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Abstract: Using a photoemission spectroscometer that operates close to ambient conditions of pressure
and temperature we have determined the Pd—O phase diagram and the kinetic parameters of phase
transformations. We found that on the (111) surface oxidation proceeds by formation of stable and metastable
structures. As the chemical potential of O; increases chemisorbed oxygen forms followed by a thin surface
oxide. Bulk oxidation is a two-step process that starts with the metastable growth of the surface oxide into
the bulk, followed by a first-order transformation to PdO.

Introduction of oxygen, such as oscillations in reaction rate during CO
oxidation!? and hysteresis in oxidatierreduction cycled314
ngidized Palladium has been suggested to be an active catalyst
for the removal of hydrocarbons and CO in car exhaust
converter® and in the combustion of methatfe.

Despite their importance the atomic scale processes leadin
to the oxidation of metals are not understood. This is in part
due to the lack of techniques that provide information about
the metal-oxide equilibrium structure and kinetics in situ.
Techniques that can differentiate between different oxidation  Studies of oxygen incorporation in the subsurface during
states, such as electron spectroscopy, cannot operate under thexidation of late transition metals have been performed by
O, pressures and temperature relevant to the oxidation processquenching Ru(0001) and Rh(110) single crystals after high
typically near atmospheric pressure. The oxidation of metals oxygen exposures (up to #0L) to ultrahigh vacuuni’18
proceeds by chemisorption of oxygen, surface oxidation, oxygen However, high exposures at lower pressure may not generate
incorporation to the subsurface region, and bulk oxidatidh. the high-pressure phases because dispificthreshold condi-
Chemisorption and surface oxidation have been studied by tions may exist beyond which certain phases become accessible
surface sensitive techniques in ultrahigh vacuum, but not much hzsed on the chemical potential of the phase (given that no
is known about subsurface incorporation and bulk oxidation of kinetic limitations prevail). Theoretical modeling stressed the
late transition metals. Buildup of oxygen in the subsurface region importance of subsurface oxygen incorporation as the critical
seems to b,e crucial fo.r several complex phenomena that havestep in the bulk oxidation of late transition metals, and
been described on platinum group metal surfaces in the PresenCaiculations revealed that the critical oxygen coverage for

. ! i i — _incorporation into the subsurface region of Pd(111) (in tetra-
T Lawrence Berkeley National Laboratories, Chemical Sciences Division, . . .
University of California, Berkeley, CA 94720. hedral sites) is close to the onset of bulk oxida@®?? A recent
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J. N.Phys. Re. Lett.2004 92, 126102. we present photoemission spectroscopy (PES) measurements
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Figure 1. Pd3d (left) and O1s/Pd3p (right) XPS regions corresponding

to different stages in the oxidation of Pd(111): {8 x /6 surface oxide,

(b) “subsurface oxide”, and (c) bulk PdO. Peaks are normalized to the total
Pd3d; and Pd3p; area, respectively. An extended version of this figure
including the low-pressure phases and depth profiles can be found in the
Supporting Information online.
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Figure 2. (a) Phase diagram showing the experimentally observed stability
. . regions of the different palladium oxide structures as a functignafdT.
The experiments were performed using a recently developed t,q b5ints mark the conditions under which XP spectra were acquired while
photoemission system that can operate at near-ambient pressures (i.ejncreasing the oxygen pressure at fixed temperature (oxidizing conditions).
up to several Torr), located at beamline 11.0.2 of the Advanced Light At these points, no change was observed in the spectra over several minutes.
Source (ALS) of the Lawrence Berkeley National Laboratory in The solid line indicates the phase transition of bulk Pd to bulk PdO as
Berkeley, CA (a prototype of this system is described in Ref. 21). Calculated by tabulated values of the enthalpies and heat capatifies.
Photoelectrons from the sample are collected by a differentially pumped atched region shows the PdO bulk oxide stability region when the pressure
) . . is reduced from 1 Torr at fixed temperature. (b) Corresponding surface
electrostatic lens sy_stem t_hat refocuses the emitted electrons into thephase diagram, as calculated by transforming results from atomistic
focal plane of a hemispherical electron energy anal§&2éfe recorded thermodynamicsinto ap,T plot.

the Pd3d Iy = 535 eV) and O1shr = 740 eV) spectra with the same

electron kinetic energy in order to obtain the same information depth to the ambient pressure chamber, where spectra were acquired at
in all experiments 0.6 nm? corresponding to 23 layers of Pd- temperatures between 295 and 900 K and in the presence of oxygen at
(111)). We also varied the photoelectron energy in order to obtain depth pressures from 10 Torr to 1 Torr.

