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Formation and Thermal Stability of Platinum Oxides on Size-Selected Platinum
Nanoparticles: Support Effects
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This article presents a systematic study of the formation and thermal stability of Pt oxide species on size-
selected Pt nanoparticles (NPs) supported on SiO,, ZrO,, and TiO, thin films. The studies were carried out
in ultrahigh vacuum (UHV) by temperature-dependent X-ray photoelectron spectroscopy (XPS) measurements
and ex situ transmission electron microscopy and atomic force microscopy. The NPs were synthesized by
inverse micelle encapsulation and oxidized in UHV at room temperature by an oxygen plasma treatment. For
a given particle size distribution, the role played by the NP support on the stability of Pt oxides was analyzed.
PtO, species are formed on all supports investigated after O,-plasma exposure. A two-step thermal
decomposition (PtO, — PtO — Pt) is observed from 300 to 600 K upon annealing in UHV. The stability of
oxidized Pt species was found to be enhanced on ZrO, under annealing treatments in O,. Strong NP/support
interactions and the formation of Pt—Ti—O alloys are detected for Pt/TiO, upon annealing in UHV above
550 K but not under an identical treatment in O,. Furthermore, thermal treatments in both environments
above 700 K lead to the encapsulation of Pt by TiO,. The final shape of the micellar Pt NPs is influenced by
the type of underlying support as well as by the post-deposition treatment. Spherical Pt NPs are stable on
Si0,, ZrO,, and TiO, after in situ ligand removal with atomic oxygen at RT. However, annealing in UHV at
1000 K leads to NP flattening on ZrO, and to the diffusion of Pt NPs into TiO,. The stronger the nature of

the NP/support interaction, the more dramatic is the change in the NP shape (TiO, > ZrO, > SiO,).

Introduction

Supported platinum nanoparticles (NPs) are of scientific and
technologic relevance due to their applications in the field of
catalysis for a variety of processes including the oxidation of
CO and hydrocarbons in automotive catalytic converters, the
oxidation of NHj in nitric acid synthesis, hydrosilylation of
alkenes and aryl alkynes, hydrogenation of benzene and
cyclohexene, and direct decomposition and oxidation of
alcohols.!™!!

The microscopic understanding of the mechanisms and
chemical kinetics underlying heterogeneous catalytic processes
over supported NPs is a challenging task.'> Among the many
factors that influence the reactivity of a NP are its oxidation
state®!® and support.”'* NP-support interactions are known to
drastically affect the catalytic performance of metal NPs by
modifying their electronic and structural properties,”!'>!¢ by
influencing the shape of the supported NPs,!”!8 by providing
new active sites (e.g., perimeter),'? or by encapsulation.?’~>* The
stoichiometry and relative stability of oxidized Pt compounds
that can be formed on the surface of Pt single crystals**~2% and
mono/bimetallic NPs,”%?? as well as their role in the reactivity
of Pt is still under debate. Oxidized Pt surfaces have been
suggested to be more reactive than metallic Pt for CO
oxidation.'*¥32 For example, Dam et al.** have shown that Pt
dissolution in fuel cells is reduced when a protective platinum
oxide layer is present, and Hull et al.3* reported high reactivities
for PtO,(shell)/Pt(core)-carbon nanotube catalysts. Nevertheless,
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other authors attribute the temporal decay in the performance
of Pt-based fuel cell electrodes to the formation of PtO and
subsequent Pt dissolution.* In addition, the formation of PtO,
species of volatile nature have been suggested as responsible
for the enhanced coarsening of Pt NPs**¥” upon annealing in
O, as compared to H.

The main objective of the present in situ study is to provide
insight into the interaction of oxygen with supported size-selected
Pt NPs, revealing the initial stages of oxidation and the changes in
the stoichiometry of the PtO, species formed under various thermal
treatments in UHV and oxygen atmospheres.

The formation and stability of PtO and PtO, species on bulk
Pt single crystals, Pt thin films and Pt powders has been
profusely investigated in the past.*®~* Additional stoichiometries
and different structures, including Pt,03, Pt;0,4, 0-PtO,, 5-PtO,,
and f3’-PtO; have also been recently reported.>** The following
standard enthalpies of formation of the different bulk Pt oxide
phases can be found in the literature: PtO (—71 kJ/mol), Pt;0,
(—268 =+ 100 kJ/mol), and PtO, (—134 + 42 kJ/mol).*6 On
the basis of such values, the stability of the different bulk oxides
can be roughly estimated after normalization by the number of
oxygen atoms, leading to the following trend: Pt;04 > PtO, >
PtO.>* However, such trend corresponds to bulk Pt oxide
phases, and it might not be representative of oxide phases
formed on small Pt NPs.”'%%7 In addition, even for bulk Pt, PtO,
is the most commonly reported stable oxide.**~? For instance,
Held et al.® described the formation of Pt,O, oxide clusters
with a stoichiometry x:y close to 1:1 after oxygen adsorption
on Pt(531), and assigned this to the Pt;O4 phase. These clusters
were observed to be highly active for CO oxidation.**> Density
functional calculations (DFT) by Seriani et al.> on bulk Pt oxides
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revealed the superior stability of Pt;0, as compared to PtO,
with the following thermal decomposition trend: PtO, — Pt;0,
— Pt.>*+% However, previous work from our group reported PtO
as the dominant species stabilized on Pt NPs supported on
nanocrystalline oxides after annealing treatments in air and
0,.1%47 In addition, the relative content of Pt oxide species on
monometallic Pt NPs was found to depend on the NP size,® as
well as on the degree of reducibility of the oxide support’®
and in bimetallic Pt—M NPs (M = Au, Pd, Ru, and Fe) on the
oxygen affinity of the secondary metal.” By comparing a number
of nanocrystalline oxide powder supports (SiO,, TiO,, ZrO,,
Al O3, etc.), Croy et al.” observed the more facile reduction of
PtO, species, formed upon sample annealing in air, when
deposited on TiO, substrates. However, open questions remained
with respect to the relative thermal stability of the PtO and PtO,
species formed, and a more in-depth in situ temperature-
dependent study was found to be needed. Similar trends were
also observed when oxidized Au NPs (Au,0Os/Au) supported
on SiO, and TiO, were annealed in UHV.* For a nearly identical
initial particle size distribution, Au,O3; compounds formed on
these NPs were found to be more stable when the clusters were
deposited on SiO,, as compared to TiO,.% In the latter case, it
was suggested that oxygen vacancies present on the TiO, surface
were replenished upon sample annealing by O atoms spilling-
over to the NP/support interface.

The present study provides insight into the chemical nature
and thermal stability of oxide species formed over size-selected
supported Pt NPs, via XPS, after in situ exposure to atomic
oxygen. Emphasis is given to discussing the role played by the
NP support. We will address the following questions: (1) Are
PtO, and PtO compounds formed on small Pt NPs and do they
coexist at certain temperatures? (2) Is PtO, directly reduced to
Pt° or does the decomposition involve PtO as intermediate
species? (3) Are Pt—O—M compounds formed at the NP/support
interface and under which conditions? (4) What type of NP/
support interactions are present for each of our material systems
(NP encapsulation by the support, NP/support interfacial alloy
formation, etc.)? (5) Does the NP support influence the final
shape of the supported NPs after distinct post-deposition
treatments (e.g., atomic oxygen exposure at RT, annealing in
UHV or 0,)?

Experimental Details

Pt NPs were synthesized within micelles of polystyrene-block-
poly(2-vinylpyridine) diblock copolymers [PS(x)-b-P2VP(y),
Polymer Inc.]. Inverse micelles with the polar units (P2VP)
constituting the core and the nonpolar polystyrene (PS) tails
extending outward are formed when PS-b-P2VP polymers are
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dissolved in toluene. These micelles are then loaded with a metal
salt, chloroplatinic acid (H,PtCls*6H,0), which attaches to the
pyridine groups in the P2VP core. This sample preparation
method results in narrow NP size-distributions with well-defined
interparticle distances and a homogeneous coverage of the NPs
in practically any substrate.*’ The NP size and interparticle
distance can be tuned by changing the molecular weight of the
diblock copolymer core (P2VP) and tail (PS), respectively.
Further size control of the NPs can be gained by tuning the
relative metal salt/P2VP concentration ratio (r). In this study, a
PS(27700)-P2VP(4300) polymer was used, and r = 0.6. A more
detailed description of the preparation method can be found
elsewhere.’* 3 Naturally oxidized Si(001) wafers and oxidized
polycrystalline ultrathin Ti and Zr films electron-beam evapo-
rated on Si(001) have been used as NP supports. According to
cross sectional transmission electron microscopy (TEM) images,
the thicknesses of the support oxide films investigated are SiO,(4
nm), ZrO,(6 nm), and TiO,(7 nm). These substrates were dip-
coated in the Pt-polymeric solution at a speed of 10 mm/min.

