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1. Introduction

Anisotropy of Pt nanoparticles on carbon- and
oxide-support and their structural response to
electrochemical oxidation probed by in situ
techniquesf
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Jakub Drnec,® Guanxiong Wang,© Fabio Dionigi,? Stefanie Kuhl,?
Daniel J. S. Sandbeck, €29 Karl J. J. Mayrhofer,” Vijay Ramani,
Serhiy Cherevko (2@ and Peter Strasser () *°
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Identifying the structural response of nanoparticle—support ensembles to the reaction conditions is
essential to determine their structure in the catalytically active state as well as to unravel the possible
degradation pathways. In this work, we investigate the (electronic) structure of carbon- and oxide-
supported Pt nanoparticles during electrochemical oxidation by in situ X-ray diffraction, absorption
spectroscopy as well as the Pt dissolution rate by in situ mass spectrometry. We prepared ellipsoidal
Pt nanoparticles by impregnation of the carbon and titanium-based oxide support as well as spherical
Pt nanoparticles on an indium-based oxide support by a surfactant-assisted synthesis route. During
electrochemical oxidation, we show that the oxide-supported Pt nanoparticles resist (bulk) oxide
formation and Pt dissolution. The lattice of smaller Pt nanoparticles exhibits a size-induced lattice
contraction in the as-prepared state with respect to bulk Pt but it expands reversibly during
electrochemical oxidation. This expansion is suppressed for the Pt nanoparticles with a bulk-like relaxed
lattice. We could correlate the formation of d-band vacancies in the metallic Pt with Pt lattice
expansion. PtO, formation is strongest for platelet-like nanoparticles and we explain this with a higher
fraction of exposed Pt(100) facets. Of all investigated nanoparticle—support ensembles, the structural
response of RuO,/TiO,-supported Pt nanoparticles is the most promising with respect to their morpho-
logical and structural integrity under electrochemical reaction conditions.

been studied intensively with respect to the used materials and
their properties.” Supported Pt*™ or Pt alloy nanoparticles® >

Since the use of fossil fuel combustion devices in the auto-
motive sector has to be largely reduced, the development of
clean energy conversion devices such as polymer electrolyte
membrane fuel cells (PEMFCs) has gained increasing interest.
Catalyst systems at the cathode side of these fuel cells have
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are commonly used as an electrocatalyst for the oxygen
reduction reaction (ORR). Degradation processes such as
Ostwald ripening/agglomeration,"*™> carbon corrosion'®'” and
dissolution'®>* of the active component decrease the overall
performance and lifetime of the fuel cell. Surface processes
such as Pt oxidation occurring at potentials higher than 1 V
have an extensive influence on catalyst stability. Degradation
phenomena due to dissolution are directly linked to the
formation of PtO,-species and the consecutive reductive dis-
solution of Pt. Therefore, unraveling the origin of these surface
processes is of great interest to understand the degradation
behavior at a fundamental level.

On Pt single crystal surfaces it was found that Pt oxidation
occurs in the form of place exchange of Pt and O atoms on the
Pt(111) surface.>** By in situ surface X-ray diffraction (XRD)
it was shown that with increasing potential the oxide structure
consists of a Pt-rich inner and an O-rich outer layer which
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transforms into a more homogeneous oxide at above 1.1 V.
By cycling back to more negative potentials, the authors could
prove that up to a critical oxide coverage the process of place
exchange is quasi-reversible because place-exchanged atoms
are located on top of their original positions. In another study
by Feliu et al. no changes in the voltammograms were observed
by consecutive cycling up to 1.15 V evidencing reversible
ordering of Pt(111).>® Pt oxidation in the presence of oxygen
was studied by coulometric and gravimetric measurements on a
smooth polycrystalline Pt surface. Place exchange was assumed
to occur in the presence of O, at lower potentials (0.75 V).>” The
structural sensitivity of intermediate stages of Pt oxidation
was investigated by surface-enhanced Raman spectroscopy on
Pt(111) and Pt(100). Therein, it was shown that place-exchange
and the formation of amorphous 3D a-PtO, proceed sequentially
on Pt(111) whereas on Pt(100) both processes take place
simultaneously above 1.1 V.*® Investigation of the dissolution
trends of Pt single crystals using the scanning flow cell setup
by Sandbeck et al. revealed a correlation between dissolution
behavior and surface energies of the studied single crystals.
It was found that low coordinated Pt surface sites such as
Pt(110) exhibit the lowest dissolution rates.”® Recently, Fuchs et al.
explicitly demonstrated that such surface-dependent dissolution
is correlated to different place exchange mechanisms on Pt(111)
and Pt(100) single crystals, using in situ high-energy surface X-ray
diffraction, online inductively coupled plasma mass spectrometry
and density functional theory calculations.’® Studies on a
monolayer of Pt deposited on a Rh(111) single crystal showed
the evolution of a Pt oxide structure by electrochemical oxida-
tion up to high potentials of 1.6 V while at potentials below
1 V chemisorbed oxygen-containing species at the Pt surface
were proposed. The onset of Pt oxide formation was found to
be dependent on the kinetic stability of chemisorbed species
resulting from different surfaces (single crystal vs. nanoparticle).
By a combination of computational and experimental methods
Pt;0, was in best agreement with both methods.*"