profiles of the Ols species for all structures and to check for final-

state photoelectron diffraction effects. Modulations of the O1s and Pd3p Results

peak intensities were observed for the surface oxide and “subsurface  Figure 1 shows spectra corresponding to the three phases and
Oﬁ'de" f‘fl'fhk'"s_t";?”erg'es below 25?_bev dge t_ohﬂnal-state d|f;‘]rath|on _metastable structures that were observed during exposure of Pd-
effects. The binding energy was calibrated with respect (o the Fermi 111y'15" oxvaen at pressures10-® Torr. Each of them is

edge of the sample. The peaks were deconvoluted with asymmetriccharacter. ed b eaks with unique binding eneraies and
Gauss-Lorentz profiles after subtraction of a Shirley background and 12 y P with “uniqu Incing gl

normalization by the corresponding energy-dependent X-ray photo- intensity ratios. Besides ?hem'sorbed oxygen (not shown) a_nd
ionization cross sectio’éNo charging effects from the thin palladium ~ the §/6 x /6 surface oxide (spectrum a) already reported in
oxide film were observed due to compensation by gas-phase ionizationthe literaturé, a new structure (“subsurface oxide”) was found
at pressures in the Torr range. After Ar sputtering and annealing at (Spectrum b) followed by a bulk oxide phase (spectrum c), each
1000 K in the preparation chamber the Pd(111) crystal was transferredin the specific pressure and temperature ranges that are shown
in Figure 2. These structures were found to be stable over several
(21) Ogletree, D. F.; Bluhm, H.; Lebedev, G.; Fadley, C. S.; Hussain, Z.; i 1 ila i i
Saimeron, MRe. Soi. Mstrum2002 73, 3672, minutes at a fixed temperature while increasing the oxygen
(22) SPECS Phoibos 150 hemispherical analyzer, Specs GmbH, Berlin, Ger- pressure. When the pressure was decreased from 1 Torr at a
many. . . . S
(23) The information depth was calculated using the inelastic mean free path flxe(_j temperature, we observed _c_hfferences in the“Stab”Ity’ in
value for 200 eV electrons in Pd from Tanuma, S.; Powell C. J.; Penn, D. particular an extended PdO stability region and no “subsurface
R. Surf. Int. Anal.1997, 17, 911, under consideration of the detection angle idar innin Ei
of the electrons (40to the surface normal). oxide” (hatched region in Flgure_2). We calculateql t_he_e_xpected
(24) Yeh, J. J.; Lindau, IAt. Data Nucl. Data Table4985 32, 1. phase boundary for the formation of PdO by minimizing the

Experimental Section
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Gibbs Free EnergyAG(p,T) using tabulated values for the (a) — s (D)
enthalpies, entropies, and heat capacfi@ashed line in Figure s
2). ForT > 650 K, the phase boundary from surface to bulk ‘\ e
oxide agrees very well with the Pd/PdO bulk phase boundary. —— 129795 I
In Figure 2b, we compare these data with the surface phase \ —
diagram obtained by atomistic thermodynamics. This diagram =2 B8 a5 3% 355 3%
shows which phase would be most stable on the basis of the Binding Energy Binding Energy
free energies from density-functional theory (DFT) calculations A B C
published in ref 6 as a function gfT by using the oxygen (c) 107 o 1(334.96V)
chemical potential 0.9+ * 11(335.45eV)
@ gl 4 111 (336.3-336.45eV) A A
2 e O A A
o) = kol B )’ T g o7 A
o KT\V/22MKT/ 7L, 2MKT, S 06 L
=)
(with M: mass and.: bond length). The agreement with the g 0-51 qb'ﬁ v Vs
experimental data is good for high temperatures and low = 947 E a
pressures. For lower temperatures, obviously kinetics hinders S 038 % o, . O
the transition to the thermodynamically more stable bulk phases, S 02]d, 4 * e @ -
as has been well described for Pd(18@hpd the phase diagram g 01_f B8 e .
does not reflect thermodynamic equilibrium. In particular, below ’ Oog
the thermodynamic_Pd/PdO phase boundar_y (solid line, Figure (d) 335?53_ T 2500 5000 7500 10000 12500 15000 17500
2a), the surface oxide and “subsurface oxide” become meta- \*/ 335 45 {Peak il Tmglsl o & 4 4 4
stable. Note that PdO in the presence of 1 Torr oxygen is stable .8 336.401 AAA A
up to higher temperatures (810 K) than theoretically predicted. & 336.35
After chemisorbed oxygen has formed, the topmost surface < 336.30 -1/ Alﬂl‘_ . — T ——
0 2500 5000 7500 10000 12500 15000 17500

layer oxidizes, forming a two-dimensional surface okidéth
a characteristic LEED pattern corresponding ta/& x /6 . 5 (@i lution of the Pd3g region duri dation i

