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Abstract  
The oxidation of the Pd(111) surface was studied by in situ XPS during heating and cooling in 3×10-3 mbar O2. A number of adsorbed/dissolved 
oxygen species were identified by in situ XPS, such as the 2 dimensional surface oxide (Pd5O4), the supersaturated Oads layer, dissolved oxygen 
and the ( 6767 × )R12.2° surface structure.  

Exposure of the Pd(111) single crystal to 3×10-3 mbar O2 at 425 K led to formation of the 2D oxide phase, which was in equilibrium with a super-
saturated Oads layer. The supersaturated Oads layer was characterized by the O 1s core level peak at 530.37 eV. The 2D oxide, Pd5O4, was charac-
terized by two O 1s components at 528.92 eV and 529.52 eV and by two oxygen-induced Pd 3d5/2 components at 335.5 eV and 336.24 eV. 
During heating in 3×10-3 mbar O2 the supersaturated Oads layer disappeared whereas the fraction of the surface covered with the 2D oxide grew. 
The surface was completely covered with the 2D oxide between 600 K and 655 K. Depth profiling by photon energy variation confirmed the 
surface nature of the 2D oxide. The 2D oxide decomposed completely above 717 K. Diffusion of oxygen in the palladium bulk occurred at these 
temperatures. A substantial oxygen signal assigned to the dissolved species was detected even at 923 K. The dissolved oxygen was characterised 
by the O 1s core level peak at 528.98 eV. The “bulk” nature of the dissolved oxygen species was verified by depth profiling.  
During cooling in 3×10-3 mbar O2, the oxidised Pd2+ species appeared at 788 K whereas the 2D oxide decomposed at 717 K during heating. The 
surface oxidised states exhibited an inverse hysteresis. The oxidised palladium state observed during cooling was assigned to a new oxide phase, 
probably the ( 6767 × )R12.2° structure. 
 
 
 
1. Introduction  
 

Palladium is widely used as a catalyst in a number of 
oxidation reactions such as complete oxidation of hydro-
carbons in automotive exhausts and total methane combus-
tion for gas-powered turbines. In comparison to other 
metals, palladium shows the highest rate per unit metal 
surface for methane oxidation [1]. Catalytic combustion is 
carried out under conditions varying from low tempera-
tures, where PdO is the thermodynamically stable phase, to 
high temperatures, where Pd metal is stable. PdO is be-

lieved to be the more active phase in methane combustion 
than metallic Pd [2-4].  

A number of research groups [5-10] observed that 
the combustion rates are different when the catalyst is ei-
ther cooled or heated in the reaction mixture. This unusual 
kinetic behaviour, referred to as an activity hysteresis, was 
assigned to the decomposition of PdO to Pd and its re-
formation [5, 9]. It was suggested that strongly bound 
chemisorbed oxygen forms on the palladium surface during 
cooling and that this oxygen species passivates the surface 
and inhibits further oxidation [9]. Salomonsson et al. [8] 
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explained the hysteresis in the terms of equilibrium in a 
three-phase system: gas phase O2 and two solid phases, Pd 
and PdOx. A more complex four-phase scheme proposed by 
Wolf et al. [10] includes Pd metal, PdO bulk, surface PdO 
and chemisorbed oxygen. 

The literature review leads to the straightforward 
conclusion that the catalytic activity of palladium in hydro-
carbon oxidation reactions depends on the oxygen-
palladium chemistry. The interaction of palladium with 
oxygen has been studied extensively under low pressure 
conditions (< 10-6 mbar), (see e.g. [11-18] and refs. 
therein). On the Pd(111) surface, adsorption of O2 at room 
temperature (RT) results in a (2×2) Oads structure with a 
coverage of 0.25 ML [11, 15, 16]. An incommensurate 
two-dimensional surface oxide, Pd5O4, forms after expo-
sure of the (111) surface to O2 at 600 K as reported by 
Lundgren et al. [19]. Diffusion of oxygen into the palla-
dium bulk was supposed to occur at high temperatures [11-
13, 15, 17]. Oxygen dissolved in the bulk is suggested to 
form a Pd-O solid solution [12] and desorbs above 1100 K 
[11, 15]. Recently, Yudanov et al. [20] computed kinetic 
barriers for surface-bulk migration of C, N, and O atoms. 
From their calculations one can estimate that diffusion of 
oxygen in the bulk becomes appreciable above 900 K. 