The ex situ prepared samples were transferred into a UHV
system (SPECS GmbH) for polymer removal and in situ
electronic and chemical characterization via monochromatic
XPS (Al K, 1486.6 eV). Polymer etching from the NPs’ surface
was conducted by O,-plasma exposure at RT at a pressure of
4.0 x 1075 mbar for 100 min in the same UHV system where
the subsequent sample characterization was carried out. This
treatment also results in the oxidation of the Pt NPs. XPS
measurements were conducted immediately after the exposure
to atomic oxygen and no detectable amounts of C-1s (285.2
eV), N-1s (399.3 eV), or CI-2s (270.0 eV) from the P2VP and
H,PtCl, salt were observed.”’

The morphology of the samples before and after polymer
removal as well as after the different annealing treatments was
characterized ex situ by atomic force microscopy (AFM) in
tapping-mode (Digital Instruments, Nanoscope III). Further
morphological and structural characterization was carried out
by cross sectional TEM and scanning TEM (STEM) with an
acceleration voltage of 300 kV (Tecnai F30). TEM cross-
sectional samples were prepared using a focused ion beam (FIB)
system (FEI 200TEM). The error margins given for the AFM
NP heights correspond to the calculated standard deviation.
Nevertheless, the NP sizes reported are reproducible when
multiple samples are prepared by dip-coating different pieces
of the same type of substrate on a given NP solution. A
description of the samples investigated is given in Table 1.

The temperature-dependent decomposition of platinum oxides
on NPs supported on different substrates was studied in situ by
XPS after isochronal annealing in 50 K-steps from RT to 1000

TABLE 1: Description of Pt NP Samples Synthesized Using the Technique of Inverse Micelle Encapsulation and Deposited on

Different Oxide Supports®

particle height (nm)

aspect ratio:

substrate sample treatment AFM [TEM] particle diameter (nm) TEM height/diameter

Si0,(4 nm)/Si(001) #1a 0,-plasma 2.6 0.4 [3.0£0.8] 3.14+08 1.0 +0.1
#1b anneal in UHV, 1000 K 2.7+ 041[3.1£0.3] 314+03 1.0 + 0.1
#1c anneal in O,, 1000 K 1.5+02

Z10,(6 nm) #2a 0,-plasma 1.5+ 04[2.8 £0.3] 29402 1.0 +0.1
#2b anneal in UHV, 1000 K 2.1 +£0.6[2.9+0.7] 384+0.7 0.7+ 0.1
#2c anneal in O,, 1000 K 1.4+04

TiO5(7 nm)/Ti(6 nm) #3a 0,-plasma 334+06[2.5+0.2] 2.8+0.2 1.0 + 0.1
#3b anneal in UHV, 1000 K 1.2+03
#3c anneal in O,, 1000 K

“The average NP heights (AFM, TEM) and diameters (TEM) obtained after an O,-plasma treatment, annealing in UHV and in O, (P[O;] =

1 x 107* mbar) at 1000 K are given.
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Figure 1. 1 x 1 um? tapping mode AFM images of (a—c) Pt/SiO,(4 nm)/Si(001), (d—f) Pt/ZrO(6 nm)/SiO,/Si(001), and (g—i) Pt/TiO(7 nm)/
Ti(6 nm) synthesized by inverse micelle encapsulation. The images were acquired after O,-plasma exposure (a,d,g), and after annealing in UHV at
1000 K (b,e,h) and in O, environment (1 x 107* mbar) (c,f,i). The height scale in all images is z = 8 nm.

K. A linear heating ramp of = 3 K/s was used to achieve the
desired temperature, and the target temperatures were maintained
for 10 min. XPS spectra were acquired at RT after each thermal
treatment. The XPS binding energy (BE) scale was calibrated
using the Si%2ps; (99.3 eV) [Pt/Si0,/Si(001), Pt/ZrO(6 nm)/
Si0,/Si(001)] and Ti’-2ps, (454.0 eV) [PUTIO,/Ti/Si0/Si(001)]
peaks as reference.”*>*% The ultrathin nature of our oxide
supports allows us to observe the signal of the underlying
reduced substrates [Ti® in the TiO/Ti films and Si® in SiO,/
Si(001) and ZrO,/Si0,/Si(001)]. An additional experiment was
conducted to monitor whether the sample exposure to the X-ray
beam at RT would also induce a partial decomposition of the
Pt oxides (PtO, and PtO) formed via the O,-plasma treatment.
Only a slight reduction of PtO, (~3%) and no reduction of PtO
were observed at RT after X-ray exposure for 120 min under
our experimental conditions (Al K, 1486.6 eV radiation and a
power of 300 W), Supporting Information Figure 1. The 120
min exposure time used in the latter experiments is longer than
the acquisition time (~10 min) required to measure each of the
XPS spectra shown in this work. Therefore, any X-ray-induced
decomposition of Pt-oxides can be ruled out. For the quantitative
analysis of peak positions, line widths, and relative areas of
the Pt°, Pt>*, and Pt** species, the raw XPS spectra were fitted
with six Gaussian—Lorentzian functions (three doublets) using
the CASA XPS software. A linear background due to inelastic
scattering processes was subtracted. For the fitting of the Pt-4f
core level region, the following parameters were used: (i) a
spin—orbit coupling energy (separation of 4f;, and 4fs, doublet)
AE = 3.33 V.5 (ii) an intensity ratio between the Pt-4fy, and
Pt-4fs;, peaks Ly, /L, = 0.75, and (iii) full width at half-
maximum height (fwhm) of the different components after

annealing of 1.3 £ 0.1 eV for Pt°, 1.6 & 0.3 eV for P*" in
PtO, and 1.9 £ 0.3 eV for Pt*" in PtO,. In general, broadening
of XPS lines can be attributed to the instrumental resolution,
core-hole lifetime effects,®”> Franck—Condon effects,®® and
cluster size effects.®*%” The higher fwhm values obtained for
the Pt oxides as compared to metallic Pt are attributed to the
contribution of unresolved shake-up, shake-off and related
satellite peaks. The present use of different fwhm values for
distinct PtO, species (PtO, > PtO) is based on the following
arguments: (i) intermediate oxide species that cannot be
separated via XPS due to their proximity in BE (e.g., Pt;04
and PtO,) might be present in our samples, (ii) different stable
geometric structures might coexist for a given oxide phase (e.g.,
o-PtO, and -PtO,),>** leading to peak broadening, (iii) the
presence of disordered and defective surface oxides as well as
bulk-like subsurface oxides with the PtO, species present at the
NP surface (e.g., PtO,) having a more disordered character and
wider fwhm, (iv) a different multiplet structure for the main
peaks of PtO, species that will likely be unresolved for the NP
samples and will contribute to peak broadening.®®~7° The
instrumental resolution of our monochromatic XPS system,
measured on a Au(111) single crystal, is fwhm = 0.9 eV. The
BE resolution is estimated to +0.1 eV.

Results

A. Morphological and Structural Characterization (AFM,
TEM). Figure 1 displays AFM images of size-selected Pt NPs
supported on SiO,(4 nm)/Si(001) (a—c), ZrO,(6 nm)/SiOy/
Si(001) (d—f), and TiOx(7 nm)/Ti(6 nm)/Si0,/Si(001) (g—i)
taken after in situ O,-plasma exposure at RT (a,d,g), and after
subsequent isochronal annealing in UHV (b,e,h) and in O, (c,fi)



22122 J. Phys. Chem. C, Vol. 114, No. 50, 2010

Ono et al.

250 : ' v * .
(a) 2,6 £ 0.4 nm

—_
(4]
(=]

Number of Particles
=
o

Number of Particles
=)
o

-
w
o
T
e

T -T T

1.5+ 0.2 nm

Number of Particles

s0f | 1 E sof ]
) \‘ PUSIO, _ PUSIO, PUSIO,
G ';! o i M 0 LR i i i 4
0 2 4 6 8 10 0 4 6 8 10 4 ] 8 1C
Height (nm) o Height (nm) Height (nm)

120““ 1.5 % 0.4 nm | (e) 2.1+ 0.6 om 1.4 * 0.6 nm
P g 150} ] 5400 ]
o 3] o
5 5 5
o o100} {a
2 B 5200 ]
2 2 z
E E S0t 1€
Z z ‘ 3

AL PUZIO, PYZIO,
okl . x X 3 " "
0 0 2 4 6 8 10 4 6 8 1C
Height (nm) Height (nm)
300 . .