6 igure 3. (a) Time evolution of the region during oxidation in
superstructure for _p: 10™° Torr and for temperatures belo_w 0.35 Torr @ at 660 K. (b) After deconvolution with the spectral
750-900 K (see Figure 2). The surface oxide is characterized characteristics of the different structures from Figure 1, the intensities of
by Pd3d,, peaks at 334.9 eV (l), 335.5 eV (Il), and 336.3 eV the various componentslil) are obtained. (c) Plot of the intensities

(1) (Figure 1a), which have been attributed to Pd atoms with normalized to the total area as a function of time. Three different oxidation
' regimes (A-C) are observed that are discussed in the text. (d) Peak shift

tWO_ (”) and four (”l) o neighboré,and bulk Pd (l)l'? The le _of peak Ill, indicating a chemical transformation in the initial stages of
region shows two peaks at 529.0 and 529.7 eV with an intensity regime C.

ratio of ~1, which have been assigned to two different oxygen
species (3-fold and 4-fold coordinated O atons) eV, smaller shifts being characteristic of the “subsurface oxide”.
Two additional structures formed with increasing oxygen While only one Pd species is observed in the Pd3d region, two
chemical potential (Figure 1). For oxygen pressures betweendifferent kinds of oxygen atoms are present with peaks at 529.8
10~* and 0.3 Torr and temperature$650-750 K the surface  and 528.9 eV, suggesting an oxygen-terminated surface. Pho-
oxide transforms into a new oxide structure with XPS peaks at toelectron energy dependent measurements (depth profiling,
identical binding energy positions as the surface oxide (Figure Supporting Information available online) indicate that the lower
1b) but with a Pd3p:O1s ratio changed from Rd@ PdQ e binding energy peak originate closer to the surface than the
+0.1 over the probed sample thickness (The O_ls:Pd3d ratio athigher binding energy peak.
200 eV'is close to the averaged value obtalne_d in the-220 The activation energies of formation for the various structures
PTV energy range, and close tq the va_llue_obtamegl by extrapola—Was obtained by acquiring photoemission spectra under constant
tion from that measured at higher kinetic energies (3600 p,T conditions as a function of time (Figure 3). The temporal
eV)). The ratio between the Pdggdpeak areas at 336.3 and "’ )

335.5 eV has increased from 1:4 in the surface oxide to valuesem![u?jo.n ('):f. the déffer_?rr]]t Pd%@tpeaks (-1, F|gur§ 3(;)) IS ibed
between 1:2 and 1:1. Following the same assignment of PlotIed In Figure 3c. -The oxidation process can be describe

coordination numbers as before the fraction of highly coordi- by three steps that correspond to the regions labete@ An

nated Pd atoms (four O neighbors) has increased. Peak positionézlgure 3c. First a surface oxide (A) forms (instantaneously in

are also unchanged in the O1s region, although the O intensityour time scale), as indicated by the rapid increase of peaks I
has increased. We will call this structure “subsurface oxide” in &nd Ill- S_ubsequently, a slower process takes place (B), where
the following. the relative area of peak Il decreases and that of peak Il

When the oxygen pressure is further increased into the Torr Incréases. This corresponds to the formation of the “subsurface

range PdO forms (Figure 1c). The Pgadegion shows one  0xide”. When the peak Il/lll ratio reaches-1, oxidation
single peak shifted by-1.6 eV compared to bulk metallic Pd.

Time [s]

H i i 26) Peuckert, MJ. Phys. Chem1985 89, 2481.
Previous studies r_eported Pd3d peak shifts bi(t)ween'l.lland 1. 27) Banse. B.; Koel, B. ESurf, Sci 1990 232, 275,
eV for strongly oxidized Pd or PdO powdéfs3° We find in (28) Bondzie, V. A; Kleban, P.; Dwyer, D. Surf. Sci.1996 347, 319.
our experiments that PdO is characterized by peak shiftss (29) Yggg‘é&i H.o Mens, A. J. M.; Gijzeman, O. L. J.; Geus, J. Suf. Sci
(30) Pillo, T.; Zimmermann, R.; Steiner, P.; HufnerJSPhys.: Condens. Matter
(25) Barin, I.Thermochemical Data of Pure SubstandéSH: Weinheim, 1992. 1997, 9, 3987.
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Discussion