The pressure difference, often referred to as a pres-
sure gap, prevents to apply the atomic-level knowledge 
obtained by surface science to real catalytic reactions car-
ried out at atmospheric pressure. However, one should keep 
in mind that with increasing pressure, the thermodynamic 
limit changes and new reaction channels can appear while 
the surface reconstructs. These processes exhibit pressure 
threshold, which can be in the millibar partial pressure 
regime. This is relatively “high-pressure” for surface sci-
ence. Under high yield catalytic conditions, for instance, 
the oxygen chemical potential to be expected to oscillate 
around the threshold value for phase formation and the 
processes involved in kinetically controlled phase trans-
formations are directly relevant for practical catalytic be-
haviour. In order to understand a real dynamic system, in-
situ investigations are needed, but the problem is that sur-
face sensitive techniques typically operate only under high-
vacuum conditions. However, due to a recent breakthrough 
in instrument development, specific surface science tech-
niques can now be used at elevated pressures. For instance, 
X-ray photoelectron spectroscopy (XPS) is able to operate 
at pressures of up to several mbar (see for instance [21] and 
references therein). 

In this paper we represent the first in-situ XPS inves-
tigation of oxygen interaction with palladium at elevated 
pressure. The adsorbed species and the surface chemical 
states were monitored in situ during oxygen exposure. An 
in-situ measurement is very crucial for understanding the 
dynamic response of the oxygen/palladium system. For 
instance, at 1 mbar O2, PdO is thermodynamically stable up 
to approximately 840 K, but in 10-6 mbar O2 the stability 
limit is only approximately 610 K. This means that in a 
study of palladium oxidation by surface science techniques 
at elevated pressure the way of quenching the reaction be-

comes critical, but in-situ investigations overcome this 
problem. Variation of the photon energy allows us to inves-
tigate the depth distribution of the oxygen species and the 
oxidised states of palladium. The information depth is pro-
portional to the inelastic mean free path of the photoelec-
trons, which depends on their kinetic energy [22]. The 
photoelectron kinetic energy can be varied by changing the 
photon energy. A non-destructive depth profiling experi-
ment addressed the questions on oxygen diffusion into the 
bulk and on bulk palladium oxidation. 
 
 
2. Experimental 
 

The experiments were performed at beamline U49/2-
PGM2 at BESSY in Berlin. The high-pressure XPS setup is 
described elsewhere [21]. The binding energy (BE) was 
calibrated with respect to the Fermi edge. The spectral reso-
lution was 0.1 eV at photon energy of 500 eV.  

The sample, a (111)-oriented Pd single crystal, was 
mounted on a temperature-controlled heating stage. The 
temperature was measured by a chromel-alumel thermo-
couple spot-welded onto the side of the sample. The sample 
was heated by the IR laser from the rear, limiting the heated 
area strictly to the catalytically active material in the cham-
ber. The sample cleaning procedures consisted of repeated 
cycles of Ar+ sputtering at room and elevated temperatures, 
annealing at 950 K in UHV, and exposure to O2 followed 
by flashing at 950 K for 60 seconds in UHV. The sample 
cleanness was checked by XPS.  

The Pd(111) single crystal sample was positioned in-
side a high-pressure cell at a distance of 2 mm from the 
1 mm aperture, used as the limiter and focal point for the 
differentially pumped electrostatic lens system transferring 
the photoelectrons without chromatic aberration to the 
hemispherical analyser (SPECS). The typical heat-
ing/cooling rate was 10 K/min. 