1.2 £ 0.3 nm

» 120} -

3 3

.0 *)

£ oof 5

o o

B gol ]

2 3

E 30| €

2 PUTIO, | = PTIO,
% 2 4 & 8 @ o 2 4 B8 8 10

Height (nm) Height (nm)

Figure 2. Height histograms of Pt nanoparticles deposited on (a—c) SiO,, (d—f) ZrO,, and (g,h) TiO, obtained from the analysis of AFM images
taken after O,-plasma treatments for polymer removal (a,d,g), and after subsequent annealing at 1000 K in UHV (b,e,h) and in O, (c,f).

(P[O,] =1 x 107* mbar) from 350 to 1000 K in 50 K steps for
10 min. The AFM images in the second and third columns were
obtained after the last annealing step at 1000 K. The corre-
sponding NP height histograms are shown in Figure 2 and the
average values in Table 1. No significant change in the average
NP height is observed for the Pt/SiO, and Pt/ZrO, systems after
annealing in UHV (samples #1b, 2b, respectively, within the
error margins of the AFM measurements), but a strong reduction
in the NP height is observed for Pt/TiO, (sample #3b). The
former effect is attributed to the change in the morphology of
the ultrathin TiO, film upon annealing and the diffusion of the
Pt NPs into the TiO, substrate, as will be described later based
on TEM and XPS data. The initial rougher morphology of the
ZrO, and TiO, substrates as compared to SiO,/Si(001) is
expected to induce errors in the estimation of the NP height on
these substrates (Supporting information Figure 2). However,
similar NP sizes as in the case of SiO, are expected from our
micelle encapsulation NP preparation method before annealing.

After annealing in O, at 1000 K (samples labeled “c” in Table
1), particle height distributions of 1.5 &= 0.2 nm and 1.4 & 0.6
nm were obtained for Pt/SiO, and Pt/ZrO,(6 nm), respectively
(Figure 2c,f). Those values are smaller than the average values
obtained upon NP annealing in UHV (2.7 £ 0.4 nm and 2.1 £+
0.6 nm, respectively). When the same treatment was applied to
the Pt/TiO, sample, an enhanced substrate roughness was
observed, making difficult the distinction between Pt NPs and
TiO, clusters formed on the surface of the TiO, film, Figure 1i.

Figure 3 displays cross sectional TEM images of Pt NPs
supported on SiO; (~4 nm) (a), ZrO, (~6 nm) (b), and TiO,

(~7 nm) (c) after an O,-plasma treatment at RT (polymer
removal) (b,c) and subsequent isochronal annealing in UHV
from 350 to 1000 K (a). The SiO, film was found to be
amorphous. Lattice fringes with d-spacing of d;1) = 0.232 nm,
diy = 0.298 nm, and d(;;7) = 0.313 nm were observed in Figure
3b, indicating the crystallization of our ultrathin ZrO, films into
the monoclinic-ZrO, phase.”'”* Some degree of crystallinity
was also observed in certain regions of the annealed TiO, film
supported on metallic titanium. From our TEM data, the
structure of the TiO, film cannot be conclusively resolved, since
the d-spacing obtained [0.327(4) nm] is compatible with rutile,
anatase, and brookite TiO,,”* and mixed phase domains might
also be present in these samples. The shape of the Pt NPs can
also be inferred from the images in Figure 3, although higher
resolution images are shown in Figure 4 for this purpose. Nearly
spherical Pt NPs are observed on SiO, after annealing at 1000
K and on ZrO, and TiO, after an O,-plasma treatment at RT.

Figure 4 shows high-magnification TEM images of isolated
Pt NPs supported on SiO; (~4 nm) (a), ZrO, (~6 nm) (b), and
TiO, (~7 nm) (c) after an O,-plasma treatment (a—c) and
subsequent isochronal annealing in UHV from 350 to 1000 K
(d—f). Single crystalline Pt NPs are observed in some of the
images even before annealing (Figure 4a—c). The lattice
spacings measured after atomic oxygen exposure at RT [d =
0.215(4), 0.232(4), 0.282(4) nm, Figure 4a,b,c], are in agreement
with those previously reported for PtO, species,>’>’® namely,
d(llO) = 0.2137 nm in PtO, d(zu) = (0.228 nm in Pt304, d(zoo) =
0.279 nm in P;0y, or d(190) = 0.266 nm in PtO,.””""® However,
the lower values also fit metallic Pt. The identification of surface
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Figure 3. Cross sectional TEM images of Pt nanoparticles supported
on (a) SiO, (4 nm)/Si(001), (b) ZrO, (6 nm)/Si0,/Si(001), and (c) TiO,
(7 nm)/Ti (6 nm) acquired after O,-plasma exposure at RT (b,c) and
subsequent in situ isochronal annealing from 350 to 1000 K (a).

oxide phases on small NPs via TEM is very challenging due to
several factors, including the possibility of having such phases
present in a disordered structural form (amorphous), as well as
possible artifacts intrinsic to the TEM technique that could result
in local heating of the NPs and the decomposition of unstable
surface oxides. Since in our samples PtO, species are observed
to disappear after annealing in vacuum above 500—600 K (see
XPS section), and its content is clearly reduced (giving rise to
PtO) well below that temperature, such effect might be
responsible for the absence of PtO, in the TEM images.
Additionally, many of the observed lattice plane spacings can
be assigned to different Pt phases, and only a few lattice plane
spacings are unique to a specific phase. After annealing in UHV
at 1000 K (Figure 4d,e) lattice fringes with spacings of 0.226
and 0.190 nm were measured on the Pt NPs and assigned to
the (111) and (200) planes of metallic fcc Pt, respectively.”
The annealed NPs in our samples are single grain. No clear
high-resolution TEM images of the Pt NPs on the thin TiO,
support could be acquired after annealing. To get insight into
the morphology of the Pt/TiO, system after annealing, high-
angle annular dark-field scanning TEM (HAADF-STEM) im-
ages were recorded (Figure 5) and will be discussed below.
From the TEM images in Figure 4, the average shape of our
NPs and its thermal evolution was inferred by measuring their
aspect ratio (height/diameter). An average of 30 NPs were
analyzed in each cross sectional TEM sample, and the corre-
sponding h/d histograms included in Supporting Information
Figures 3—5 and Table 1. Additional high-resolution cross
sectional TEM images resolving the shape of Pt NPs on ZrO,
and TiO, supports are also given in Supporting Information
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Figures 6 and 7. The final results from this analysis together
with schematics of model NP shapes are included as insets in
Figure 4. After O,-plasma exposure at RT, the NPs were found
to have spherical shape (as expected according to the type of
micelles synthesized with PS-P2VP) on all substrates (Figure
4a—c, h/d ~ 1.0), indicating weak interaction between the
oxidized Pt NPs and the corresponding oxide supports. Sample
annealing in UHV at 1000 K did not affect the overall spherical
shape of the Pt NPs supported on SiO, (Figures 3a and 4d)
suggesting weak particle-support interactions in that system.®
Interestingly, a higher contact area with the support (h/d = 0.7)
was observed for the Pt NPs deposited on ZrO, after an
analogous annealing treatment in UHV (Figure 4e and Sup-
porting Information Figure 6e—h). The Pt NPs on TiO, were
found to disappear from the high-resolution real-space TEM
images upon annealing at 1000 K in UHV Figure 4f. This result
will be explained below.

Figure 5 shows edge-on HAADF-STEM images along the
[110] direction of the Si substrate (perpendicular to the [001]
Si surface normal) of our Pt/TiO, samples after an O,-plasma
treatment at RT (a) and subsequent annealing at 1000 K in UHV
(b) and in O, (P[0,] =1 x 10* mbar) (c). Since the differences
in atomic numbers between Pt (Z = 78) and Ti (Z = 22) are
sufficiently large, clear contrast between the Pt NPs and the
TiO, support can be observed in the images of Figure 5. Before
annealing (Figure 5a) the Pt NPs were found to be on the surface
of the TiO, films, while a subsequent annealing in either UHV
(Figure 5b) or O, (Figure 5c) lead to the diffusion and
incorporation of the Pt NPs into the TiO, films, leading to
completely embedded NPs.

