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In situ x-ray absorption spectroscopy (XAS) at theLRtdge is a useful probe for Pt—O interactions at polymer electrolyte mem-
brane fuel cell (PEMFC) cathodes. We show that XAS using the high energy resolution fluorescence detection (HERFD) mode,
applied to a well-defined monolayer Pt/Rh(111) sample where the bulk penetrating hard x-rays probe only surface Pt atoms,
provides a unique sensitivity to structure and chemical bonding at the Pt-electrolyte intétfdoéio multiple-scattering cal-
culations using the FEFF8 code and complementary extended x-ray absorption fine structure (EXAFS) results indicate that the
commonly observed large increase of the white-line at high electrochemical potentials on PEMFC cathodes originates from plat-
inum oxide formation, whereas previously proposed chemisorbed oxygen-containing species merely give rise to subtle spectral
changes.

1 Introduction spectroscopy (XAS) as a probe of unoccupied Pstdes to

a well-defined model electrocatalyst where Pt is confined to
One of the greatest challenges in the development of polymeg monolayer on a Rh(111) single-crystal surface, thus only
electrolyte membrane fuel cells (PEMFC) is the design of newsurface Pt atoms and their interaction with oxygen-containing
catalyst materials for the oxygen reduction reaction (ORR), inspecies are probed.
order to overcome the 25-30% conversion efficiency loss due
to the ORR overpotential, and to reduce the Pt content of the The near-edge region (XANES) of P spectra shows a
ORR catalyst. Theoretical calculations show that the bindznaracteristic “white-line”j.e. a strong absorption maximum

ing energy of chemisorbed atomic oxygen can be used as e to a p — 5d transition whose intensity can be used as
descriptor for ORR activity on transition metal surfaces in-5 measure of unoccupied State$* depletion of occupied
cluding bimetallic systems, and a volcano-type behavior wasq states due to Pt-O bond formation thus gives an increased
shown®2, This computational approach was successful in Prewnhite-line intensity. Previoun situ XAS studie$4 using
dicting new catalyst materials such as Pt-Y alloy, which showsyanoparticle samples have consistently shown strong white-
a ten-fold increase in activity compared t PHowever, itis  |ine intensity increases at high potentials, but contradictory
intermediate or spectator species such as O, OH, OOH, or sutomic O to surface oxide PtO, or even PtOThis uncer-
face oxides become rate-limiting at different potentials, sincqainty, arising from unknown bulk contributions and the use of
their stability can be expected to follow the same trend. Comyery small Pt clusters in multiple-scattering computations that
mon probes of the chemical state of O or Pt are usually unsugo not represent the much larger particle size in the experi-
cessful in identifying ORR intermediate or spectator speciegnent, motivated us to study a monolayer Pt sample and suffi-
in situ, since bulk penetration and surface sensitivity are botijently large model structures in the multiple-scattering calcu-
required but incompatible. Here, we show how this d|ff|cul_ty lations using the FEFF8 codf for an unambiguous identifi-
can be overcome, by applying synchrotron x-ray absorptioration of Pt-O species and their spectral features. Moreover,
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2 Experimental and Computational Methods background subtraction, spline fitting and least-square fitting
of the Fourier-transformed EXAFS signal. Backscattering
An 8 mm diameter commercial Rh(111) single-crystal (Sur-phase and amplitude functions required for fitting of spectra
face Preparation Laboratory, Zaandam, The Netherlands) wagere obtained from FEFF?8.
cleaned under ultrahigh vacuum by repeated sputtering and All HERFD XAS calculations were carried out using the
annealing cycles. A home-built evaporator with resistive heatFEFF 8.4 program, which employs a full multiple-scattering
ing was used to deposit the Pt film while the sample temperformalism'®. By using the "NOHOLE” card, potentials and
ature was held at- 600 K. The Pt coverage was monitored phase shifts were calculated assuming complete screening of
using the changes in CO thermal desorption spectra from thihe core-hole, resulting in better agreement with experimen-
Pt/Rh(111) surface. It has been previously sh&fthat, dur-  tal white-line intensities. This is fully consistent with pre-
ing the deposition, Pt atoms are incorporated into the topmostiously reported FEFF results on transition metalandL3
Rh layer to form a surface alloy with increasing Pt contentedges’25-28 The line-sharpening effect observed in HERFD
and, eventually, a two-dimensional Pt overlayer. was modeled by reducing the theoretical lifetime broadening
Subsequent to the Pt deposition, the sample was mountday 1.75 eV using the "EXCHANGE” card. This value was
into our hanging meniscus situ x-ray electrochemical cell. determined by comparing the computed XANES spectrum of
Similar to a setup recently used fon situ surface x-ray a clean Pt/Rh(111) surface with an experimental spectrum at
diffraction’®29 it consists of a PEEK tube which contains a potential corresponding to the double-layer region, namely
the electrolyte, a counter electrode (Pt wire) and a leak-freé& = +0.4 V. More detailed information about the model struc-
Ag/AgCl reference electrode. The contact with the workingtures and input parameters for the FEFF8 calculations are pro-
electrode is established through a free-standing meniscus ided in the Supplementary Information.
the~ 2 mm narrow gap between the tube and the sample sur-
face. This design :?lvoids proble_ms caused by beam dama%e Results and Discussion
to common x-ray window materials and allows for operation