High-energy-resolution X-ray absorption spectroscopy showed
that for size-selected Pt nanoparticles of ~1 nm different
adsorbed species on the Pt surface (hydrogen, O/OH and Pt
oxide) can be distinguished in certain potential regions.*>
Formation of Pt oxides by broadening of the white line was
found to begin at 0.96 V, which is lower than seen on single
crystals and was explained with a stronger bond of Pt nano-
particle surface to oxygen. In another study by Adzic et al., a
wide potential range up to 2.6 V was investigated by in situ X-ray
methods.*® According to the authors, O and OH adsorption at
around 0.7 V and place exchange onset at 0.9 V were observed
resulting in the formation of o-PtO, which was dissolved at
high potentials above 1.9 V. Additionally, Pt oxidation only
occurs at the outer Pt layers and the inner, bulk part remains
metallic. Imai et al. by time-resolved in situ X-ray diffraction and
absorption experiments on Pt nanoparticles also proposed the
formation of o-PtO, by analyzing the Pt-O bond length.**

A study on potential dependent structural transformation
of Pt on different carbon supports showed that, after aging,
Pt nanoparticle surfaces were oxidized to Pt*O on reaching
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potentials above 1.4 V. Differences were observed for the onset
of oxide formation and the reduction to the metallic state for
different supports with behaviors varying from full reversibility
to irreversibility.?’

Pt oxidation was also studied on nanoparticles supported on
a metal oxide. For a ceria support it was shown by XPS and TEM
that the oxide support has an impact on the formation of Pt
oxide as a composite of Pt oxide and Ce was formed, but it was
reversibly reconverted to metallic Pt.>® The authors interpreted
this phenomenon as evidence for strong interaction between
CeO, and Pt. Formation of Pt-O-Ce bonds stabilizes Pt from
sintering under an oxidative atmosphere. Another study on
a model catalyst of Pt/CeO,(111) showed the possibility to
quantify the charge transfer between small Pt particles on a
well-defined ceria support by combining STM and XPS techniques.
The electronic metal-support interactions in the form of trans-
ferred electrons per Pt atom were found to be dependent on
Pt nanoparticle size.*” Even though these studies were con-
ducted at different temperatures and gas atmospheres and not
in realistic electrochemical environments, one could draw first
conclusions of Pt oxidation/reduction in oxide-supported
Pt catalysts from them. Brummel et al. reported a stabilizing
effect from the support of Pt/CeO, with low Pt loadings and Pt
particles up to 30 atoms during methanol oxidation.*®
In another study, the authors further explored the stabilizing
interaction between metal and oxide support by analyzing a
Pt/C0304(111) model system. They found an interface Pt oxide
which is stable between 0.5 and 1.4 V and believed this to be
the reason for the catalyst’s high stability towards particle
sintering.*® Studies on model electrodes made from doped-
SnO, thin films supporting Pt nanoparticles showed that
electronic metal-support interactions are the cause for superior
specific ORR activity when compared to Pt on carbon.*>*"

Recently, we showed that the density of oxidizable Pt sites is
an important property governing catalytic activity for ORR as we
investigated the degradation pathways of ITO-supported Pt
nanoparticles under simulated fuel cell conditions using combined
in situ X-ray diffraction and scattering techniques.*

In this work, we studied the structural response of Pt nano-
particles on different supports to the electrochemical oxidation
using different in situ X-ray techniques. We tracked the Pt
dissolution rate as well as the voltammetric profiles of Pt
nanoparticles and monitored the crystalline properties and
the electronic structure during oxidation.

2. Experimental section

2.1. Synthesis of oxide supports

Indium Tin Oxide (ITO) was synthesized as reported in earlier
works.*>*? Propylene epoxide was added to a mixture of In(Cl);
and Sn(Cl), in water and ethanol. After aging and solvent
exchange with acetone the resulting gel was dried by super-
critical CO, extraction and calcined at 820 °C in air.

In a typical synthesis of Ruthenium Titanium Oxide (RTO),***
the ruthenium precursor was mixed with TiO, and the pH was
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adjusted to 7 by adding KOH. The resulting powder was calcined
in two steps at 120 and 450 °C under an air atmosphere.

2.2. Pt deposition on oxide supports

Pt was deposited on ITO as reported in a previous work.*?
In short, a solvothermal synthesis route was applied in which
the support and the Pt(acac), precursor were mixed prior to the
heating protocol to ensure sufficient dispersion of Pt nano-
particles on ITO. Long-chain surfactants were used to control Pt
particle size and a reducing agent was used to yield metallic Pt
from the Pt precursor. Surfactants were removed by centrifuga-
tion and washing with ethanol. No further heat treatment was
applied.

For the RTO support, Pt was deposited via a wet chemical
approach as reported elsewhere.*>*> In a typical synthesis,
a suspension of support, hexachloroplatinic acid precursor
and reducing agent was heated to 80 °C for 2 h and washed
with water afterwards.

A commercially available carbon-supported Pt catalyst
(20 wt% Pt on Vulcan, BASF) was used for comparison.

2.3. Inductively coupled plasma optical emission
spectroscopy (ICP-OES)

In order to determine the Pt weight loading on the supports,
compositional analysis using ICP-OES (Varian 715-ES) was
performed. 5-10 mg of catalyst powder was digested in a
1:1:3-mixture of HNO5/H,SO,/HCI using a microwave treatment
for 20 min at 180 °C and 18 bar. Elemental standards with
concentrations 1, 5 and 10 mg L™ " and Pt emission lines at
203.646, 204.939, 212.863, 214.424, 217.468, and 224.552 nm were
used for quantitative analysis.