B. Electronic and Chemical Characterization (XPS). 1. An-
nealing in UHV. Figure 6 shows a set of selected XPS spectra
from the Pt-4f core level region of micellar Pt NPs supported
on ultrathin SiO; (4 nm) (a), ZrO, (6 nm) (b), and TiO, (7 nm)/
Ti (6 nm) (c) films as a function of the annealing temperature.
All spectra were measured at room temperature (RT) after O,
plasma exposure (i), and subsequent annealing in UHV at 500
K (ii), 750 K (iii), and 1000 K (iv) (see Supporting Information
Figures 8, 9, and 10 for the complete set of XPS spectra
acquired). A wide range of BEs have been reported in the
literature for different Pt species.’®323%3! Among the reported
values (Supporting Information Table 1), we have selected the
Pt-4f BE reference (vertical lines in Figure 6) that best describe
the raw data that we obtained on the Pt/SiO,/Si(001) system,
namely, Pt-4f;, of 71.1 eV for Pt°, 72.3 eV for PtO, and 73.8
eV for PtO,. Small deviations with respect to the BE values
reported in ref 52 for different PtO, species were observed while
fitting the XPS data of the Pt/SiO, system. The latter BEs are
shown in the graphs as reference lines for the oxidized Pt NPs
deposited on ZrO, and TiO,. The XPS spectra acquired on the
Pt/ZrO, and Pt/TiO, samples after O,-plasma revealed peak
positions for both Pt>* and Pt** species positively shifted with
respect to the above references. The possible origin of these
shifts will be discussed below.

It should be mentioned here that the experimental distinction
of some of the Pt oxide species is challenging. For example, a
Pt species with XPS BE of ~73.6 eV (Pt-4f;,) has been
previously assigned to Pt30,.82%% The same authors attribute a
BE of 72.2 eV to PtO and 74.2 eV to PtO,. The assignments
are even more complicated when clusters are considered, since
positive BE shifts with respect to bulk references may be
observed due to electronic initial and final-state effects.>7-%¢
Because of the proximity in BE (~0.5 eV, see Supporting
Information Table 1 for details), Pt;O4 and PtO, species are
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Figure 4. High-magnification cross sectional TEM images of Pt nanoparticles supported on (a,d) SiO, (4 nm)/Si(001), (b,e) ZrO, (6 nm)/SiO,/
Si(001), and (c,f) TiO, (7 nm)/Ti (6 nm) taken after O,-plasma exposure at RT (a—c) and subsequent in situ isochronal annealing from 350 to 1000
K (d—f). The inset shows representative shapes of Pt nanoparticles on the different supports after the different treatments. The aspect ratios (a =

hl/d) are also indicated.

Figure 5. Edge-on STEM images of Pt nanoparticles supported on
TiO, (7 nm) after (a) O,-plasma exposure at RT and after subsequent
in situ isochronal annealing from 350 to 1000 K in UHV (b) and in O,
(1 x 107* mbar) (c).

not clearly distinguishable via XPS. Alternative techniques such
as EXAFS also cannot be used to gain insight into the content
of different PtO, species, since the Pt—O distance for the most
common PtO, species is nearly the same ~2 A (2.04 A for PtO,
1.97 A for Pt;04, 1.99 A for 8-PtO,).>* In this study, we will
refer to the highest BE species detected in our NP samples as
PtO,, since such species is the most commonly reported in the
literature, especially on NPs 41435185

Figure 7 shows the effect of annealing on the chemical
composition and oxidation state of the NP supports monitored
by XPS. Spectra of Pt-free supports (solid lines) and Pt-
decorated supports (open circles) are shown simultaneously for
comparison purposes. The vertical lines indicate the reference
values of the most common oxidation states of the stoichiometric
and partially reduced Si0,,3%7 Zr0,,%% and Ti0,°****! supports,
as well as the possible alloys that can be formed with Pt (e.g.,
Pt—Ti” or Pt—Ti—0??").

Figure 6a demonstrates that the ~3 nm Pt NPs on SiO,
(sample #1) are completely oxidized upon exposure to atomic
oxygen, spectrum (i), with PtO (Pt**-4fy, at 72.3 & 0.1 eV,
33%) and PtO, (Pt*"-4f;, 73.8 £ 0.1 eV, 67%) as main oxide
species. Annealing up to 500 K results in a gradual decrease of
the PtO, signal accompanied by an increase in PtO [Figure 6a
(i1)]. Further annealing above 750 K leads to the decomposition
of PtO to Pt°, [Figure 6a (iii,iv)]. In agreement with previous
literature,>>*>° our XPS data indicate that the direct decomposi-
tion of PtO, into Pt” is not observed; instead, PtO, is first reduced
to an intermediate oxide species, most likely PtO according to
the measured BEs, and then to Pt’. Complete decomposition of
PtO, species is observed above 700 K, but a small PtO
component could still be fitted to the 1000 K XPS spectrum.
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Figure 6. XPS spectra (Al-k, = 1486.6 eV) corresponding to the Pt-4f core level region of Pt nanoparticles (~3 nm) supported on (a) SiO, (4 nm),
(b) ZrO, (6 nm), and (c) TiO, (7 nm)/Ti (6 nm) thin films. The temperature-dependent spectra shown follow the formation of Pt oxide species after
(i) Os-plasma exposure at RT and subsequent in situ isochronal annealing from 350 to 1000 K in 50 K steps for 10 min. Selected annealing
temperatures are shown (ii—iv). Solid vertical reference lines signalize the BEs of the spin—orbit doublets characteristic of the different Pt species

according to literature values. Least-square fits to the data conducted after background subtraction are also shown. The complete set of XPS
measurements are displayed in Supporting Information Figures 8, 9, and 10.
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Figure 7. XPS spectra (Al-k, = 1486.6 eV) corresponding to the Si-2p, Zr-3d, and Ti-2p core levels of (a) SiO, (4 nm), (b) ZrO, (6 nm), and (c)
TiO, (7 nm)/Ti (6 nm) thin films with (open circles) and without Pt nanoparticles (solid lines). All samples were subjected to an (i) O,-plasma

are shown. Solid vertical reference lines signalize the binding energies of the different oxidation states of the Si-2pss, Zr-3dss, and Ti-2p;, XPS
peaks. Least-square fits to the data conducted after background subtraction are also shown in Supporting Information Figures 11, 12, and 13.

No substantial changes in the BE of the Pt® and Pt*"** species to 103.5 eV upon annealing at 1000 K [Figure 7a (i) (open
with respect to the reference values is found when comparing circles)]. The increase in the BE of the Pt-coated (open circles)
the as-prepared samples (after O,-plasma) and annealed and Pt-free (solid line) SiO, thin films with increasing annealing
samples.”® The BE of the SiO, component from the Pt/SiO, temperature is attributed to band bending.** Higher BEs are

sample is 103.1 eV after atomic oxygen exposure, increasing observed for the Pt-coated supports as compared to pristine SiO,
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Figure 8. XPS spectra corresponding to the Pt-4f core level region of Pt nanoparticles (~3 nm) supported on (a) SiO, (4 nm), (b) ZrO, (6 nm),
and (c) TiO, (7 nm)/Ti (6 nm) thin films. The temperature-dependent spectra shown follow the formation and thermal stability of Pt oxide species
after (i) O,-plasma exposure at RT and (ii—iv) subsequent in situ isochronal annealing treatments from 350 to 1000 K in 50 K steps (for 10 min

at each temperature) under an O, environment (1 x 10™* mbar).

below 1000 K.%> No reduction of the ultrathin SiO, films is
observed up to 1000 K.

In analogy to the Pt/SiO, case, exposure of the Pt/ZrO,(6
nm) sample to atomic oxygen [Figure 6b (i)] leads to the
formation of PtO (21%) and PtO, (79%). The BEs of the PtO
and PtO, species in the Pt/ZrO, (6 nm) system are shifted
positively with respect to those in Pt/SiO, by +1.1 and +0.7
eV, respectively. These high BE values are in good agreement
with the BEs measured within our group for similarly prepared
Pt NPs supported on nanocrystalline ZrO, powder after air or
O;-annealing pretreatments.””!! The difference observed be-
tween SiO, and ZrO, might be partially attributed to the slightly
larger thickness of the ZrO, support employed (6 nm) as
compared to SiO, (4 nm), which is expected to lead to enhanced
charging effects. Nevertheless, the better conductivity of ZrQ,%
as compared to Si0,””® should result in smaller BE shifts due
to charging, contrary to our present observation. The effect of
the oxide support thickness on the measured BE shifts as well
as stability of PtO, species in Pt NP/ZrO, will be the object of
a subsequent study from our group. Interestingly, in parallel to
the positive Pt-4f BE shift, a large negative shift of —1.3 eV
with respect to bulk ZrO, (Zr**-3dsp, = 182.6 eV!*¥) was
observed on the Zr-3d region of the Pt/ZrO, sample directly
after O,-plasma exposure [Figure 7b (open circles)]. Such
negative shift in the Zr-3d peaks is also present on the Pt-free
sample (solid lines) to a similar degree (—1.2 eV). On both
samples, the bulk-like value of the Zr-3d XPS BE is achieved
after sample annealing above 500 K. Above that temperature,
the gradual reduction of PtO, to PtO and subsequently to Pt° is
observed. Complete reduction of PtO, is observed at 550 K,
while a small signal of PtO is still detected at 1000 K.