Surface concentrations of oxygen species were calcu-
lated by measuring the ratio between the areas of the O 1s 
and Pd 3p peaks. The O 1s/Pd 3p area ratio for the 2D ox-
ide phase measured at the photon energy of 650 eV was 
taken as a calibration value. Oxygen coverage for the 2D 
oxide phase was assumed to be 0.58 ML [19]. For the 
O 1s/Pd 3p region measured with the other photon energy 
during the depth profiling experiments, the O 1s/Pd 3p ratio 
was corrected on the photon-energy dependence of the 
atomic subshell photoionization cross sections for O 1s and 
for Pd 3p [23]. 
 
 
3. Results 
 
3.1. In situ XPS characterisation of the 2D oxide 
 

Figure 1 shows the O 1s/Pd3p and Pd 3d5/2 spectra, 
which were collected from on the Pd(111) surface heated in 
2×10-3 mbar O2 to 571 K and to 598 K. The main problem 
in XPS analysis of the oxygen/palladium system is the 
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Table 1: XPS characteristic of the oxygen species. Photon energy 650 eV. 
a) Heating in 2×10-3 mbar O2

O 1s XPS peak Assignment 

BE, eV FWHM 

O (I) 2D oxide, Pd5O4 528.92 ± 0.05 0.91 ± 0.11 

O (II) 2D oxide, Pd5O4 529.52 ± 0.05 0.94 ± 0.09 

O (III) Supersaturated Oads layer with coverage 
of 0.5 ML 

530.38 ± 0.07 1.18 ± 0.19 

b) Cooling in 2×10-3 mbar O2

O 1s XPS peak Assignment 

BE, eV FWHM 

O (I) 2D oxide, Pd5O4 528.96 ± 0.03 0.93 ± 0.13 

O (II) 2D oxide, Pd5O4 529.58 ± 0.05 0.89 ± 0.06 

O (III) Supersaturated Oads layer with coverage 
of 0.5 ML 

- - 
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Figure 1: O 1s/Pd3p (the left panel) and Pd 3d5/2 (the right panel) spectra collected from the 2D oxide on the Pd(111) surface in 
2×10-3 mbar O2. The spectra were acquired at 571 K and at 598 K. The photon energy was 460 eV and 650 eV for the Pd 3d and 
O 1s regions, respectively. 
 
overlap between the O 1s and Pd 3p3/2 peaks. The analysis 
suggested in the literature [15, 19] is based on the subtrac-
tion of the Pd 3p3/2 peak obtained from the clean Pd(111) 
surface from the spectra obtained after oxygen exposure. 
During our in situ experiments, the position of Pd 3p3/2 
peak and its Full Width at Half Maximum (FWHM) were 
found to change upon heating/cooling in oxygen. In addi-
tion a plasmon resonance was excited, with a binding en-
ergy (BE) approximately 6 eV higher than the palladium 
peaks (not shown in Figures). The intensity of this plasmon 
and its position also change depending on the oxidised 
states. Therefore, the subtraction of the Pd 3p3/2 peak for 
clean Pd(111) from the spectra taken in situ was not a reli-

able procedure. In our case, the O 1s/Pd 3p region was 
directly fitted with five components, i.e. the O(I), O(II) and 
O(III) components for the O 1s signal were complemented 
with Pd 3p3/2 and plasmon contributions (not shown in the 
Figures).  

The line shape was assumed to be a Doniach-Sunjic 
function [24]. The relative ratio of the peaks of the Pd 3d 
doublet was fixed during the fitting, whereas the other pa-
rameters such as intensity, FWHM and peak position were 
allowed to vary within a reasonable range. Another differ-
ence between the curve-fitting procedure used in this paper 
and those reported before [15, 19] is that both spin-orbital 
momentum peaks of the Pd 3d doublet were included in the 
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Table 2: XPS characteristic of the oxidised states of palladium. Photon energy 460 eV. 
a) Heating in 2×10-3 mbar O2