in Oz-saturated solution where very high electrochemical CUrFig. 1a shows HERFD XAS for 1 ML PYRh(111) inoN
rents can be reached. saturated 0.01 M HCIQ recorded in order of increasing
The 0.01 M HCIQ electrolyte was made from 70% HCIO  potential with respect to the reversible hydrogen electrode
(Trace Select Ultra, Sigma-Aldrich) and ultrapure water fromRHE). As the potential exceeds 1.0 V, significant changes oc-
a MIIIIpore Gradient SyStem. All potentials were converted cur: the absorption edge is shifted to h|gher energy, the white-
to values with respect to the reversible hydrogen electrod@ne increases in both width and peak intensity, and the ab-
(RHE). sorption decreases in the post-edge region above 11573 eV. In
All in situ x-ray absorption spectra were measured aicomparison with conventional XANES measurements under
the Stanford Synchrotron Radiation Lightsource (SSRL). Atthe same electrochemical conditions (Fig. 2a), the features are
Beam Line 11-2, XANES and EXAFS measurements werestrongly enhanced with more spectral details due to the reduc-
carried out with conventional fluorescence detection using &on of the Pt D core hole lifetime broadening. The strong
large 30-element Ge solid state detector. HERFD-XANESwhite-line intensity and the “dip” in the post-edge region at
measurements were performed at SSRL Beam Line 6-2 usigh potentials are characteristic spectral features of platinum
ing a Si(111) monochromator in combination with a Rowland gxide<?®.
circle analyzer spectromeférconsisting of three spherically A strong potential hysteresis effect in the white-line inten-
bent Ge perfect crystals (R1 m). The crystals were aligned sity as function of the potential is shown in Figure 1b. After an
in a backscattering geometry using the (660) Bragg reflectiomnodic potential excursion to +1.6 V, metastable platinum ox-
at 80.0 to select the Pta fluorescence line (9442 eV). The ide remains present at potentials as low as +0.6 V, indicating
combined resolution of the monochromator and analyzer asignificant activation barriers for oxide formation and reduc-
determined by measuring the elastic scattering was 1.6 eV. Asion.
suming an intrinsic monochromator resolutionof.3 eV the Further evidence for the formation of a Pt oxide film was
analyzer resolution is estimated to hel eV. obtained from EXAFS data (Fig. 2b) which were recorded si-
For all XAS measurements, the incidence angle of the xmultaneously with conventional low-resolution XANES. Plat-
ray beam to the Pt/Rh(111) surface was adjusted to the criticahum oxide formation at high potentials is evident from the
angle for total external reflection, thereby enhancing the flubreaking of metallic Pt—Pt and Pt—Rh bonds (strong decrease
orescence intensity up to fourfd# The orientation of the of the double peak at 2.5,&) that accompanies the formation
electric field vector of the incident beam was perpendicular taf Pt—O bonds (new peak at 1.6 A). EXAFS fitting results
the surface normal. for two potentials, 0.0 V and +1.6 V, are shown in Fig. 2c
For the EXAFS data analysis, SIXP&kwas used for and summarized in Table 1. At 0.0 V, the coordination num-
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Fig. 2Insitu PtL3 XAS in conventional fluorescence detection for