After atomic oxygen exposure at RT, ~29% PtO and ~71%
PtO, is obtained for Pt/TiO, (sample #3b) [Figure 6¢ (i)]. Upon
annealing (Figure 6¢) a gradual decomposition of PtO, to PtO
(400 K) and subsequently to Pt° [spectrum (ii), 500 K] is

observed. No PtO, species are detected above 550 K while small
amounts of PtO persist up to 1000 K. Metallic Pt species are
present in this sample above 400 K. Nevertheless, a positive
shift of the BE of the Pt component that was previously assigned
to metallic Pt is observed above 550 K, signalizing the formation
of a Pt—Ti—0 alloy?*2% (Pt-4f;;, at 71.9 eV at 750 K versus
71.2 eV at 500 K) [Figure 6¢ (iii,iv)]. This effect correlates
with the onset of TiO, reduction at 500 K (Figure 7c¢) which
leads to a stronger Pt/TiO; interaction and, according to previous
literature as well as to the present TEM data (Figures 4f and
5b), to the encapsulation of Pt by TiO,'® or diffusion of Pt
into TiO,. In fact, after O,-plasma exposure, a majority of Ti*"
is detected on the Pt-coated and Pt-free TiO, substrates (Figure
7¢). However, due to the reduced thickness of our TiO, support
film (~7 nm based on cross sectional TEM images>°), lower
oxidation states of Ti are also observed, including a small
metallic Ti signal from the underlying substrate (more clearly
visible on the Pt-free support). A small contribution of Ti**
was observed by XPS in the Pt-coated and Pt-free supports even
after O, plasma exposure. This component is attributed to the
Ti’—TiO, interface. Upon annealing, the thin TiO, film (Ti*")
was observed to decompose easily with an increase of the Ti**
from ~5% after O,-plasma to ~40% after annealing at 500 K
[Figure 7c (ii) and Supporting Information Figure 13]. Further
increase in the temperature results in a gradual increase of the
Ti>* signal, accompanied by a decrease of the content of Ti**
and Ti*" species [Figure 7c (iii)]. In addition, no increase in
the Ti® component was observed up to 1000 K, but the
appearance of TiC (Ti-2p;, at 454.8 eV) and Pt—Ti—O
(Ti-2ps, at 458.2 eV)?1017103 gpecies (Supporting Information
Figure 13). The presence of TiC in these samples at 750 K is
also corroborated by the sudden appearance of a C-1s XPS
signal (not shown) at 281.8 V.37 The C present on the surface
of sample #3b (Pt-NP/TiO, film) after annealing is believed to
segregate from the underlying Ti film/SiO,/Si(001) interface,
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Figure 9. XPS spectra corresponding to the Si-2p, Zr-3d, and Ti-2p
core levels of Pt-coated oxide supports: (a) SiO, (4 nm), (b) ZrO, (6
nm), and (c) TiO, (7 nm)/Ti (6 nm). The data were acquired after
isochronal annealing in O, (P, = 1 x 10™* mbar) from 350 to 1000
K. Solid vertical reference lines signalize the binding energies of the
different oxidation states of the Si-2psp, Zr-3dsp, and Ti-2ps, XPS
peaks.

since such Ti film was deposited ex situ on an untreated Si-
wafer before NP dip-coating.'™ Adventitious carbon and car-
bonyl species (C=0 and O=C—0)'%~1%7 are known contami-
nants of such native Si substrates. A similar TiO, reduction
behavior was observed for the Pt-free substrate, also with the
appearance of TiC above 600 K [Figure 7c (iii)].

2. Annealing in O,. After exposing Pt-NP/SiO, (sample #1c)
to atomic oxygen and subsequent in situ annealing in O, (Figure
8a), a similar decomposition pattern of PtO, and PtO as
compared to the sample annealed in UHV (Figure 6a) is
observed.

In contrast, for the Pt-NP/ZrO, (6 nm) system (sample #2c),
PtO, species appear to be much more stable during O, annealing
(Figure 8b) as compared to annealing in UHV (Figure 6b). The
XPS spectrum acquired after annealing sample #2¢ in O, at 500
K, Figure 8b (ii) shows ~19% Pt°, ~59% Pt**, and ~22% Pt**.
For reference, an analogous thermal treatment in UHV resulted
in ~42% Pt°, ~40% Pt**, and ~18% Pt** (Figure 6b). Further
annealing in O, from 550 to 750 K leads to an increase in the
metallic Pt content ~54% with ~32% Pt*" and ~14% Pt**.
Similar ratios of these species are observed after annealing at
1000 K in O,. The latter trend demonstrates the enhanced
stability of the PtO phase on ~3 nm Pt NPs under O,,'° since
a lower content of Pt oxide species was detected on the
analogous but UHV-annealed sample above 750 K (~89% Pt’,
~11% P**, and ~0% Pt*").
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The Pt/TiO, (sample #3c) system also shows a very different
behavior when annealed in O, (Figure 8c) as compared to UHV
(sample #3b) (Figure 6¢). In particular, no Pt—Ti—O alloy
formation is observed upon annealing in O, at 1000 K [Figure
8c (iv)]. This result is attributed to the lack of O-vacancies in
the TiO, support when the samples are annealed in O,.

The effect of the annealing in O, on the chemical composition
and oxidation state of the NP supports was also monitored by
XPS. Figure 9 shows representative XPS spectra of the Si-2p
(a), Zr-3d (b), and Ti-2p (c) core levels of Pt/SiO,, Pt/ZrO, and
Pt/TiO, samples, respectively, acquired after the last step of
annealing in O, at 1000 K. Our XPS data demonstrate the lack
of reduction of any of the supports under our experimental
conditions. This is in contrast with our observations for TiO,
after annealing in UHV [Figure 7c (iii)].

Discussion

A. NP Morphology. The morphology of our samples was
inferred based on AFM and TEM measurements. Our data
demonstrate the homogeneous size and spatial arrangement of
our micellar Pt NPs in several oxide supports. In addition, the
evolution of the oxidation state and average shape of our NPs
was monitored as a function of different in situ treatments,
including atomic oxygen exposure at RT and thermal treatments
up to 1000 K in UHV and in O,. A drastic decrease in the height
of Pt NPs is observed after annealing in an O, environment
(Figure 2c,f). The loss of Pt was confirmed by the decrease in
the integrated areas of the Pt-4f XPS peaks. According to refs
108 and 109, the formation and subsequent desorption of volatile
PtO, species might underlie this observation. The former effects
were also observed when identical Pt NPs were annealed in
UHV, suggesting a thermally induced desorption of Pt atoms
or small metallic Pt clusters due to their expected reduced
melting temperature (size-effects).!'*"!12 On the basis of the
lattice spacings measured by TEM, a distinction between a
possible PtO, shell and a metallic Pt core (if at all present)
cannot be made. In addition, the possible presence of interfacial
PtO, on our NP/oxide support system, suggested by the small
PtO component obtained from the fit of our XPS data at 1000
K, could not be clarified based on the cross sectional TEM
images.

Regarding the NP shape, the TEM images indicate the initial
formation of spherical NPs via our micelle encapsulation
method. Nevertheless, the final NP shape was found to be
strongly influenced by the post-preparation treatment as well
as by the strength of the NP/support interactions. Nearly
spherical NPs were observed before annealing on all oxide
supports. Interestingly, no change in the NP shape was observed
for the Pt/SiO, system. This is in contrast with some previous
reports! !4 where strong adhesion and significant wetting of
Pt NPs on SiO, surfaces was observed upon annealing at 773
K. The reason for this distinct behavior might be related to the
inherent nature of our NP preparation method (micelle encap-
sulation) as well as to the post-deposition O,-plasma treatment
conducted on our samples.'"> When the same NPs are deposited
on ZrO,, a change in the aspect ratio of the NPs (flattening) is
observed upon annealing (Figure 4e) highlighting the stronger
NP/support interactions present in the case of the Pt-ZrO, system
that result in an increased contact area of the Pt NPs with the
underlying ZrO, susbtrate.'“!! A clear example of strong NP/
support interactions is provided by the Pt/TiO, system, since
the Pt NPs were found to become embedded into the TiO,
support upon annealing at 1000 K.

