 

PtOad feature at higher binding energies, which we do not observe here.  

For Pt particles, the intercalation of O2 into the noble metal52 and the formation of Pt–Ti–O 

alloys21, 51 have been suggested to account for core level shifts around ~ 0.7-0.9 eV upon 

oxidation. While similar effects cannot be ruled out for our system, it seems unlikely that such 

reactions would only occur above the high O2 threshold pressure necessary to facilitate the 

formation of the 71.6 eV species and/or in the presence of Pt oxides in our experiments. 

Therefore, a likely explanation is that upon Pt oxidation, small metallic domains are formed, 

which are situated in an oxygen-rich coordination environment (either from PtOx or TiOx). Such 

species may likely display similarly increased binding energies as small Pt particles on TiO2.36, 

37 At the same time, this coordination environment may act as a passivating layer hindering 

further oxidation of Pt. This hypothesis is supported by the comparable Pt 4f shifts observed 

prior to sintering and the decrease in the Pt oxidation rate after the first few minutes of near-

ambient pressure O2 exposure. We refer to the features observed after 0.1 Torr O2 annealing 

(and after sintering for Ptat_6% ML) in the range of 71.1-72.2 eV as Ptmod, pointing out the modified 

nature of the Pt particles which might be similar to that of the small particles formed during Pt 

evaporation at room temperature based on the comparable Pt 4f core level binding energy (see 

Fig. 1). Reasons for the observed core level shift of Ptmod may include less efficient screening 

and/or neutralization of the photohole as well as changes in the electronic structure compared 
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to larger metallic Pt particles. For a concise overview, the binding energies of metallic bulk Pt, 

Ptmod, PtO, and PtO2 found herein and the reference values from the literature, which serve as a 

basis for our peak assignment, are summarized in Table 1. 

 

Table 1. Summary of Pt 4f7/2 binding energies for the Pt bulk core level (metallic), PtO, and 

PtO2 in the present work and reported in the literature. Note that several different Pt species 

found in the presence of O2 are listed under Ptmod together with the species assigned by us to the 

feature at 71.1-72.2 eV in this work.  

Sample Pt bulk /eV Ptmod /eV PtO /eV PtO2 /eV Ref 

Pt/TiO2
a 70.9±0.03 71.6±0.02 72.8±0.1 74.6±0.2 this work 

Ptat_6% ML/TiO2  71.2 72.2 / 74.7 this work 

Pt single crystal 70.9 71.1, 71.4 / / 35, 38 

Pt/TiO2 

(encapsulated) 
~ 71.5 / / / 7 

Pt/TiO2 

(NO2 oxidation) 
71.5-71.6 71.6 73.0 74.6 52 

PtO2 (bulk) / / / 74.1 48 

Pt/Ti/SiO2/Si 71.2 / 72.1 / 50 

aThe values given for Pt/TiO2 from this work correspond to the average over Ptat_84% ML, 

Ptat_71% ML , and Pt10_18% ML. 

 

A similar oxidation behavior may also occur when a different oxidant than O2 is used. 

Comparable Pt 4f spectra were obtained by Vovk et al. after exposing a Pt/TiO2 sample to large 

amounts of NO2 at room temperature.52 Dosing 4500 Langmuir NO2 induced a similar Pt 4f 

core level shift of 0.6 eV to higher binding energies for some of the metallic Pt, while the 

exposure of 30000 Langmuir NO2 resulted in the formation of two additional compounds at 

73.0 eV, and 74.6 eV. These two features were interpreted to originate from PtO and PtO2 

species. 
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Considering the close resemblance of the Pt 4f spectra reported by Vovk et al. after oxidation 

with NO2 at room temperature and the spectra obtained in this work in 0.1 Torr O2 at 800 K, it 

seems very likely that similar Pt species are formed. In order to achieve the formation of three 

coexisting Pt compounds in O2 without employing harsher oxidizing agents, sufficiently high 

temperatures and O2 pressures are essential. It is noteworthy that Beck et al. did not report the 

formation of fully oxidized Pt species under similar conditions as used in this work (0.75 Torr 

O2, 873 K), but only found a decrease in Pt 4f intensity and a core level shift of ~ 0.7 eV to 

higher binding energies.21 This may be related to the significantly larger Pt particles employed 

by these authors (diameter >10 nm, 2 wt% Pt) and thus a lower surface-to-volume ratio leading 

to a higher bulk contribution to the Pt 4f signal. 

