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Abstract: The changes in the surface composition of a PtsoRhso(100) alloy due to an ongoing 2H; +
0,—2H,0 chemical reaction have been studied in situ. Exploiting the high-energy resolution and surface
sensitivity of synchrotron radiation core-level spectroscopy it was possible to monitor the population of the
two transitions metals atoms at the gas—surface interface. Sequences of fast high-resolution core-level
spectra of the Rh3dsy,, Pt4f;,, and O1s core levels showed a continuous exchange of atoms between the
first and subsurface layers. An unexpected Pt surface enrichement was found under slightly oxidizing
conditions, opposite to what found in a highly oxidizing atmosphere.

It is well-known that alloying may lead to materials with However, STM still shows a limited capability of distinguishing
properties significantly different from those of the monometallic the chemically different adsorbatalloy configurations during
materialst This fact is used for the fabrication of bimetallic  a reaction, especially for highly mobile adsorbafeand does
catalysts with higher performance in terms of selectivity and not provide any information on the subsurface layers’ composi-
reactivity?2 From the experimental point of view, the investiga- tion, which plays an important role in the adsorbate-induced
tion of the alloying-induced modification of the catalytic surface segregation processes.
properties is not an easy task, as the composition and the Here we show that for a bimetallic PtRh alloy the exact
structure of the alloy surface and near-surface layers strongly composition of the first and subsurface layers and the different
depend on the gas environment and sample temperature. On@dsorbate substrate chemical configurations can be continu-
of the main problems is that the local organization of the two ously probed during a chemical reaction using high-resolution
metals at the surface is a dynamic processin the last 10 core-level spectroscopy, yielding information not previously
years remarkable progress has been made toward a detailedccessible. In particular we studied the response of tee Pt
understanding of these processes, driven also by the advanceRhs(100) surface composition to the 2H O,—2H,0 reaction/
in the experimental techniques that now provide greatly reduction cycling: this provides basic knowledge for predicting
improved in situ experimental information. For example, the surface segregation behavior of this alloy, which is used as
scanning tunneling microscopy (STM) studies showed that the “three-way” automotive exhaust gas cataly$td By analyzing
temporal evolution of the surface composition is governed by the line shape and intensity variations of the P#4Rh3d,
migration of single atoms or two-dimensional islarfds. and O1ls core levels measured at high-energy resolution and
surface sensitivity, it is possible to describe both the population
and the chemical configuration of the alloys first-layer surface
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do not affect appreciably the SCL energies, which are mainly
caused by an electronic effect of transition metal surfaces, i.e.,
the narrowing in energy of the local density of d states at the
surface due to the reduced atomic coordination.

An important feature of the SCL spectroscopy is that the
spectral intensitied#;, Irn) can be used as a measure of the Pt
and Rh surface concentration, after appropriate normalization.
The latter is obtained by two constants.andc,, which better
satisfy the conservation lawilp, + Clrn, = 1 ML (One
monolayer equals the number of surface atoms) for several
spectra corresponding to different experimental conditions. The
ci/c; ratio depends on the photoelectron kinetic energies and
emission angles and can be used to evaluate the first-layer
composition at different surface temperature, coverage, and
chemical composition. Following this procedure, we found that
at the highest reaction temperature of the present study, 520 K,
the clean surface is strongly Pt-enriched (86 3%), in
composition. This is a key factor for understanding the reactivity agreement with previous repofs.24
properties of bimetallic surfaces. Our results provide direct During the B + O, reaction at constant temperature, the
evidence that the population of the two metallic species is spectral fingerprints of the PtRh surface undergo the following
governed not only by the adsorbed atoms but by their inter- changes: (i) growth of new SCL peaks induced by the O and H
actions and intermediate reactions products. adsorption, accompanied by gradual extinction of the clean