Quantitative information on the interaction of the Pt NPs with
the different supports, in particular, their adhesion energy (W),
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was extracted based on contact angle analysis of the cross
sectional TEM images (Figures 3, 4 and Supporting Information
Figures 6 and 7).'" The latter analysis is based on the
Wulff—Kaischew theorem (eq 1) where the interfacial energy
of the metal/support system is obtained from purely geometric
characteristics (width-to-height ratio) of the Pt NPs measured
by TEM, provided they had the equilibrium shape,'!”!''® which
is expected after our high temperature annealing treatment.
According to Wulff-Kaischew’s theorem:

Ah _ Wadn )
R Vpe

where A# is the degree of truncation of the NPs at the interface
with the support, R is the radius of the truncated sphere, and
yp is the surface energy of the principal low-index plane [e.g.,
Pt(111)]. The formation of Wulff-like Pt NPs using micelle
encapsulation methods after high temperature annealing was
demonstrated by our group via scanning tunneling microscopy
in ref 119.

As shown in Supporting Information Figure 6, the analysis
of the contact angle of our NPs was performed by fitting circles
to the contour of the Pt NPs in our cross sectional TEM images.
The solid lines represent the projections of the interfacial planes.
By using the theoretical value'? of ypy 11, = 2.3 J/m?, adhesion
energies ranging from 0.8 to 2.2 J/m? are obtained for the Pt/
ZrO, system after annealing in UHV at 1000 K. The wide range
of W,4n might be related to the inhomogeneous nature of our
polycrystalline ZrO, support film, as well as to the possible
stabilization of oxidized Pt—O—Zr or PtO, species at the NP/
support interface. Dewetting is observed for the Pt NP/ZrO,
system after atomic oxygen exposure, but before annealing
(Figure 3b), which is tentatively assigned to the lower surface
energy of PtO, species, ¥po,, as compared to metallic Pt.>#
Similar results are also observed for the Pt NPs supported on
the TiO, films after O,-plasma exposure (Figure 4c and
Supporting Information Figure 7).

Regardless of the treatment (O, plasma or annealing in UHV
at 1000 K), all micellar Pt NPs supported on SiO, were found
to be spherical in shape, indicating W,q, &~ 0. This is in clear
contrast with our observation for the Pt/ZrO, system, where NP
flattening was observed after annealing in UHV at 1000 K.
Eppler et al.'”! investigated the adhesion of Pt NPs (20 =+ 1
nm) fabricated by electron-beam lithography and supported on
SiO, via AFM. An adhesion energy of ~1 mJ/m? was reported
for the as-prepared NPs, and annealing at 700 K in 1 atm of H,
was found to lead to a stronger bonding between the Pt NPs
and SiO,, although no quantitative W,q;, information was given
after annealing. The low adhesion energy obtained by the former
group for Pt NPs supported on SiO; is in agreement with our
findings for the as-prepared spherical micellar NPs. However,
in our case no change in the shape of the NPs, and associated
increase in adhesion energy, was observed upon annealing. The
significantly higher adhesion energies obtained for analogous
micellar Pt NPs supported on ZrO, after annealing (0.8 to 2.2
J/m?) highlight the existence of stronger metal/support interac-
tions for this system as compared to SiO,. Such strong
interactions were found to affect the NP morphology upon
annealing, leading to a spherical to hemispherical shape
transformation. Kasatkin et al.!'® reported similar adhesion
energies of ~1.2 J/m? for Cu NPs (~4 nm) supported on ZrO».
In contrast, when Cu islands were supported on SiO, or AL, O3
much weaker adhesion energies (0.49 and 0.47 J/m?, respec-
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Figure 10. Temperature dependence of the Pt-4f;, XPS binding
energies of Pt nanoparticles (~3 nm) supported on (a) SiO, (4 nm),
(b) ZrO, (6 nm), and (c) TiO, (7 nm)/Ti (6 nm) obtained after annealing

in UHV (closed symbols, extracted from Figure 6) and in O, (open
symbols, extracted from Figure 8).

tively) were observed.!?*”!%5 The latter result is in agreement
with our findings for micellar Pt/ZrO,.

Strong metal/support interactions are expected for the Pt NP/
TiO, system. On TiO,(110) and TiO, nanocrystalline powders,
several groups?®!9%126.127 haye shown the encapsulation of Pt
NPs by a thin layer of TiO, upon annealing. Our TEM images
indicate that our Pt NPs become completely embedded inside
the ultrathin TiO, films upon annealing at 1000 K in UHV and
oxygen (Figure 5b,c), respectively. Interestingly, according to
our XPS data (Figures 6 and 8), the formation of Pt—Ti—O
alloys is only observed upon annealing in UHV, but not under
O,. This result indicates that even though in both cases the Pt
NPs are found to diffuse into the TiO, support via TEM, the
chemical interaction of the Pt NPs with the support is much
stronger when the annealing is conducted in a reducing
atmosphere, where vacancies in the TiO, support can be readily
created. As was mentioned in a previous section, no evidence
of TiO, reduction was observed by XPS for the Pt/TiO, sample
annealed in O, at 1000 K.

B. Thermal Stability of Pt Oxides. The effect that the nature
of the oxide support (e.g., reducibility) has on the thermal
stability of Pt oxide species formed on size-selected supported
Pt NPs will be discussed here. According to our XPS data, the
following trend describes the thermal stability of the different
ultrathin film supports (Pt-free) used in our studies from highest
to lowest: SiO;, > ZrO, > TiOy/Ti. Although the SiO, and ZrO,
thin film supports have shown similar stability against thermal
reduction, both oxides present major differences with respect
to their degree of ionic/covalent character,'”® Zr has a much
more ionic character, which results in enhanced catalytic
reactivity.’

Figure 10 shows the changes in the Pt-4f;, binding energy
of the different Pt species detected in the Pt/SiO, (4 nm), Pt/
ZrO, (6 nm), and Pt/TiO, (7 nm) samples as a function of the



Platinum Oxides on Size-Selected Platinum Nanoparticles

100 (a) PY/SIO, 1
s VB 4—0-V-p_ 1
s o P
sof . NS :
ey d2+ \"-
ae ; pt - :‘ :: :‘f o S Yy ‘
€ 1000 1
E100 (b) P¥/ZrO, e -a—e |
T S L Pt
9 5ol A PE 1
% : Fé
© g A
" A—a- s O A i
o 0 2 e o S Y I‘
+ | —i— ot * > +—
& 100+(c) PUTIO, b R
Ptpet o* !
- ,‘ Pt-Ti-O Ptn
sof WA\« \ ]
o A )
_1. e | 4

%300 400 500 600 700 800 900 1000
Temperature (K)

Figure 11. Temperature dependence of the relative content (spectral
area) of the different Pt species formed on Pt nanoparticles supported
on (a) SiO, (4 nm), (b) ZrO, (6 nm), and (c) TiO, (7 nm)/Ti (6 nm)
after annealing in UHV (closed symbols, extracted from Figure 6) and
in O, (open symbols, extracted from Figure 8).

TABLE 2: Summary of the Content of the Different Pt
Species (Pt’, PtO, PtO, and Pt—Ti—0) Obtained from the
Least-Square Fit of the XPS Data Acquired on Micellar Pt
NPs Supported on SiO,, ZrQ,, and TiO, Thin Films after
Annealing in (a) UHV and (b) O, (P =1 x 10~* mbar) at
the Indicated Temperatures for 10 min

Pt/SiO, Pt/ZrO, Pt/TiO,
(a) P P2t Pt P Pt Pt P PPt Pt Pt—Ti—O
Oy-plasma 0 33 67 0 21 79 0 29 71 0
500 K 55 31 14 42 40 18 73 20 7 0

750 K 87 13 0 8 11 0o 2 1 0 97
1000 K 8 17 0 93 7 0 1 1 0 98

Pt/SiO, Pt/ZrO, Pt/TiO,
(b) Pt® Pt Pt*' P PPt Pt PO PPt Pt Pt—Ti—O

Os-plasma 0 34 66 0 19 8 0 27 73
500 K 89 6 5 19 59 22 92 6 2
750 K 92 8 0 54 32 14 86 14 0
1000 K 95 5 0 56 27 17 88 12 0

0
0
0
0

annealing temperature in UHV (solid symbols) and in O, (open
symbols). The circles represent Pt’, the triangles Pt>", the squares
Pt**, and the rhombus the Pt—Ti—O alloy.