2.4. Transmission electron microscopy (TEM)

TEM images were obtained using a FEI Tecnai G* 20 S-TWIN
with a LaBg cathode operating with 200 kV acceleration voltage;
the resolution limit was 0.24 nm. For sample preparation,
a small amount of catalyst powder was dispersed in absolute
ethanol using an ultrasonic horn and afterwards drop cast on a
Cu grid and dried in air at 60 °C for 7 min.

2.5. Electrochemical characterization

For ink preparation a defined mass of catalyst powder was
added to 1.99 mL of water, 500 uL of ‘PrOH (=99.95%, Sigma
Aldrich) and 10 pL of Nafion solution (5 wt%, Sigma Aldrich).
The mixture was sonicated using an ultrasonic horn for 30 min.
10 pL of the ink was drop cast on a 5 mm diameter glassy
carbon (GC) electrode and dried in air at 60 °C in an oven for
7 min resulting in a geometric Pt loading of 25 pgp cm ™2 for all
RDE measurements. Two polishing-steps were applied to the
GC electrode using Buehler alumina polishing solution with
diameter 1.0 and 0.05 pm.

For rotating disc electrode (RDE) measurements a commercial
three electrode cell was used equipped with a mercury/mercury
sulfate (MMS) reference electrode (Hg/Hg,SO,, Ametek, potential
—0.722 V vs. reversible hydrogen electrode (RHE)) and a Pt
mesh (furled Pt 5 x 5 ¢cm?) as a counter electrode. 0.1 M HCIO,
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electrolyte (diluted with Milli-Q from 70% HCIO,, 99.999%
trace metal bases, Sigma Aldrich) was used for all measurements.
To control potential and rotation a SP-150 or SP-200 Potentiostat
(BioLogic Instruments) and a commercial AFMSRCE rotator
(Pine Research) were used.

Cyclic voltammograms (CVs) to determine the electro-
chemical surface area based on underpotential deposition of
H (Hypa-ECSA) were recorded between 0.05 and 1.0 V with a
scan rate of 100 mV s~ ' for 100 cycles in a nitrogen-saturated
electrolyte. For Pt electrooxidation, three CVs each from 0.05 to
0.5 V to an increasing upper potential limit of 1.4 V in steps of
0.1 V were measured under a nitrogen-saturated atmosphere.
For CO stripping experiments, a nitrogen-saturated electrolyte
was generated. Then the electrode was immersed in the
electrolyte under potential control of 0.05 V and a rotation
speed of 400 rpm and CO was bubbled through the electrolyte
for 15 min. To remove excess CO from the electrolyte, the gas
was changed to nitrogen for another 15 min. CO oxidation was
performed by cycling between 0.05 and 1.00 V for 5 cycles with a
scan rate of 50 mV s~ .

Determination of H,q-ECSA was done by integration in
the Hypq region between 0.05 and 0.40 V while subtracting
capacitive currents and assuming a theoretical value for a one
electron transfer (Q%° = 210 pC cm ?) for the adsorption/
desorption of hydrogen. For CO-ECSA, the charge Qco was
estimated by subtracting the first cycle from the second cycle
of the stripping protocol and normalizing this to the theoretical
value for a two-electron transfer (Q&s° = 420 uC cm2).

For all in situ electrochemical X-ray measurements, a home-
made three electrode cell allowing measurements in transmission
geometry was used.” In this setup, the working electrode consists
of a carbon paper sheet on which the catalyst ink (10 x 10 pL)
was deposited and dried. A Pt wire as the counter electrode and
an Ag/AgCl (3 M) reference electrode (freshly calibrated against a
Pt/H, electrode) were used. A SP-200 potentiostat (BioLogic
Instruments) was used to control the potential and to apply
electrochemical protocols. Prior to in situ X-ray characterization,
the electrode potential was applied for at least 10 min for
equilibration.

All potentials shown are referred to the RHE scale and are
iR-corrected by the high frequency resistance Ryr determined
by potentiostatic electrochemical impedance spectroscopy
(PEIS) at 0.5 V.

2.6. In situ high energy X-ray diffraction (HE-XRD)

In situ HE-XRD measurements were conducted at the European
Synchrotron Radiation Facility (ESRF) in Grenoble at beamline
ID 31. X-ray diffractograms were obtained using a focused,
monochromatized X-ray beam with an energy of 77 keV. A large
area Pilatus 3X CdTe 2 M detector was used to record the
images. The obtained diffraction patterns were corrected by the
background and a CeO, standard (NIST SRM 674b) was used for
calibration of the working distance.

HE-XRD patterns were integrated and the intensity plots
fitted using TOPAS™. Therein, the unit cell parameter was fitted
and the occupancy of the tetrahedral sites with O atoms in the
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Pt lattice refined. The size- and strain-induced broadening
of the Pt diffraction peaks was fitted. The size-induced broad-
ening was fitted using the anisotropy approach developed
by Ectors et al*® In the case of the HE-XRD pattern of Pt
nanoparticles on ITO, spherical nanoparticles with all three
main axes of the ellipsoids identical (R, = R, = R;) give the best
fit results. In the case of Pt nanoparticles on RTO and on carbon, the
size-induced broadening was fitted with three independently fitted
principal axes of the ellipsoids (R, # R, # R;). The polydispersity of
the nanoparticles representing the particle size distribution was also
taken into account.