The time traces in Figures 3 and 4 were fitted to different
apparent reaction orders, and the best fit was obtained for a
first-order rate law. It is straightforward to compare our
observations of oxide growth with thin film oxidation models
S based on the CabrerdMott and FehlnerMott models3!-32
Py These theories describe thin film oxidation by cation (Cabrera
Mott) or anion (FehlnerMott) diffusion through the oxide film,
driven by the electric field between the negatively charged
surface oxide layer and the bulk metal reservoir. For this
purpose, the y-scale of the time traces has to be transformed
from /liota to the thickness d of the growing film. Assuming a
homogeneous film composition, we estimated the film thickness
by a simple functiord = A*exp(—I/lg) (with A: electron escape
width for the selected energi,Pd3d(PdO) intensitylo:Pd3d-
(PdO) intensity for a completely oxidized film (within the probed
Figure 4. Time evolution of the Pd3g region during reduction in % depth)). Our data_l COUId. be fl_tted.WIth an inverse logarithmic
103 Torr O, at 775 K: Ratio of the integrated intensity of the deconvoluted 'at€ law suggesting cation diffusion in a Cabrekdott type
PdO peak to the total Pd3d signal intensity. The inset shows a sequence ofmechanism. However, due to the reduced number of data points
Pd3dy, spectra recorded in the presence 0k 3072 Torr O, at 775 K. and the limited information depth of 0.6 nm other thin film
oxidation models could not be completely ruled out.

u 238 337 336 33 3
Binding Energy

0.4

0.2

Pd3d / total Pd3d peak area

0-0 L T 1 M I N Ll 1
400 600 800 1000 1200
Time [s]

200

800 750 TIK] 700 650

-4 T : T . The main difference between the surface oxide and the
“subsurface oxide” concerns the peak intensities. In particular,
7 the depth profiles of the Ol1s peaks (Supporting Information
5. Oxidation step 1 online) show that the two oxygen species are no longer confined
60 kJ/mol to the surface region. Note, however, that the higher binding
7 energy Ols species of the surface oxide has quite some intensity
§ at higher kinetic energies, implying that also the surface oxide
= TN ot is not confined to the topmost layer as previously propdsed.
9. 140 kJ/mol 1203:3}:32 No LEED pattern could be obtained for the “subsurface
oxide” because of charging effects of the insulating film, but
-101 XPS intensity variations at low kinetic energies due to photo-
0.0012 00013 00014 0.0015 electror_1 diffr._action r_eveal that the “subsurface oxide” was
1T [K1] crystalline. Since neither the Ol1s nor the Pd3d peaks of the

subsurface oxide are shifted with respect to the surface oxide,
the chemical nature of both structures appears to be similar.
This implies that the surface oxide is no longer confined to the
topmost surface layer, but can also grow into the subsurface
region while maintaining an epitaxial relationship to the
. . . underlying Pd(111). Epitaxial growth of the “subsurface oxide”
ac_celerate_s and bulk PdO is formed. At this point, the O:Pd would not require a large restructuring of the film, which is
ratio also increases. consistent with the lower activation energy found experimen-
The time dependent reduction process was also followed by ta|ly. Transformation into bulk PdO, which is the stable pHase,
monitoring the XPS signals after rapidly reducing the O requires a higher activation energy and for that reason the
pressure and increasing the temperature. A typical time trace is“subsurface oxide” is metastable. This conclusion is supported
shown in Figure 4. The PdO related Pd3d peak at 336.4 eV by the observation that the “subsurface oxide” does not form
decreased while the metal related peak increased and shiftedjuring reduction of PdO, which proceeds directly from bulk to
from 335.2 eV to 334.9 eV during reduction. surface oxide. However, in addition to the lower activation
To determine the activation energies for the reduction and energy, the initial oxidation rate for the “subsurface oxide” is
the two oxidation steps, time traces similar to those in Figures faster than that of PdO (higher rate constinand thus less
3 and 4 were obtained for temperatures between 660 K andnegative I for all T, Figure 4), therefore the “subsurface
795 K. The oxygen pressures were 0.350.03 Torr for oxide” can be observed over an extended pressure and temper-
oxidation and 3x 1072 Torr for reduction. From a semiloga-  ature range (Figure 2). The phase transition to bulk PdO involves
rithmic plot of the initial oxidation rate versusTithe activation @ structural transformation that is reflected by the shift of 0.15
energy E, for the formation of the “subsurface oxide” was €V of the Pd3d peak Il during the initial stages of bulk oxidation
estimated to be-60 kJ/mol (Figure 5). The second oxidation ~(Figure 3d, regime C).
step, corresponding to the transformation to bulk PdO requires  The growth of metastable epitaxial oxides might be a general