Bulk PtO2 is known to decompose into metallic Pt and O2 in UHV at elevated temperatures.48 

A similar behavior has been reported for oxidized Pt particles supported on TiO2.51-53 Based on 

these findings, cycling O2 and UHV annealing should have a fully reversible effect on the 

oxidation state of the Pt particles. In line with this presumption, we herein observe the reduction 

of the oxidic Pt species PtO and PtO2 to metallic Pt in UHV at 800 K and the reverse reaction 

in subsequent oxidation steps in elevated O2 pressures at 800 K. However, O2/UHV cycling at 

800 K also leads to an irreversible decrease in the Pt 4f intensity, which can be attributed to a 

growth of the encapsulation layer just like we observed at lower O2 pressures. However, the 

process is much less efficient at elevated O2 pressures. Even though the O2 exposure is 

substantially higher at 0.1 Torr than at 1x10-5 Torr, the rate of the Pt signal loss, i.e. of the 

overlayer growth, is orders of magnitude lower at the higher pressure. The decrease in Pt 4f 

intensity is only governed by the vanishing of the Ptmod feature, while the total amount of Pt 

oxide stays approximately constant after ~ 10 min. Hence, we tentatively conclude that the 

overlayer grows predominantly over the Ptmod species. 

In addition to the signal loss, the Pt 4f core level of small Pt particles (Ptat_6% ML/TiO2) gradually 

decreases in binding energy upon cycling. This suggests sintering into larger, more bulk-like 
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particles, which is consistent with reports on the accelerating effect of O2 at high temperatures 

on the ripening of Pt clusters on TiO2.30 

 

A possible interpretation for our observations may be given by considering the 

surface/interfacial energies of the resulting Pt species. The surface free energy of TiO2 is lower 

than that of metallic Pt, but higher than that of α-PtO2.54, 55 Covering Pt particles by a TiOx 

overlayer therefore reduces the overall surface energy and is considered one of the main driving 

forces for the ‘classical’ SMSI.7, 56 In UHV, the growth of the TiOx layer is self-limited, most 

likely due to its polarity.9 At 1x10-5 Torr O2 and lower partial pressures, Pt particles retain their 

metallic character with high interfacial energies. At the same time, the overlayer is oxidized (as 

evidenced by the vanishing Ti3+ signal at 1x10-5 Torr O2 for Ptat_84% ML) and the restructuring 

expected to accompany such an oxidation may also allow for further growth in thickness. In 

this process, the metallic Pt will catalyze the oxidation of Ti3+ interstitials and thus the growth 

of the TiOx layer in O2, assuming a similar mechanism as suggested for Pd/TiO2 by Bennett et 

al.45.  

Therefore, the burial of the noble metal by a freshly grown TiO2 film is facilitated at 1x10-5 

Torr, which is in turn reflected in a rapid decrease of the Pt 4f peak and increase of the Ti 2p 

peak. We assign the driving force for this process to a reduction of the interfacial energy in the 

Pt/TiO2 system, which occurs when the film is growing in thickness.  

As a consequence of this mechanism, one would expect an increase in the growth rate of the 

encapsulating layer with the O2 pressure, as it is observed at intermediate pressures. However, 

at near-ambient pressures the decrease in reaction rate suggests a more complex reaction under 

these conditions, which is corroborated by the different Pt species evolving. Their formation is 

most likely the reason for the stabilization of the system as PtOx formed at elevated O2 pressures 

evidently catalyzes the TiO2 growth much less efficiently than metallic Pt. More specifically, 

the loss of Pt is most rapid in the first ~ 10 min at 0.1 Torr O2 while the PtO and PtO2 species 
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are still growing in intensity. As the rate of Pt oxidation slows down, the rate of the entire Pt 

signal loss similarly declines. DFT calculations show that it is energetically favorable for PtO2 

to wet the TiO2 surface.54 Hence, there is no driving force for a deeper encapsulation of PtO2. 