The reactivity experiments were performed at the SuperESCA surface components (Rh and Pi,), and (i) intensity variations
beamline of ELETTRA, where fast photoelectron spectra can of the components due to adsorbate induced segregation, which
be collected £ 15 s/spectrum) with an overall energy resolution affects the Pt/Rh ratio at the first-layer and subsurface regions.
better than 100 me¥ The reaction cycles were made by The O- and H-induced shifts of the Pi4fand Rh3g), core
exposing the sample to a constant &inbient pressure, while  levels were obtained by measuring the corresponding uptakes
modulating the @ exposure with the shutter of a supersonic on the clean surfaces. On the basis of previous results on oxygen
molecular beam’ The oxygen exposure was reproduced with adsorption on Rh(100), the Rhcomponents can be attributed
high precision and with a rising constant below 100 ms. A well- to Rh atoms bonded tb oxygen atom@? assuming that the
ordered clean B§Rhso(100) surface was prepared by cycles of presence of Pt atoms does not affect the value of the O-induced
Art sputtering, oxygen treatments, and reduction in hydrogen Rh SCLs. For the Pt and the H-induced core-level shifts, the
to remove the residual oxygen. situation appears to be more complicated and a straigthforward

Figure 1 shows the Pt4$ and Rh3g); spectra of the clean  assignment cannot be performed on the basis of previous
PtRh surface. The core-level spectra are fitted by using a sumresults?®
of two Doniach-Sunijic8 functions, which combine a Lorentzian Figure 2 illustrates the intensity changes of (a) Rid Rho
width (I') with the singularity index «), convoluted with a components, (b) the sum of all Rh (Rh and Pt (Pdu) surface
Gaussian function that describes the phonon, instrumental, andcomponents, and (c) Blas a function of oxygen coverage at
inhomogeneous broadening. A linear background is included 520 K. Calibration of the oxygen coverage was obtained by
in the fitting procedure. In both cases, one componeng érRd measuring the O1s core-level signal at a binding energy of 530.7
Pt,) originates from the bulk atoms and the other {Rhd PY) eV and assuming that the p(8 1) structure at saturation
from the surface ones. Since the probing depth in our experi- corresponds to a coverage of 0.33 ML. The almost sym-
mental setup corresponds to very few layers, the &id Pg metrically inverse R, and Rhk plots indicate that the
components are dominated by emission from the second andpreviously reportetioxygen-induced Rh segregation takes place
third layer atoms. For the clean surface, the R{4ihd Rh3d), only at near-saturation oxygen coverage, when the>p(B)
surface core level (SCL) components are shifted-i5 (Pt) structure is forming, whereas at low oxygen coverage depletion
and—575 meV (RRB) with respect to the bulk peaks. It should of Rh occurs. Thisunexpectedresult is confirmed by the
be noted that the SCL components originate from Pt and Rh intensity of the Pt surface component Rt Apparently the
surface atoms, which can have several different local coordina-significant Rh segregation previously repofestcurs only
tion, as shown in Figure 1. The relatively narrow widths of the under heavy oxygen doses, which do not occur under the
SCL components for the clean surface indicate that the existing
different local configurations of the Pt and Rh surface afdms
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Figure 1. Pt4f;, and Rh3g); core-level spectra of the clean PtRh(100)
surface. The higher binding energy components correspond to bulk atoms,
while the lower binding energy peaks originate from first-layer atoms.
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Figure 2. Coverage dependence of the oxygen-induced RhSEL shifted _
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reaction conditions discussed here, where the oxygen coveragesigure 3. Temporal behavior of the clean and O-induced #2td4hd Rh3¢),
does not exceed 0.2 ML. SCL component during the reactionTat 520 K. py, = 6.6 x 108 mbar,

— 7
Close inspection of the plots in Figure 2 shows that the onset Po, = 2.5 107" mbar.

of the Pt segregation is at an oxygen coverage when most of .omponents. The steady-state is achievd@0 s after opening
the Rh surface atoms have been bonded to one oxygen atome shytter. The starting surface is recovered after closing the

The factors favoring the segregation process are the reductionoxygen beam. AT < 400 K (e.g. 330 K), the initial surface is

of the surface energy and the relative _strength of _thePDand partially covered by hydrogen (Rkand Pt coexist with the
O—Rh adsorption bond, the latter being a function of the O 1y jnquced Rh and Pt surface core-level components), while
coordlnatlon number. Thus, in smgle.coordlnatlon configuration, \,nder reaction conditions only the O-related SCLs are present
the O-induced Pt segregation within a rather narrow Oxygen i the steady-state, similarly to what is shown in Figure 3. The
coverage range below-0.15 ML can be rationalized by  qny difference is that the steady-state O coverage at 330 K is
assuming that the reduc_tlon of the surface energy per segregated.q o ML (compared to-0.16 ML atT above 400 K), indicating