Pd 3d5/2 peak Pd 3d3/2 peak XPS peak Assignment  

BE, eV FWHM, eV BE, eV FWHM, eV 

∆ = BE(Pd 3d5/2) - 

BE(Pd 3d3/2), 

eV 

Pd metal Metal 334.88 ± 

0.01 

0.72 ± 0.1 340.25 ± 

0.02 

0.67 ± 0.07 5.26 ± 0.01 

Pdox1 2D oxide, Pd5O4 335.5 ± 0.01 0.81 ± 0.08 340.75 ± 

0.02 

0.8 ± 0.07 5.25 ± 0.03 

Pdox2 2D oxide, Pd5O4 336.24 ± 

0.01 

0.59 ± 0.04 341.55 ± 

0.03 

0.71 ± 0.01 5.31 ± 0.02 

b) Cooling in 2×10-3 mbar O2

Pd 3d5/2 peak Pd 3d3/2 peak XPS peak Assignment  

BE, eV FWHM, eV BE, eV FWHM, eV 

∆ = BE(Pd 3d5/2) - 

BE(Pd 3d3/2), 

eV 

Pd metal Metal 334.98 ± 

0.01 

0.67 ± 0.07 340.25 ± 

0.01 

0.67 ± 0.05 5.27 ± 0.01 

Pdox1 2D oxide, Pd5O4 335.44 ± 

0.02 

0.8 ± 0.07 340.72 ± 

0.02 

0.85 ± 0.09 5.28 ± 0.01 

Pdox2 - - - - - - 

 
 
fitting. Therefore, the Pd 3d spectra were fitted by three 
pairs of components for Pd 3d and one pair for plasmon 
excitation.  

The peak positions and the FWHMs of the oxygen 
species and the oxidised palladium states are summarised in 
Table 1 and Table 2. The oxygen species assignment was 
based on the available literature data [15, 19]. According to 
Ref. [19], the 2D oxide, Pd5O4, is characterised by O 1s 
components at approximately 529 eV with a BE shift of 
0.75 eV and an intensity ratio close to 1:1. In our case as 
shown in Table 1, the O(I) and O(II) components at 
528.92 eV and 529.52 eV demonstrated a shift of 0.60 eV, 
which is close to the theoretically predicted value of 
0.51 eV for two different types of oxygen atoms belonging 
to Pd5O4 [19]. Two oxygen-induced Pd 3d5/2 components, 
shifted towards higher BE by 0.62 eV and 1.3 eV with re-
spect to the metal peak, were reported for the 2D oxide 
[19]. This is in good agreement with our observations (Ta-
ble 2).  

Leisenberger et al. [15] assigned the O 1s peaks at 
529.2 eV and 531.2 eV to atomic oxygen and CO adsorbed 
on Pd(111), respectively. In our experiments the O 1s peak 
at 531.2 eV was not observed but, on the other hand, the 
O 1s component at 530.37 eV was detected. Tentatively the 
O(III) peak at 530.37 eV was assigned to a compressed 
oxygen adlayer with a coverage beyond 0.25 ML. This 
assignment will be considered in more detail in the Discus-
sion Section. 

Summarising, the O(I) and O(II) components at 
528.92 eV and 529.52 eV were assigned to two types of 
oxygen atoms from the 2D oxide. The two Pd 3d compo-

nents at 335.5 eV and 336.24 eV were also attributed to the 
2D oxide. 
 
 
3.2. Heating in oxygen 
 

Figure 2 represents sets of O 1s/Pd 3p and Pd 3d5/2 
core level spectra obtained in situ during heating the 
Pd(111) surface in 2×10-3 mbar O2. The photon energy for 
measurements of the O 1s/Pd 3p and Pd 3d core levels was 
650 and 460 eV, respectively. The photon energy was cho-
sen to set the kinetic energy of photoelectrons in the range 
of 120 eV and, by doing so, to provide better surface sensi-
tivity. A number of spectral transformations occurred dur-
ing heating. The O 1s/Pd 3p spectra obtained at 
temperatures below 476 K show a broad poorly resolved 
feature, consisting of the O(I), O(II), O(III) and Pd 3p3/2 
components (the left panel in Figure 2). Two oxygen-
induced components, Pdox1 and Pdox2, were distinguished in 
the Pd 3d spectra (the right panel in Figure 2). These obser-
vations indicate the 2D oxide forming at relatively low 
temperatures. It should be noted that under low pressure 
conditions the Pd5O4 phase appears above 500 K [25]. The 
oxygen coverage assigned to the 2D oxide was estimated to 
be approximately 0.37 ML; however according to the lit-
erature [19], the local coverage of Pd5O4 should be 
0.58 ML. This might reflect a state of the surface, in which 
a fraction of the surface was covered by the 2D oxide and a 
residual fraction was covered by a rather dense Oads layer 
(coverage > 0.25 ML). The coverage of the dense Oads layer 
is estimated to be approximately 0.5 ML. The formation of 
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Figure 2: O 1s/Pd 3p and Pd 3d5/2 spectra collected from the Pd(111) surface during heating in 2×10-3 mbar O2. The photon en-
ergy was 650 eV and 460 eV, respectively. 
 