Figure 11 displays the relative content (spectral areas) of the
different Pt oxide and Pt—Ti—O species present in our NPs after
O,-plasma exposure and subsequent annealing in UHV (closed
symbols) and in O, (open symbols). The same labels shown in
Figure 10 are used. Table 2 displays the content of the different
Pt species obtained from the least-squares fit of XPS data
acquired on Pt NPs supported on SiO,, ZrO,, and TiO, after an
O,-plasma treatment and subsequent annealing in (a) UHV and
(b) O,. A selected set of annealing temperatures is shown.

C. Pt/SiO,. The BEs of the Pt species in our Pt/SiO, NPs
(Figure 10a) are higher than those measured on a Pt(111) single
crystal after exposure to the same O,-plasma treatment (not
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shown). This result is attributed to particle size effects® and is
in agreement with data from Zhou et al.'* on 2.5 MLs of Pt
deposited on a 5 nm SiO, film, where a 70.9 eV BE was
measured for Pt-4f;, right after Pt evaporation, and an additional
+0.2 eV shift after annealing at 850 K. The BE change detected
by Zhou et al.'? was attributed to atomic Pt desorption and/or
the change in the shape of the Pt islands (from large 2D islands
to smaller 3D clusters) resulting in a reduction of the Pt/Si ratio
measured by XPS. In our case, the nearly constant BE of the
Pt species up to 1000 K also indirectly reflects that no significant
changes in our NP size/shape occur at this elevated temperature,
in agreement with our AFM (Figure 1 and Table 1) and TEM
data (Figures 3 and 4).

Since according to Figure 11a the positions of the XPS peaks
assigned to Pt’ and Pt>*** species do not change with increasing
annealing temperature, only minimum Pt/SiO, interaction ap-
pears to be present in this system.'?’ This might be an indirect
indication of the 3D nature of the NPs supported on SiO,, with
a small NP/support contact area, Figure 4. As has been
previously reported, the high thermal stability of SiO, (up to
~1093 K)*” makes the formation of Pt—Si compounds unfavor-
able. Negligible amounts of Si* and Si** (<3%) were detected
in our Si0,/Si(001) support, Supporting Information Figure 11.
This is in contrast to the cases where Pt is in direct contact
with Si, readily forming platinum silicides (PtSi and Pt,Si). Si
segregation into Pt(111) has also been observed at annealing
temperatures between 750 and 1100 K.'* Since the BEs of Pt,Si
and PtSi (Pt-4f7, at ~72.5—73 eV) are very similar to that of
PtO in our NPs (~72.3 eV) we cannot completely exclude the
formation of Pt-silicides at elevated annealing temperatures.

Figure 11a reveals the initial thermal decomposition of PtO,
to PtO, with a maximum PtO content observed at 450 K upon
annealing in UHV. The latter temperature also corresponds to
the onset of Pt” formation. These data lead to the conclusion
that the decomposition of Pt oxides is a two-step sequential
process, with two different activation barriers: PtO, — PtO —
Pt°. Similar conclusions were drawn by Seriani et al.’ based on
DFT calculations, although in their case Pt;0, was identified
as intermediate Pt oxide species.™*> As was mentioned before,
our XPS data do not allow us to clearly distinguish Pt;04 from
PtO, due to their proximity in binding energy, but we can
conclude that PtO, (or Pt;0,, e.g. highest BE Pt species) is not
the most stable oxide species on these small NPs.!3! Several
other systems display similar reduction mechanisms as the PtO,,
as for example CuO — Cu,0 — Cu.'*?

With increasing annealing temperature in UHV (above 500
K), the Pt>" and Pt*" signals decrease gradually while the Pt°
component increases, reaching a maximum at ~700 K (Figure
11a). The complete reduction of PtO, is observed above 750
K, while a small signal of Pt>* (~13%) remains. The stronger
stability of the PtO species on Pt/SiO, as compared to Pt/TiO,
(Figure 11c) might indicate the existence of not just surface
but also subsurface and/or interfacial Pt oxides.”*'** The
presence of subsurface oxygen on platinum was previously
described by several other groups.'** 37 The possible enhanced
stability of PtO, species at the Pt/SiO, interface still needs to
be explored. However, such effect is unlikely to be dominant
for the latter system due to the small contact area of our 3D
NPs with the SiO, support, its low reducibility, and the fact
that no drastic changes were observed in the decomposition
pattern of the Pt/SiO, sample upon annealing in UHV [Figure
11a (closed symbols)] versus O, [Figure 11a (open symbols)].

D. Pt/ZrO,. By comparing the Pt-4f BEs of similarly sized
Pt NPs supported on different supports (Figure 10b), a positive
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BE shift is observed for Pt/ZrO, (6 nm) as compared to Pt/
SiO; and Pt/TiO,. This effect correlates with a negative BE shift
of the Zr-3d features, indicating significant Pt/ZrO, interaction.
First principle calculations by Jung et al.'*® on Pt/ZrO,(111)
and Pty/ZrO,(111) systems demonstrated strong Pt—Zr interfacial
interactions and charge transfer from Pt to Zr atoms. Neverthe-
less, the preferential adsorption of Pt atoms on oxygen sites in
ZrOy(111) and ZrO,(011) has been reported by Alfredsson et
al.,'® and contrary to the previous study, no evidence for charge
transfer at the Pt/ZrO, interface was found. Instead, a charge
polarization effect was evoked. Furthermore, although free Pt
clusters (Pt;3 and Ptss) show a symmetric charge distribution
with a negatively charged surface and positively charged core,
ZrO,-supported Pt clusters displayed an asymmetric charge
distribution with a more positively charged core shifting toward
the interface with ZrO,. The latter results in polarization at the
Pt-ZrO, interface'3%!%0 and negative charge accumulation on
7ZrO,. Furthermore, the interface of Pt with cubic-ZrO, was
reported to show insulating properties by Catlow et al.,'*!
favoring thus charge accumulation.

He et al.'* attributed the high thermal stability of their Pt
NPs (~1.4 nm) supported on ZrO, to Pt—O interactions in a
ZrO, matrix. Our XPS data suggest a facile interaction of our
Pt NPs with the underlying ZrO, substrate and metal—support
interaction through Zr, O, or both sites. The possibility of having
a small content of Pt—Zr and/or Pt—Zr—O alloy at the NP-
support interface cannot be ruled out for the Pt/ZrO, (6 nm)
system, since after annealing the TEM image in Figure 4e shows
the larger wetting of the ZrO, support by Pt as compared to
Si0,, indicating stronger adhesion. The temperature range of
773 to 873 K has been reported as onset temperature for alloy
formation in Pt/ZrO,.'"**~ % In our studies, the easier reduction
of the ZrO, film due to its limited thickness (~6 nm) could
play a role in the earlier onset of Pt—Zr or Pt—Zr—O interfacial
alloy formation (550 K).

Similar to the Pt/SiO, case, Pt/ZrO, (6 nm) (Figure 11b)
shows the initial stabilization of PtO and PtO, species after O,-
plasma exposure. The onset of PtO, decomposition occurs above
350 K in UHV (closed symbols). In parallel, the PtO content is
found to increase above that temperature, signalizing the onset
of the PtO, — PtO decomposition process. A further increase
in the annealing temperature under a UHV environment leads
to the decomposition of PtO to Pt° on ZrO, (6 nm). In contrast,
highly stable Pt** species are detected on the Pt/ZrO, system
up to 1000 K upon annealing in O, (Figure 11b). Such effect
might be related to strong Pt—Zr—O interactions at the NP/
support interface. PtO, fully decomposes after annealing in UHV
at 550 K on Pt/ZrO, (6 nm). On the other hand, the stability of
Pt*" species up to 1000 K is observed on the Pt/ZrO, system
upon annealing in O, [Figure 11b (open squares)].*!