) 1 ML Pt/Rh(111) in 0.01 M HCIQ@: (a) near-edge region, (b)
bers for Pt and Rh nearest neighbors around the Pt absorbegurier transform of the EXAFS signal, (c) EXAFS fits

are in good agreement with the expected values of 6 (Pt) and &rresponding to metallic monolayer Pt/Rh(111) at 0.0 V and Pt
(Rh) for a two-dimensional monolayer Pt on Rh(111). Includ-oxide layer at +1.6 V.
ing an additional contribution from the next-nearest neighbor
Rh atoms improved the statisticR factor from 0.0661 to
0.0282, without significantly changing the ratio between thebeen experimentally observed on Pt(131§° using the same
two nearest-neighbor coordination numbers. Note that at +1.8t—O bond distances and laterally compressing the unit cells to
V, the changes in the Pt-Pt and Pt-Rh contribution-@5  match with the PYRh(111) lattice (Supplementary Table S1).
A cannot be explained with a mere amplitude reduction of 8 The calculated XANES for adsorbate-free PURh(111) is in
metallic Pt fraction. Instead, we find a Significant expansiongood agreement with experimenta| Spectra taken at +0.4 V.
of both Pt-Pt and Pt-Rh bond distances. This clearly indi-The addition of adsorbed oxygen-containing species causes a
cates that the metallic coordination environment is completelyyradual increase of the white-line peak intensity (Fig. 3c).
displaced by an oxide structure with the corresponding widetChemisorbed OH or atomic oxygen could therefore explain
distances between metal atoms. the subtle changes measured for increasing potentials from
Platinum oxide formation on Pt(111) has been studied pre+0.4 V up to +1.0 V. Note, however, that this peak intensity in-
viously with x-ray reflectivity measuremerits In 0.1 M crease is much weaker in the measurement than the predicted
HCIO,, a place-exchange mechanism for platinum oxide forchanges for addition of 0.25 ML oxygen, indicating a rather
mation was reported at all potentials studied between 1.025 \ow coverage and thus weak oxygen affinity of the Pt/Rh(111)
and 1.425V, and an irreversible roughening of the surface wasystem.
found for potentials exceeding 1.25 V. This is fully consistent In order to characterize the ultrathin platinum oxide film
with our results. formed at potentials above 1.0 V, we assume that its short-
FEFFS calculation® of HERFD XANES for several dif- range structure resembles one of the well-known struc-
ferent structure models allow us to elucidate further the structures®®=° of bulk Pt oxides (Fig. 3a, Supplementary Table
ture of the Pt oxide film formed at high potentials, and toS2). Therefore, calculated spectra for these compounds (Fig.
identify the more subtle spectral fingerprints of chemisorbed3c) were used as a first approximation to identify important
oxygen-containing species on a metallic Pt surface (Fig. 3)features of the ultrathin film.
Using large hemispherical Pt/Rh(111) clusters (Fig. 3a) in The calculated HERFD XANES af-PtO,, where Pt in the
the FEFFS8 input, we calculated spectra for 1 ML Pt/Rh(111)formal +1V oxidation state is octahedrally coordinated with
without any adsorbate, with a mixed ORI ¢(3 x 3) layer,  six O atoms, shows a significant dip in the post-edge region
as well as chemisorbed oxygei2 x 2) and p(2 x 1) lay-  and a sharp white-line with more than twice the intensity com-
ers corresponding to oxygen coverages of 0.25 and 0.5 MLpared to metallic Pt. The formation of a Bt@yer in the
respectively. The hypothetical adlayer structures of oxygensystem studied here can be ruled out based on the white-line
containing species were modeled after structures that havepectral width and intensity. PtO and &0, — two hypo-
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Table1 Insitu EXAFS fitting results for 1 ML PtRh(111) in 0.01 M HClOData ranges df = 3.0— 9.8 A~ andk = 3.0— 9.5 A~1 were
used at 0.0 V and +1.6 V, respectively.