 
the dense Oads layer was induced by the high oxygen 
chemical potential (see Discussion). Chemisorbed oxygen 
in the well-known p(2×2) structure (0.25 ML) is character-
ised by an O 1s peak at 529.2 eV [15], which should mainly 
overlap with the O(I) component. The presence of major 
amounts of (2×2) Oads would thus change the ratio between 
the O(I) and O(II) peaks. However, the O(I)/O(II) ratio was 
observed to be close to unity (0.8-0.9) as expected for the 
2D oxide and, therefore, the presence of major amounts of 
(2×2) Oads can be ruled out at this stage. 

During heating up to 600 K, the O(III) component 
decreased and disappeared completely, whereas the inten-
sity of the O(I) and O(II) components at 528.92 eV and 
529.52 eV increased by a factor of 1.6 and their ratio re-
mained approximately unity (Figure 3). These changes 
were associated with growth of the 2D oxide phase from 
the dense chemisorbed adlayer. The coverage of the 2D 
oxide was estimated to be 0.58 ML. The shape of the Pd 3d 
signal changed only slightly upon heating to 600 K (Figure 
2). The Pdox2 state was suppressed in the beginning but then 
the ratio between Pdox2/Pdox1 reached a value of 0.27 at 
571 K. Interestingly, the total contribution of the oxygen-
induced Pd components remained constant up to approxi-
mately 700 K (Figure 4) as expected for a surface oxide. 
The presence of Oads did not significantly alter the fitting of 
the Pd 3d spectra because the Oads-induced components are 
expected to overlap with the 2D-oxide-originated peaks. 
We used only two high BE components in fitting the Pd 3d 
region and, therefore, the Oads-induced peak might contrib-
ute to the Pdox1 state.  
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Figure 3: Coverage of oxygen species on the Pd(111) sur-
face as a function of temperature during heating and cool-
ing in 2×10-3 mbar O2. The relative error is estimated to be 
14%. 
 

The O 1s/Pd 3p and Pd 3d spectra observed around 
600 K were very similar to those reported by Lundgren et 
al. [19] for the two-dimensional oxide, Pd5O4. The in situ 
XPS experiment showed that the 2D oxide formed com-
pletely upon heating the Pd(111) surface in 2×10-3 mbar O2 
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at approximately 600 K. Again the 2D oxide was character-
ised by the O(I) and O(II) components with a ratio of ap-
proximately 1:1 and by the Pdox1 and Pdox2 components 
with a ratio of approximately 4:1.  
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Figure 4: Variation of the oxidised states of the Pd(111) 
surface during heating and cooling in 2×10-3 mbar O2. The 
concentration was calculated from the Pd 3d spectra shown 
in Figure 2 and Figure 5. The concentration was normalised 
on the total Pd 3d signal. The relative error is estimated to 
be 10%. 
 