This is supported by the approximately constant PtOx area after a few minutes of O2 exposure 

at 0.1 Torr.  

A lower activity of PtOx species in the oxidation of Ti3+ is also in accordance with the lower 

activity of PtO2 in the NO oxidation in diesel oxidation catalysts.57 The two proposed TiO2 

growth mechanisms in the presence of metallic and oxidic Pt, i.e. at 1x10-5 Torr and 0.1 Torr 

O2, are illustrated in Figure 5, respectively. 

 

 

 

Figure 5. Illustration of the two proposed mechanisms for the growth of TiO2 in the presence 

of metallic Pt (left; 1x10-5 Torr O2) and of PtOx (right; 0.1 Torr O2) at 800 K. Metallic Pt 
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catalyzes the growth of the encapsulating layer at lower pressures via the dissociation and 

spillover of oxygen onto the support. At higher pressures, the chemical potential is sufficient to 

oxidize Pt, which does not act as a catalyst for the oxidation of the support. Due to the low 

surface energy of PtO2, there is no driving force for an encapsulation of the oxide. The oxidation 

of Pt is reversible by reduction in UHV, but the growth of the encapsulating layer is irreversible, 

regardless of the applied O2 pressure. Reduction in 0.1 Torr H2 at 800 K has the same effects as 

UHV annealing.  
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5. Conclusion 

In this work, we have investigated the effects of O2 oxidation and UHV/H2 reduction on well-

defined Pt/TiO2(110) catalysts at pressures of up to 0.1 Torr using NAP-XPS. We were able to 

identify three different O2 pressure regimes at 800 K, which differ significantly with respect to 

their impact on the Pt/TiO2 system. At intermediate O2 pressures (1x10-6 and 1x10-5 Torr), the 

Pt particles remain in their metallic state, but the support is oxidized and grows in thickness. 

The growth rate depends linearly on the pressure resulting in a rapid loss of the Pt signal 

intensity at 1x10-5 Torr O2. We propose that metallic Pt acts as a catalyst for the oxidation of 

Ti3+ interstitials via the dissociative adsorption of O2 on the metal followed by the spillover of 

reactive oxygen onto the support, as suggested by Bennett et al. for Pd/TiO2.45 The thus 

accelerated growth of the TiO2 support around and over the Pt particles is evident in the rapid 

decrease of the Pt 4f signal intensity and a simultaneous increase in the Ti 2p signal. At an even 

higher pressure of 0.1 Torr O2, not only the support but also the Pt particles are partially 

oxidized. We assign the resulting Pt 4f peaks at higher binding energies to PtO and PtO2. 

Surprisingly, the encapsulation of Pt by the support occurs distinctly less effective at this 

pressure compared to 1x10-5 Torr O2. Hence, we conclude that the oxidic Pt species do not 

catalyze the oxidation of the support as efficiently as metallic Pt. While the oxidation of Pt is 

reversible by a reduction in UHV, the growth of the titania overlayer is not. As a result, a cycling 

of UHV and O2 annealing steps leads to a gradual loss of the Pt signal intensity; the metallic Pt 

restored by UHV annealing likely induces further oxidation of the support at the beginning of 

every O2 annealing step before Pt oxide species are formed. These findings are independent of 

whether the sample was prepared via metal vapor deposition of atoms or the deposition of size-

selected clusters since strong sintering into larger nanoparticles occurred in both cases. We 

could further identify that the initial thin encapsulation layer is sub-stoichiometric TiOx, but 

becomes stoichiometric as it grows into a thicker TiO2 film. 
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In general, the present results demonstrate the importance of the O2 partial pressure on 

platinum-decorated titania catalysts at elevated temperatures. Our study suggests that the 

observed processes are a result of the dynamic, pressure-dependent switching between the 

oxidation of the support and the Pt particles, which is of significant interest for a variety of 

different catalytic applications as for example the hydrogen evolution or oxidation reactions.13, 

57, 58 Our findings further highlight the importance of studies close to ambient pressure 

conditions for a more comprehensive understanding of the state of a catalyst under reaction 

conditions.  
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Supporting Information: Additional XPS spectra (surveys, Pt 4f / Ti 3s, Ti 2p, C 1s) and an 

overview of optimized fit parameters. 
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