Figure 5. Arrhenius plot of the initial oxidation rate versusT1The slope

of the best line fits gives the activation energy for the transformation from
surface to “subsurface oxide” (filled triangles), from “subsurface oxide” to
PdO (filled filled squares), both in 0.35 Torr,Cand for the reduction of
PdO to Pd(111) in 3« 1073 Torr O,.

an activation energy of~140 kJ/mol. The same value was

estimated for the activation energy of reduction, in agreement a1

with the value obtained from ellipsometry measureménts.

18272 J. AM. CHEM. SOC. = VOL. 127, NO. 51, 2005

phenomenon in the oxidation of metals. As the surface free

) Cabrera, N.; Mott, N. FRep. Prog. Phys1948-49, 12, 163.
(32) Fehlner, F. P.; Mott, N. FOxid. Met.197Q 2, 59.
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energy of oxides is lower than that of metals in most cases, Conclusions

oxides are expected to wet the metal surface, assuming that the

interface free energy is negligib¥é.In most cases, wetting is Using ambient pressure photoemission, we have studied the
energetically not favored due to the lattice mismatch between kinetics and the surface and subsurface structures formed during
the oxide layer and the metal. However the low-index surfaces the oxidation of Pd(111). After chemisorption, oxidation
of late transition metals, such as Ag, Ni, Pd, Rh, and'Ru,  proceeds in three steps via a surface oxide that first grows into
form two-dimensional, epitaxial surface oxides. Recent in situ the bulk before restructuring to the energetically favored bulk
SXRD studies showed no evidence for subsurface growth of pdO. No “subsurface oxide” is observed during diffusion-
the epitaxial surface oxide on Pd(100) and Rh(ZF1Theory controlled reduction. We propose that an epitaxial “subsurface
has shown that the ability to incorporate oxygen into the oyide” forms as a metastable intermediate in the bulk oxidation,
subsurface region depends on the lattice deformation cost and,q that the low activation energy for this process kinetically
decreases from Ru to Ag,and as the stability range of the  gapijizes the “subsurface oxide”. This explains the observed
surface oxide is larger to the right of the periodic tabten reduction/oxidation hysteresis. The proposed mechanism may

oxidation mechanllsm as observed in t.h|s study is more likely apply to the oxidation/reduction of other late transition metals
for (but not restricted to) Ag where indeed such a growth as well

mechanism has been theoretically prediétedhe energy
balance between the free energies, in particular, the energy gain
due to the enthalpy of oxide formation vs the energy cost due
to lattice deformation and interfacial strain will determine when
an epitaxial subsurface oxide growth mode is accessible.

The reduction of PdO occurred at significantly lower pres-
sures than the oxidation and, for> 650 K, is close to the
calculated phase boundary (Figure 2). The oxidati@duction
hysteresis thus basically covers the “subsurface oxide” stability
region. While oxidation proceeds by the easy formation of a  Supporting Information Available: Deconvoluted Pd3g
metastable “subsurface oxide”, reduction goes directly from bulk @hd O1s/Pd3p, core level spectra and the corresponding
PdO to Pd(111). The reduction time traces agree well with those Normalized O1s:Pd3p core level-intensity-ratio (open symbols)
reported previously, and are consistent with a diffusion- as a function of kinetic energy of the emitted photoelectrons
controlled reduction modéf. The initial binding energy shift ~ (depth profile) of clean Pd(111), chemisorbed O(22)/Pd-
to 335.2 eV in our experiments may indicate the presence of (111), thev/6 x +/6 surface oxide (“PgDs"), the “subsurface
chemisorbed oxygen, and/or some bulk dissolved oxygen (335.20xide”, and bulk PdO (FIGURE). The filled symbols show the
eV1)) during reduction to metallic Pd(111) (334.9 B\ No O1s:Pd3p intensity ratio of the higher binding energy Ols
peaks between 335.2 and 336.3 eV were observed during thecomponent (around 529.7 eV, filled circles) and the lower
transformation, thus the “subsurface oxide” is not an intermedi- binding energy O1s component (around 52%28.8 eV, filled
ate during reduction. squares). This material is available free of charge via the Internet
at http://pubs.acs.org.
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