Pt—Pt Pt—Rh Pt—Rh Pt-O R factor
(2nd shell)
E=00V 0.0282
N 65+038 32+07 26+07 -
R(A) 2.72+0.02 2.72+002 3.94+0.02 -
02(A2?) 0.005 0.005 0.005 -
E=+16V 0.0478
N 21+09 26+04 - 38+04
R(A) 3.23+0.03 2.81+001 - 1.95+0.02
0?(A?) 0.005 0.005 - 0.01

thetical compositions witk = 0 andx = 1 were studied — con-  set potentials of around 0.8 V but with less intensity since bulk
tain square planar Punits and have computed peak intensi- Pt atoms also contribute significantly to theedge peak. The
ties similar to the measurement at +1.6 V, while the white-linesimilarities between our data and previously reported spec-
width increases in the order Pt© NaPtO4 < P304. This  tra of Pt nanoparticles suggest a re-interpretation of the latter,
can be explained with the crystal field splitting of the BBt 5 with the generally observed white-line increase being due to
states into four different energy levels, where the highest, fullyoxide formation rather than OH or O chemisorption. Since
unoccupied level alone would give rise to a sharp white-lineoxide formation occurs at lower potentials for nanopatrticles it
while additional vacancies in the second highest level causean contribute significantly to the ORR overpotential. We con-
the broadening. The simulation forsRY gives the best agree- jecture that nanopatrticles provide corner and edge sites where
ment with the measurement at the highest potential in termexide can nucleate at lower potentials and then spread over to
of the white-line intensity and width (Fig. 3d). Therefore, we the low-index facets. This can explain the decrease in ORR ac-
propose that the ultrathin Pt oxide film contains square planativity per surface Pt atom in nanoparticles compared to single-
PtOy units, with Pt in a slightly higher oxidation state than in crystals®.

PtO. Since the bond strength of the various Pt—O species, in-

Similar PtQ, units have been reported to form one- cluding oxides, will scale with the atomic oxygen chemisorp-
dimensional chain structures on Pt(110) and Pt(111) surfac#n energy, the latter still provides an overall good descrip-

in ultrahigh vacuum under high coverages of atomic oxy-tor for ORR activity. However, oxide formation could addi-
gen34:35.40 tionally be affected by other parameters such as metal cohe-

We propose that surface platinum oxide formation will takeSion, metal/oxide interface energy and surface diffusion barri-
place on all types of Pt/M(111) electrodes, including Pt(111) €S- Selecuyfaly |nh|b|t|n_g oxide growth without compromis-
and on Pt surfaces in general, including those of nanoparticle§?d the stability of chemisorbed oxygen may therefore repre-
The onset potential for oxide formation can be expected to b&€Nt & useful criterion for catalyst design. Such a case could be
kinetically influenced by the stability of its precursor state, i.e.the modification of Pt nanoparticles with Au clustgra/hich -
chemisorbed oxygen on the metallic Pt surface. Based on DFfas shown to significantly enhance the stability of Pt against
calculations, oxygen has been predicted to be ca. 0.6 eV mofidation while retaining almost identical ORR half-wave po-
strongly bound on Pt(111) than on PYRh(131)This is in tentials. Improvgd ORR activities were also found on Pt-
good agreement with our observations on Pt/Rh(111) that in@/l0y and bimetallic core-shell ”"’}nopan'd’ég’“: concomi-
dicate only low coverages of chemisorbed oxygen—containings‘”“y with a suppression of Pt oxidation at high potentiéi$

species at potentials up to 1.0 V and an oxide formation onséfERFD XAS applied to bimetallic systems could, as demon-
potential of~ 1 V. strated in the present work, elucidate details of the inhibition

On such surfaces where atomic oxygen is more weakly adr_nechanism for Pt oxide growth, especially when suitable ab-
orption edges of both metal components are studied.

sorbed, the dissociation of molecular oxygen can become the
rate-limiting step of the ORR. This appears to be the case in
the Pt/Rh(111) system studied here, for which lower ORR ac4 Conclusions

tivity and increased kD, formation in comparison to Pt(111)

was found?!. Ls-edge spectra of pure Pt nanoparti€l€s'?  The application of EXAFS, HERFD XANES and FEFFS8 cal-
exhibit a strong increase and broadening of the white-lineculations to a well-defined Pt monolayer system has enabled
similar to what we observe on Pt/Rh(111), already at lower onus to unambiguously differentiate the XANES signatures of
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chemisorbed oxygen-containing species and several platinung
oxides. The theoretically predicted position of Pt/Rh(111) on
the low oxygen-affinity slope of the ORR volcano plaan be 16
confirmed by our observation of only subtle spectral chang(zi
indicating low oxygen coverage at potentials up to 1.0 V, an
Pt oxide formation at potentials above 1.0 V. The comparisong
of our data with previous XAS measurements on Pt nanoparti-
cles indicates that the latter can form a surface oxide already &P
lower potentials. Therefore, destabilization of platinum oxide20
could be an important ORR catalyst design criterion.
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