Pt yields an energy gain compensating for the smalleP® 4t 4t 330 K the reaction rate is slower. The variations of the
ads.orpt|0n energy. The gomp05|t|on of the second Iayer, Rh Rh, Rho, Pt, and Pg intensities, which correspond to the time
enriched; may also contribute to the energy balaft&Vith g\ 1ution of the surface composition, confirm the Rh depletion
increasing O coverage, when_the Rh coord_lnatlon number with yhserved in the oxygen adsorption measurements (Figure 3).
O becomes 2, the segregation process is reversed, becausgys effect is significantly weaker at 330 K, as shown in Figure
apparently in such configuration the contribution of the O bond 4, where we report the surface segregation behavior at three

strength to the energy balance dominates. different temperatures. Careful investigation of the RhPt surface
To understand the variations in the PtRh(100) surface ¢omposition evolving during the reaction cycles unexpectedly
composition during the 240, — 2H,0 reaction, we moni-  rayealed that only when the reaction was carried out at 330 K,

tored the temporal evolution of the Pigfand Rh3¢, SCLs the working catalyst preserved the surface composition of the
and Ols intensity, at different #M, partial pressures and  fregh sample in reduction ambient. As shown in Figure 4, upon

temperatures ranging from 330 to 520 K. Figure 3 shows jncreasing the reaction temperature from 330 to 520 K, the Rh
representative sets of plots obtained at 520 K, which provide ¢oncentration of the working catalyst in reduction ambient

detailed information concerning the changes in the surface j,creases from 14 to 31%. an enrichment which was not
composition during the reaction cycles. In a ldw-pressure  gptained in H ambient alone. This is a clear demonstration of

ambient, only the Rand Rk peaks are present, because above he complexity of processes occurring under reaction conditions,
400 K the lifetime of adsorbed H is negligible. Once the oxygen \yhen not only O and H but also other intermediate species (OH
beam is open and the exposure increases, a single Ol§y yhe present case) undoubtedly affect the energetics, which in
component at the same binding energy of the adsorbed atomicy,r, getermines the surface composition. The behavior of the
oxygen grows, thus indicating that at this temperature water pt ang Rh bulk components, clearly in antiphase with respect
and OH species have a very short surface lifetime. In parallel, {5 the surface populations, is a fingerprint of the process of

the Ptand RRR SCLs are replaced rapidly by the Bfand Pé atomic exchange between the first layer and subsurface layers.
(27) Gauthier, Y.; Schmid, M.; Padovani, S.; Lundgren, E.; Bu, V.; Kresse, G.; Itis |mp_ortan_t to nc_)te that t_)u”( intensities, reported In Flgure
Redinger, J.; Varga, FRhys. Re. Lett. 2001 87, 36103. 3, are given in arbitrary units because of the presence of the
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the surface becomes Rh-rich, the formation of oxide-like phases
should deactivate the cataly8tbecause of their high thermal
stability (up to~750 K).

In conclusion, we demonstrated the potential of high-
resolution core-level spectroscopy in monitoring the dynamics
of surface composition for alloy catalysts under reaction
conditions. The response of the PtRh(100) catalysts to the

- i presence of different surface species during the 2HO, —
Plog LR I 2H,0 reaction has been directly illustrated. We demonstrated
that the evolution of surface composition during the reaction
cycles cannot be assigned to single adsorbate-induced segrega-
tion processes. Instead we observe a strong coupling between
different effects, such as the interactions between adsorbates
and the presence of short-living reaction intermediate species.
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Figure 4. (a) Temporal behavior of the £ and RRyt components at due to different simultaneous effects.
330, 400, and 520 K. (b) Oxygen coverage is shown as a blackpiges
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At variance with the previously reported Rh enrichment under ;54443724
heavy oxygen doses, we find that the reacting surface of the
PtRh aIon for Ste_ady_State oxygen coverage far from saturation (28) Peden, C. H. F.; Goodman, D. W.; Blair, D. S.; Berlowitz, P. J.; Fisher, G.
tends to be Pt enriched. In fact, under heavy oxygen doses, when ~ B.; Oh, S. H.J. Phys. Chem1988 92, 1563.
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