The crystal properties of each catalyst were individually
fitted in each investigated state but a joint fit approach was
applied to determine zero offset and sample displacement.

The ECSA-normalized changes of the volume of Pt crystal-
lites and the ECSA-normalized changes of the Pt scale factor as
shown in Fig. 3 were obtained by normalization with respect to
H,pa-ECSA.

2.7. In situ Pt L;-edge X-ray absorption near-edge
spectroscopy

In situ X-ray absorption spectroscopy was performed at the pSpot
beamline of Bessy II operated by the Helmholtz-Zentrum Berlin
fiir Materialien und Energie GmbH. A Si(111) double crystal
monochromator was used and the X-ray energy was aligned for
each spectrum by shifting the first derivative of the simulta-
neously measured X-ray absorption spectra of Pt foil reference
to 11654 eV. In situ X-ray absorption spectra were recorded in
fluorescence yield using a scintillation counter as the detector and
Al foil applied to reduce the background radiation.

The fit of the white line area and the resonances of the Pt L
XANES spectra has been performed inspired by Merte et al.*?
Three different resonances were used to fit with Res1 at ~ 11 566 eV,
Res2 at ~11570 eV (according to ref. 32) and an additional
Res3 at ~11580 eV. The ECSA-normalized white line areas as
shown in Fig. 4 were obtained by normalization with respect
to Hypa-ECSA.

2.8. In situ scanning flow cell (SFC) inductively coupled
plasma mass spectrometry (ICP-MS)

For in situ SFC-ICP-MS measurements, inks of Pt/RTO, Pt/ITO
and Pt/C were prepared from a solution of 25 pL of 5% Nafion
(Sigma-Aldrich) and 4.975 mL of ultrapure water (18.2 MQ cm,
PureLab Plus System, Elga). The ink was sonicated and subse-
quently 0.3 pL drops were deposited onto the glassy carbon
sheet (SIGRADUR®™ G, HTW) which was polished with a 1 um
Al,O; suspension and cleaned with ultrapure water earlier. The
spots of catalyst ink had a size of ca. 0.01 cm” and a final
loading of approximately 1.6 ugp. cm™~> for Pt/ITO and Pt/C and
8.33 ugpt em ™2 for Pt/RTO. In situ dissolution measurements
were conducted using the previously described SFC-ICP-MS
setup (NexION 300X, PerkinElmer).*”*® The contact area
between the working electrode and the cell was 0.35 cm>
A freshly calibrated saturated Ag/AgCl electrode and graphite
rod were used as reference and counter electrodes, respectively.
Argon-saturated 0.1 M HCIO, prepared from ultrapure water
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and Suprapur 70% perchloric acid (Merck) was used as an
electrolyte. The flow rate of the electrolyte in the SFC was approxi-
mately 170 pL min~ ", 10 pg L' of Re (**’Re was monitored)
was used as an internal standard for Pt. The ECSA-normalized
dissolution profiles as shown in Fig. 5 and Fig. S8, S10a (ESIt)
were obtained by normalization with respect to Hypg-ECSA.

3. Results and discussion

3.1. Structure and morphology

In order to investigate the differences in the electrochemical
oxidation of Pt nanoparticles on various kinds of support,
a commercial carbon supported Pt electrocatalyst was compared
to two oxide-supported materials, in particular Indium Tin Oxide
(ITO) and RuO,-TiO, (RTO). Compositional analysis by ICP-OES
revealed a Pt weight loading of 46.1 wt% for Pt/RTO, 29.9 wt% for
Pt/ITO and 20 wt% for Pt/C (Table S1, ESIf). Fig. 1 shows
the diffraction pattern and TEM images of the three catalysts in
the as-prepared state.

All three diffractograms in Fig. 1a show broad reflexes
corresponding to a face-centered cubic Pt phase. In the case
of the ITO support, a second phase is present that can be clearly
assigned to In,O; (see also Fig. S1, ESI{ for more detailed
information on XRD) and no SnO, phase was identified,
meaning that Sn was likely incorporated into the indium oxide
lattice. In the case of the RTO support, three crystalline phases
can be identified in addition to the Pt phase: an anatase TiO, as
well as a rutile-type TiO, and RuO, as depicted in Fig. S1b
(ESIT). In the case of the carbon support, broad reflexes of
carbon are observed.

The morphology of the catalysts is depicted in Fig. 1b-d in
TEM images. For all three supports, the Pt nanoparticles are
homogeneously distributed on the supports (see also Fig. S2,
ESIT). From the analysis of the Pt particle size along the short-
est particle axes (Fig. 1le-g), ITO-supported nanoparticles
exhibit the largest average size with 4.6 £ 0.7 nm, RTO-
supported nanoparticles 3.8 £ 0.6 nm and carbon-supported
nanoparticles the smallest size with 2.2 £+ 0.5 nm. However, the
shape of the Pt nanoparticles on C and RTO supports deviates
from a sphere. Their anisotropy was investigated by deter-
mining their particle size along the longest particle axis. For
Pt/RTO and Pt/C the particle size estimated in this way is
around 1.5 and 1.1 nm larger, proving the anisotropic ellipsoi-
dal shape of these nanoparticles (see also Fig. S3, ESI{). In the
case of Pt/ITO, the nanoparticle size determined along the
shortest and longest particle axes from the TEM images is
4.6 £ 0.7 nm and 5.0 £ 0.7 nm, respectively, and these values
are in good agreement with each other indicating the spherical
shape of the Pt NPs. The anisotropy of the Pt nanoparticles was
additionally investigated in a TEM tilting study. Fig. S4 (ESIY)
shows a series of TEM micrographs for Pt/RTO and Pt/C
recorded under tilting angles between 0 and 30°. The tilting
of the sample plane with respect to the incident electron beam
changes the apparent shape of individual Pt nanoparticles
showing their non-spherical shape.