XPS investigations by Guo et al.'*® revealed the chemical
stability of ZrO, films (1—5 ML) deposited on Pd(110) when
annealed in oxygen at 1000 K. However, the ZrO, films were
found to reduce above 840 K in UHV, which lead to the
formation of Zr—Pd alloys.'*® In agreement with the previous
study, the annealing of our Pt NPs supported on ZrO, in an O,
environment up to 1000 K [Figure 11b (open symbols)] neither
lead to ZrO, reduction (Figure 8b) nor to the formation of a
Pt—Zr alloy (Figure 11b (open symbols)]. It did however result
in the enhanced stability of PtO, species. The BE values obtained
in this work for such species are in good agreement with those
previously measured by our group on similarly prepared Pt NPs
supported on nanocrystalline ZrO, powder after annealing in
air and oxygen.””!" In our studies, the high BEs of the Pt-4f
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peaks (and low BEs of Zr-3d) observed on Pt/ZrO, as compared
to Pt/SiO, and Pt/TiO, are attributed to strong Pt-NP/ZrO,
interactions (charge transfer and possible interface polarization
effects), as well as to the likely changes in the ZrO, structure
after atomic oxygen exposure as well as with increasing
annealing temperature. Gottardi et al.”” have observed changes
in the structure of ZrO, films deposited on silicon under a gas
mixture of Ar/O, plasma by XRD. Under a pure Ar plasma,
the cubic and tetragonal phases of ZrO, were observed, while
the more stable monoclinic phase was obtained'* after adding
~20% of O, to the gas mixture. Furthermore, their XPS
measurements showed lower BEs (—0.5 eV) for Zr*" in the
ZrO, films synthesized in the presence of O, as compared to
the films deposited in pure Ar.””> Mondal and Ram'*® also
reported changes in the BEs of Zr**-3ds,, in ZrO, measured by
XPS as a function of the crystalline structure of ZrO,, with
slightly lower BEs for ¢- (182.0 eV), #- (182.0 eV), and m-ZrO,
(182.2 eV) as compared to amorphous ZrO, (182.8 eV). In our
work, the lowest BEs for the Zr-3d peaks were measured directly
after O,-plasma exposure. A monotonic increase in the Zr*"
BE is observed with increasing annealing temperature, reaching
a maximum value of 183.0 eV after annealing at 800 K.
Furthermore, the intermixing of the ultrathin ZrO, film and SiO,
present at the ZrO,/SiO,/Si(001) cannot be ruled out. Such
interaction could result in the formation of zirconium silicate.!#’

E. Pt/TiO,. Figure 11c shows a similar two-step Pt oxide
decomposition pattern for Pt/TiO, (7 nm)/Ti (6 nm) (sample
#3b) as compared to Pt/SiO, (sample #1b) in UHV (closed
symbols). However, the maximum in the Pt*Y content is
observed to occur at a slightly lower temperature (~400 K).
With increasing annealing temperature in UHV, the onset of
Pt—Ti—O alloy formation is observed at ~550 K (Figures 6¢
and 7c). The formation of a Pt—Ti—O alloy is based on the
observation of positive BE shifts for the Pt-4f;, [Figure 10c
(closed symbols)] and Ti-2p;, components (Figure 7c). The
Pt-4f;, peak of the Pt—Ti—O alloy is observed to shift +0.7
eV with respect to the Pt° reference line (71.1 eV). The Ti-
2psp of the Pt—Ti—O alloy component shifts +4.2 eV from
the Ti° reference line (454.0 eV). Chen et al.”> observed XPS
BE shifts of +0.4 and +1.3 eV for the Pt-4f and Ti-2p peaks
of Pt;Ti(111) with respect to the same two references, respec-
tively. The much larger change in the Ti-2p BE'" of our samples
is attributed to the presence of O in our Pt—Ti—O alloys.
Calculations by the same authors indicated the existence of a
minor charge transfer from Ti to Pt and the hybridization of
Pt-5d and Ti-3d electronic states. The strength of the Pt—Ti
bond was observed to be higher than that of the Pt—Pt and
Ti—Ti bonds.”” In our studies, the assignment of the Pt—Ti—O
BE is done by comparing the XPS spectra of the Pt/TiO,/Ti
sample [Figure 7c (open circles)] to those of the Pt-free TiO»/
Ti film [Figure 7c (solid line)] after annealing at the same
temperatures.

The Pt/TiO, system has received great attention in the past
due to the observation of strong metal support interaction (SMSI)
effects,?>!% leading to the presence of an ultrathin TiO, film
covering the Pt surface.?072%9%126 In the absence of oxygen,
Hsieh et al."”' have shown that the Ti/Pt(100) system had the
topmost surface layer composed by pure Pt atoms after annealing
in UHV at 1000 K. Zhang et al.'3>!>* studied SMSI effects on
a Pt/Ti0O,-thin film upon sample annealing under an oxidizing
environment. Pt was observed to diffuse and substitute Ti atoms
in the TiO, lattice upon annealing in air at 673 K, becoming
oxidized to P®". Sun et al.”® compared the encapsulation
phenomena on Pt (2—2.5 nm)/TiO, systems with stoichiometric
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and reduced TiO, substrates. On the stoichiometric support,
annealing above 773 K resulted in the formation of Pt islands
with the underlying TiO, support remaining fully oxidized. On
the contrary, when Pt (2.5 nm)/TiO,(110) was annealed above
773 K, migration of reduced Ti oxide to the Pt surface and
encapsulation was reported. Our AFM images acquired before
and after annealing at 1000 K in UHV (Figure 1g,h) indicate
an increase in the roughness (rms changes from 0.3 £ 0.1 to
0.5 = 0.1 nm) of the TiO; surface (thin film sample) in sample
#3b with increasing temperature, which could facilitate the
diffusion of TiO, on top of the Pt NPs. Such an effect was much
less pronounced when the Pt NPs were deposited on the more
stable stoichiometric TiO,(110) single crystal surface.*’ In
addition, while the Pt XPS signal does not decrease upon
annealing at 1000 K, a much lower apparent NP height (1.2 £
0.3 nm) is measured by AFM after annealing, suggesting the
encapsulation of Pt by TiO,. This is corroborated by the STEM
images displayed in Figure 5b.

As mentioned before, the Pt/SiO, and Pt/TiO, samples show
similar trends upon annealing in O,, in which a gradual
decomposition of Pt>* and Pt** and an increase of the content
of Pt%pecies is observed. In clear contrast to the case of the
Pt/TiO, sample annealed in UHV [Figure 10c (closed symbols)],
where Pt—Ti—O alloy formation was observed at high temper-
ature, the lack of O-vacancies in the TiO, support upon
annealing in O, [Figure 8c and 11c (open symbols)] results in
the presence of metallic Pt (and not Pt—Ti and/or Pt—Ti—O)
in the same temperature regime. Our previous data indicate that
the stability of oxides on metal NPs supported on oxide
substrates is strongly dependent on the reducibility of the oxide
support and annealing environment. These results emphasize
the importance of the NP/support interface in determining the
electronic, geometric, and chemical properties of the supported
NPs. Nevertheless, our TEM data indicate that the encapsulation
of Pt by TiO, or diffusion of the Pt NPs into the TiO, support
film, takes place irrespective of the annealing environment
(UHV or O,).

Conclusions

We have described the important role played by the NP
support on the morphological thermal stability of size-selected
Pt NPs as well as on the chemical stability of the different oxide
species formed on such NPs upon in situ exposure to atomic
oxygen at RT. The synthesis method employed here (micelle
encapsulation) allows the deposition of similarly sized, isolated
Pt NPs with narrow size distributions on different supports
(Si0,, ZrO,, and TiO, ultrathin films). Thus, size-effects cannot
be held responsible for the different behavior (Pt oxide stability)
observed for these NPs when supported on distinct substrates.

The following conclusions were extracted from our ex situ
AFM, TEM, and in situ XPS studies: (1) no significant changes
in the NP size occur after annealing in UHV at 1000 K for the
Pt/SiO, system, while an apparent decrease in the particle height
is observed for Pt/TiO,. This is attributed to the encapsulation
of Pt by TiO,. The thermal stability of Pt/ZrO, seems to be
similar to that of Pt/SiO,, although the enhanced initial
roughness of the ZrO, support makes the analysis of the NP
size after annealing difficult. Our TEM analysis revealed the
presence of nearly spherical Pt NPs on SiO,, ZrO,, and TiO,
after atomic oxygen exposure at RT. Annealing in UHV at 1000
K lead to a shape transformation for the Pt/ZrO, system (NP
flattening), while no changes in the NP shape were observed
for Pt/SiO,. The diffusion of the Pt NPs into the TiO, support
matrix is observed upon annealing in UHV as well as in O, at
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1000 K. (2) The most stable Pt oxide species on all three
substrates is found to be PtO, becoming nearly completely
reduced between 650 and 700 K, although traces of PtO
(possibly stabilized at the NP/support interface) could be
observed for all samples up to 1000 K. (3) A two-step thermal
decomposition process is observed on all three substrates: PtO,
— PtO — Pt-metal. (4) Strong metal—support interactions are
detected for Pt/TiO, above 550 K with the formation of
Pt—Ti—O alloy upon annealing in UHV, while an analogous
thermal treatment in O, resulted only in the presence of Pt° at
high temperature. (5) The highest stability of PtO species is
found for the Pt/ZrO, system upon annealing in O,.

Our observations of the distinct thermal stability of different
Pt oxides on small NPs and the strong effect that the chemical
nature of the oxide support has on this stabilization are relevant
to a wide variety of applications that Pt NPs have in real-world
catalytic processes, where oxidizing environments are likely to
be present.
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