Phys. Chem. Chem. Phys., 2020, 22, 22260-22270 | 22263
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Fig. 1 Structure and morphology of Pt nanoparticles supported on RTO (blue), ITO (green) and carbon (red) as determined by the powder X-ray
diffraction pattern (a) and transmission electron microscopy images (b—d). The Pt particle size as depicted in the histograms (e—g) was determined from

analyzing >200 Pt particles along their shortest principal axes.

Furthermore, Rietveld refinement of the HE-XRD pattern in
Fig. S5 (ESIt) confirmed that the morphology of the nano-
particles is correlated to the applied synthesis routes as shown
by the particle diameters D that were extracted from the
principal axes of the ellipsoids. For Pt/C D, and D, are
~2.4 nm and D, is ~1.8 nm whereas for Pt/RTO D,, D,, and
D, are ~3.3 nm, 4.5 nm and 2.4 nm, respectively (see also Table
S2, ESIT). Thus, impregnation of the support as applied for RTO
and C supports leads to more ellipsoidal and platelet-like
nanoparticles, respectively. In contrast, the surfactant-assisted

22264 | Phys. Chem. Chem. Phys., 2020, 22, 22260-22270

route yields spherical Pt nanoparticles with a structural coherence
length of ~4 nm on the ITO. The Pt lattice parameter as deter-
mined by Rietveld refinement (Table S3, ESIt) decreases from
Pt/ITO with a = 3.930 A to PRTO with a = 3.920 A to Pt/C with
a=3.914 A. The lattice parameter of bulk-like Pt is typically 3.923 A
(ICSD #243678). The contraction of the Pt lattice is correlated and
can be explained by the decreasing structural coherence length.*®
The most expanded Pt lattice on ITO might suggest minor Sn
incorporation (<5%). The intensity ratio between the (111) and
(200) diffraction peaks indicates a structural deviation from bulk

This journal is © the Owner Societies 2020
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Pt, which could not be explained by an anisotropy. The deviation
can be interpreted by interstitial atoms like carbon or oxygen as
residues from the surfactant-assisted synthesis route, which were
not removed by calcination. E.g. Rietveld refinement suggests
interstitial oxygen on the tetrahedral sites (Oyq) in the Pt lattice
with an occupancy of 0.15 £ 0.02. In contrast, the occupancy of
Orq for the Pt nanoparticles on RTO and C was zero within the fit
error (see also Table S3, ESIt). Furthermore, any kind of metal
incorporation in the Pt nanoparticles on the oxide supports was
not verifiable via Rietveld refinement but cannot be ruled out
completely.

Thus, we conclude that the impregnation route of RTO and
C supports leads to smaller ellipsoidal and platelet-like Pt
nanoparticles exhibiting a contracted crystal lattice whereas
the surfactant-assisted synthesis route leads to spherical Pt
nanoparticles with a rather bulk-like Pt lattice wherein the
presence of interstitial atoms like oxygen or carbon on the
tetrahedral sites is likely.

Regarding the crystalline properties of the support, the
interaction of oxides (especially of reducible oxides) with
metallic nanostructures has extensively been studied with a
special focus on the influence of surface oxygen vacancies.>
Oxygen vacancies at the metal support interface are known to
cause charge transfer from the oxide to the metal facilitating
the binding of the metal to the oxide. However, it has also been
discussed that the electronic interaction between an oxide
support and a metal nanoparticle has only a limited range
and declines within several atomic layers.*”

3.2. Electrochemical characterization

To identify the differences in the electrochemical behavior
towards Pt oxidation of the three catalysts, a series of cyclic
voltammograms (CV) in perchloric acid were recorded. Fig. 2a-c
shows CVs from 0.05 V with a stepwise increasing upper potential
limit from 0.5 to 1.4 V after an initial activation step for each
catalyst of 100 CVs between 0.05 and 1.0 V. The typical Pt-Hypq

0.5Fa 4e 40.5

0.0 L 40.0

i/ mA cm?

i/ mA cm?

0.0
02040608101214 02040608101.214
E/Vvs. RHE E/Vvs. RHE

Fig. 2 Electrochemical characterization of Pt nanoparticles on the RTO
(a, blue), ITO (b, green) and carbon (c, red) support by the evolution of
cyclic voltammogram with increasing upper potential limit in N,-saturated
0.1 M HCIO4 from 0.5 to 1.4 V and from CO stripping experiments (d).
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and Pt-O/OH features are clearly visible for all three materials
between 0.05 and 0.4 V as well as above 0.6 V, respectively.

By increasing the upper potential limit, the oxidative
currents in the H-desorption region between 0.05 and 0.4 V
stay rather stable compared to the H-adsorption region of the
reductive scan. The H-desorption region of Pt/ITO shows
the strongest growth with increasing upper potential limit.
Additionally, Pt-oxidation peak(s) arising from around 0.6 V
are stable, while the corresponding reduction peak(s) steadily
increase. These findings indicate an increasing degree of
Pt surface oxidation/reduction with higher upper potential
limit. The larger currents in the Hypq region can be explained
with an increasing roughening or more likely a cleaning of the
nanoparticle surface e.g. from Sn with prolonged reduction of
the Pt oxides under these dynamic conditions of the cyclic
voltammograms.

Furthermore, the position of the Pt-O/OH reduction peak
differs between the catalysts and shifts cathodic with upper
potential limit for Pt/C whereas it shifts anodic for Pt/ITO.
In the case of Pt/RTO it stays more or less constant. Two
individual reduction features convolute the reduction peak of
Pt/C and Pt/RTO but its binary character is less pronounced for
RTO-supported Pt nanoparticles. The shape of the reduction
peak does not strongly vary with increasing upper potential
limit. In the case of Pt/ITO, the Pt-O/OH reduction peak
consists of a single reduction at low upper potential limits
(<0.9 V) but a binary shape developed with increasing upper
potential limit similar to the reductive behavior determined
for Pt on the other two supports. These support-dependent
variations in peak positions indicate that not only the degree of
Pt surface oxidation changes but also Pt oxide with different
stability forms. Furthermore, the surface of the Pt nano-
particles, especially on the ITO, itself might alter with increasing
upper potential.

To further characterize the Pt surface on the different
supports, the electrochemical active surface area was determined
from the Hypq region and from CO-stripping experiments. Fig. 2d
shows the CO-oxidation profiles, and the carbon-support catalyst
shows the largest oxidation peak corresponding to a CO-ECSA
of 67.5 m* gp, *. For PY/ITO the CO-stripping profile is rather
broad and the overall current is lower, resulting in a CO-ECSA of
25.6 m> gp '. CO electrooxidation on Pt/RTO caused a smaller
and narrower peak at lower potentials compared to Pt/C, and
Pt/RTO exhibits the lowest CO-ECSA of 16.7 m” gp, " (see Table S4,
ESIY). Correlations can be drawn to a study by Chattot et al.
where structural defects originating from microstrain resulted in
different CO oxidation profiles and peak positions.™

3.3. In situ electrochemical Pt oxidation

To identify the structural response of the Pt nanoparticles
on the different supports to electrochemical oxidation, in situ
high-energy X-ray diffraction patterns were recorded during
step-wise oxidation from 0.6 to 1.4 V (see Fig. S6, ESIT). Again,
all three catalysts were first electrochemically activated as
described above. Fig. 3 shows the changes of the Pt lattice
parameter and of the Pt scale factor as determined by Rietveld
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Fig. 3 Structural response of crystalline Pt nanoparticles supported on
ITO (green), RTO (blue) and carbon (red) to electrochemical oxidation with
respect to the change of the Pt lattice parameter (a) and Hpq-ECSA-
normalized change of the Pt scale factor (b) as determined by Rietveld
refinement of the in situ high-energy X-ray diffraction pattern. The unfilled
data points reflect the measurement at 1.0 V after the step-wise Pt
oxidation. The dashed horizontal line represents the reference state at
the onset of Pt oxidation. Error bars represent the standard error provided
by Rietveld refinement.

refinement, the latter normalized to the respective Hypg-ECSA.
We choose to normalize using H,,q-ECSA as it probes compar-
able to the X-ray beam all the accessible Pt NPs.

The metallic Pt lattice parameter (ap,) as shown in Fig. 3a
increases almost linearly and reversibly with electrode potential
above 0.9-1.0 V for the carbon- and RTO-supported Pt as a
response to the electrochemical Pt oxidation. The metallic Pt
lattice expands to a similar degree for Pt/RTO and Pt/C with
Aapy = 0.25-0.3 pm at 1.4 V. The lattice of the ITO-supported Pt
nanoparticles however expands significantly less strongly with
Aape =~ 0.07 pm at 1.4 V. In contrast, the Pt lattice contracts
between 0.6 and 0.7 V in the case of the carbon support.

The scale factor (kp,) as extracted from Rietveld refinement is
directly correlated to the absolute Pt metal diffraction intensity
and can thus be treated as a measure of the absolute amount
of metallic Pt probed by the X-ray beam. Fig. 3b shows the
evolution of the Hypq-ECSA-normalized change in the Pt scale
factor (Akp), and the Pt scale factor decreases irreversibly above
1.0 V for all three catalysts. The H,p4-ECSA-normalized changes
are similar for the ITO- and carbon-supported nanoparticles
and strongest for Pt/RTO. For all three catalysts, no variation
with electrode potential was identified for the occupancy with
interstitial atoms on the tetrahedral sites.

Thus, the oxidizing electrochemical conditions induce
a structural response of the metallic Pt domains of the nano-
particles with respect to their Pt lattice and amount of the
metallic Pt domain as shown in Fig. 3. The structural transfor-
mation of the near-surface of the Pt nanoparticles starts at
~0.9-1.0 V as shown by the evolution of the scale factor of the
metallic Pt domains (Fig. 3b) and is irreversible between
1.0 and 1.4 V. Furthermore, the electrochemically oxidizing
conditions cause a reversible lattice expansion of the metallic
bulk of Pt nanoparticles on the different supports (Fig. 3a).>>
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This phenomenon contrasts the correlation between Pt domain
size and lattice parameter because the formation of an oxide
shell on the smaller metallic Pt core (probed by the scale factor
kpi) should let the Pt lattice contract (probed by the lattice
parameter ap,) due to a particle size effect.”?

Therefore other processes have to lead to an expansion
of the Pt lattice as observed in this study. On the one hand,
the formation of a surface oxide and the place-exchange
mechanism expel the surface atomic layers***® and thus, the
bulk of the Pt nanoparticles responds to this expansive force
with an expansion of the lattice. On the other hand, the anodic
charging of a metal surface can induce expansive strains due to
surface relaxations and charge reorganization.>*>> The identi-
fied reversibility of the lattice expansion between 1.0 and 1.4 V
(Fig. 3a) rather supports a structural response to charging
possibly initiated by Pt-O formation at ~0.9 V. We propose
that the formation of a surface Pt oxide as the cause for lattice
expansion is unlikely because PtO, is reduced below 1.0 V (see
electrochemical data, Fig. 2) and thus, we expect PtO, (shell) yet
to be present on the non-expanded metallic Pt core.

Interestingly, the expansion of the Pt lattice is significantly
lower for the largest Pt nanoparticles on ITO (see Fig. 3a) and
might be suppressed by the non-contracted (bulk-like) Pt lattice
and/or by the presence of interstitial atoms.

In a next step, in situ X-ray absorption spectra were recorded
at selected electrode potentials to study the influence of electro-
chemical oxidation on the (electronic) structure of the Pt
nanoparticles in more detail. Fig. S7 (ESIt) shows the normalized
Pt L;-edge absorption spectra for Pt on the three supports in
potentials steps between 0.6 and 1.4 V. The so-called white
line (WL) between ~11564 and 11572 eV originates from 2p;,
to 5d orbital transitions and thus, its spectral weight is propor-
tional to the total density of unoccupied 5d states in Pt. A higher
WL area therefore indicates a higher density of d-band vacancies
associated with oxidized Pt.

Fig. 4a shows the integrated WL area for Pt on ITO, RTO, and
carbon. The WL area of all three catalysts increases almost
linearly with an onset potential between 0.8 and 1.0 V indicating
electrochemical oxidation of Pt and formation of additional
d-band vacancies. Three different resonances were used to fit
the Pt L; XANES spectra with Res1 at ~11566 eV and Res2 at
~11570 eV (Fig. 4b) describing the WL following Merte et al.*>
as well as Res3 at ~11580 eV (Fig. 4c) corresponding to the
first local maximum above the white line. We attribute the
individual resonances to the spectral weight of d-band vacan-
cies of metallic Pt (Res1), of Pt"" (Res2) as well as of the metallic
Pt phase (Res3). Below 0.9 V the (electronic) structure of the
metallic Pt does not strongly vary for all three catalysts because
the spectral weight of Res1 and Res3 does not change. For Pt/C
and Pt/RTO even the degree of oxidized Pt remained constant
as seen in Res2. Above ~0.9 V the spectral weight of Res1
increases for all three catalysts and in the case of the oxide-
supported Pt nanoparticles even linearly up to 1.4 V with a
similar slope. Thus, the number of d-band vacancies in the
metallic Pt increases with potential above ~0.9 V due to Pt
oxidation similar to the identified expansion of the Pt lattice.
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Fig. 4 Structural response of Pt nanoparticles supported on ITO (green), RTO (blue), and carbon (red) to electrochemical oxidation with respect to the
Hupa-ECSA-normalized white line area (a) and the H,pq-ECSA-normalized integrated area as the resonances 1 (Pt Lz-Res 1) at ~11566 eV and Pt Lz-Res 2
at ~11570 eV (b) and Pt Ls-Res 3 at ~11580 eV (c) as determined by peak fitting of in situ Pt Ls-edge X-ray near-edge absorption spectra shown in Fig. S7
(ESIt). Error bars represent the standard error provided by the fitting of the WL.

In the case of Pt/C, the spectral weight of Res2 increases above
1.1 V accompanied by a decreasing contribution of Resl.
Thus, the carbon-supported metallic Pt nanoparticles partially
restructure above 1.1 V and form Pt"". The increasing spectral
weight of Res2 can be explained with a growing PtO, shell on
the metallic Pt core. In the case of the oxide supported Pt
nanoparticle, the spectral weight of Res2 does not increase
showing the absence of a similar PtO, shell formation. The
spectral weight of Res3 decreases above 1.1 V for all three
catalysts and even saturates for Pt/C. This depletion of Res3
suggests a conversion of metallic Pt for all three catalysts as
extracted from in situ HE-XRD analysis but a limited growth of
the oxide shell.

The differences in the structural response to the electro-
chemical oxidation can be partially explained with the mor-
phology of the Pt nanoparticles. The rather platelet-like Pt
nanoparticles on the carbon support may potentially exhibit a
higher projected area of (100) facets which are known to oxidize
differently than the (111) facets. For Pt(111), the place-exchange
and the formation of amorphous 3D o-PtO, proceed sequen-
tially at 1.1 V and above 1.3 V, respectively, whereas on Pt(100)
both processes occur simultaneously above 1.1 V,*® which is
also accompanied by varying atomistic reaction mechanisms.*°
The rather spherical/ellipsoidal Pt nanoparticles on the oxide
support potentially exhibit more Pt sites similar to the Pt(111)
or high-index surfaces limiting the formation of an amorphous
3D o-PtO, adaption layer.

In addition to the formation of PtO, adaption layers, the Pt
NPs are prone to exhibit Pt dissolution at those high potentials.
To be able to differentiate these restructuring and dissolution
processes, which would yield the same response of coherence
length, the potential-dependent dissolution of Pt on the different
supports was followed by in situ SFC-ICP-MS. Fig. 5 shows the
Hypa-ECSA-normalized Pt dissolution of the initial anodic
potential scan to 1.5 V mimicking the electrochemical oxidation
tracked by the in situ X-ray experiments after conducting CVs
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nanoparticles supported on ITO (green), RTO (blue), and carbon (red)
during the initial anodic potential sweep from 0.05 to 1.5V with a scan rate
of 10 mV s™* as determined by SFC-ICP-MS measurements. The complete
dissolution profiles and the corresponding cathodic dissolution profiles are
shown in the ESI,f Fig. S8-S10.

between 0.05 and 1.5 V after electrochemical activation of 100 CVs
(Fig. S8, ESIT). The anodic Pt dissolution has an onset potential at
1.1-1.2 V and continuously increases up to 1.5 V. The Hpg-ECSA-
normalized Pt dissolution is strongest for Pt/C, lowest for Pt/RTO
and Pt/ITO shows an intermediate Pt dissolution rate. The onset
of Pt dissolution corresponds to the decrease in the Pt scale factor
as well as to the loss of spectral weight for Resl and Res3.
Therefore, the detected Pt dissolution rate might be caused by
dissolution of Pt"" species during place-exchange between surface-
O and Pt and PtO, formation. Thus, a fraction of the electro-
chemically formed Pt"* species is dissolved into the electrolyte.
On the other hand, a constant anodic dissolution of Pt"* could
limit the growth of an oxide shell around the nanoparticle or lead
to the formation of a “stable” PtO, on the surface. Additionally,
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one has to consider the difference between the dynamic in situ
SFC-ICP-MS measurements and the quasi-stationary in situ X-ray
experiments.

Noteworthily, strong Pt dissolution peaks arise in the reduc-
tive scan below 1.0 V (Fig. S10, ESI{) with similar dissolution
rates for Pt on C and ITO and the lowest dissolution for Pt/RTO.
Compared to anodic Pt dissolution, electrochemical reduction
of the formed PtO, causes Pt dissolution which is one order of
magnitude higher and thus represents an important degrada-
tion pathway of Pt-based electrocatalysts. Note that cathodic
dissolution is known to be more prominent than anodic
dissolution, while anodic dissolution has a much stronger
dependence on Pt loading."®**° The onset of the cathodic Pt
dissolution rate is below 1.0 V and might exhibit a binary
profile especially for Pt/C. It is known that Pt in the PtO,
phase is reduced at lower electrode potentials than in PtO,
compounds with lower average Pt oxidation state.’®®" These
differences furthermore suggest that PtO, formation is sup-
pressed for the oxide-supported nanoparticles but stronger for
the carbon-supported nanoparticles.

The Pt dissolution rates (and total quantities) are the lowest
for the RTO supported material, and our previous studies have
demonstrated the RTO support to be much more stable towards
dissolution than ITO. This suggests RTO to be an interesting
and promising support material for further investigations.®>
However, the degradation and dissolution of fuel cell catalysts
is highly complex, and firm conclusions would be enhanced by
perfectly defined materials with identical particle size, shape,
loading and interparticle distance which are all known to
impact Pt dissolution.>**® Furthermore, continued technique
development that improves resolution could deconvolute clo-
sely spaced dissolution peaks. Therefore, the close collabora-
tion of researchers with varied expertise will be required for
continued progress in the future.

4. Conclusion

In this study, we investigated the structural response of Pt nano-
particles on different supports to electrochemical oxidation in
order to establish a more comprehensive understanding of stabi-
lity determining properties of fuel cell catalysts.

We found that the applied synthesis route determines the
morphology of the Pt nanoparticles. A surfactant assisted
synthesis as used for the ITO support yields ~4 nm spherical
nanoparticles potentially with interstitial atoms on tetrahedral
sites of the Pt lattice and a bulk-like Pt lattice. Impregnation of
the support on the other hand leads to ellipsoidal/platelet-like
nanoparticles in smaller sizes without interstitial atoms on the
tetrahedral sites and a size-induced contraction of the Pt lattice.
The anisotropic shape of Pt on carbon (more platelet-like) and
RTO (more ellipsoidal) was confirmed from TEM micrographs.

Our in situ HE-XRD investigations revealed that the Pt lattice
parameter of the nanoparticles on carbon and RTO increases
reversibly and linearly with potential above 1.0 V while only
slight changes are observed for Pt/ITO. We attribute this
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expansion to charge induced lattice strain facilitated by surface
oxide formation. From in situ X-ray absorption spectroscopy
we show that the formation of Pt"" species is much more
pronounced for Pt/C but follows (to a certain extent)
H,pa-ECSA and particle size. Pt nanoparticles on the oxide support
show suppressed Pt oxide formation which can be primarily
attributed to their shape. Furthermore, in situ dissolution experi-
ments show anodic Pt dissolution that follows the trend as
observed from the X-ray investigations.

Most importantly, Pt on RTO shows the lowest Pt dissolution
representing an improved total electrochemical stability of an
RTO-supported Pt electrocatalyst which we have previously
shown.®?
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