The coverage of oxygen species and the relative con-
centration of the oxidised palladium states are plotted in 
Figure 3 and Figure 4 as a function of temperature. The 
thermal stability of the 2D oxide can be followed by moni-
toring either the O(I)/O(II) species (Figure 3) or the oxi-
dised states of palladium (Figure 4). The 2D oxide started 
to decompose between 655 K and 700 K, which was mani-
fested by the sharp decrease of the amount of O(I)/O(II) 
species and of the Pdox1 and Pdox2 components. It is quite 
remarkable that the O 1s peak was observed after Pd5O4 
decomposition. A substantial oxygen signal was detected 
even at 925 K, whereas no oxidised states of palladium 
were observed at this temperature. Also, as the 2D oxide 
decomposes, the O(I) peak shifts slightly towards high BE 
to 528.98 eV. The highly stable oxygen species cannot be 
due to surface segregation of impurities such as Si, which 
forms stable oxides. Survey spectra were recorded fre-
quently, which did not show evidence of any impurities. 
Moreover, the oxygen signal became zero when oxygen 
was pumped out and this would not be the case for SiO2 
segregation. The highly stable oxygen species can be asso-
ciated with oxygen migration and dissolution into the pal-
ladium bulk. Both theoretical [20, 26] and experimental 
investigations [15] suggested that the rate of oxygen migra-
tion in the bulk becomes appreciable at this temperature, 
due to the high activation barrier for diffusion through the 
first atomic layer. Indeed, the observed oxygen peak cannot 
be explained by the presence of chemisorbed oxygen or of 
the 2D oxide or of Pd phase. The temperature was well 
above the desorption temperature of chemisorbed oxygen, 
which was reported to be approximately 750 K [15]. Ac-

cording to the study by Zheng et al [16], PdO should de-
compose at even lower temperatures than chemisorbed 
oxygen desorbs. Yudanov et al. [20] suggested a progres-
sive population of bulk or interstitial binding sites by oxy-
gen from an existing oxygen surface coverage. From the 
viewpoint of statistical thermodynamics, at high tempera-
tures the balance between surface and bulk populations 
should be changed in favour of bulk binding sites.  

Since oxygen atoms incorporated into the 2D oxide, 
O(I), and dissolved oxygen species are spectroscopically 
undistinguishable, the addition of a component for the dis-
solved oxygen species in the curve-fitting procedure was 
not reasonable. Anyway, careful analysis of the in situ XPS 
data allowed us to follow oxygen dissolution as described 
in the Discussion Section. 

Summarising the in situ XPS measurements in 2×10-3 
mbar O2 during heating the Pd(111) surface, one can con-
clude: 
1. The 2D oxide exists already at 423 K, covers the entire 

surface at 654 K and the Pd5O4 phase decomposes 
above 700 K. Pd5O4 is characterised by (a) the O(I) 
and O(II) components at 528.92 eV and 529.52 eV, re-
spectively, with a ratio of approximately 1:1, and (b) 
the Pdox1 and Pdox2 components at 335.5 eV and 
336.24 eV, respectively, with a ratio of approximately 
4:1. 

2. Decomposition of the 2D oxide is followed by oxygen 
dissolution into the bulk. The O 1s core level peak at 
528.98 eV was observed even at 925 K. The dissolved 
oxygen is of atomic nature likely without forming a 
strong interaction with the Pd-d band giving rise to a 
solid solution scheme with a metallic state and oxygen. 
The oxygen-palladium interaction might be different 
from an oxide nature where a substantial charge trans-
fers from Pd to oxygen. 

 
 
3.3. Cooling in oxygen 
 

Figure 5 shows the sets of O 1s/Pd 3p and Pd 3d5/2 
core level spectra obtained in situ during  cooling the 
Pd(111) surface in 2×10-3 mbar O2. The cooling experiment 
was performed immediately after heating the Pd(111) sin-
gle crystal in oxygen. The O 1s/Pd 3p spectrum obtained at 
923 K exhibits a single oxygen peak, which was assigned 
to dissolved oxygen species. The metallic component was 
mainly detected in the Pd 3d region at 913 K and almost no 
oxygen-induced components were observed.  

Cooling to 850 K resulted in no changes in the 
O 1s/Pd 3p and Pd 3d spectra. However, further cooling led 
to the growth of the O(I) and O(II) components along with 
the Pdox1 peak at 335.44 eV. Very remarkable findings are 
that, on the one hand, the oxidised state of palladium is 
clearly different from the Pd5O4 phase formed during heat-
ing and, on the other hand, it appeared at higher tempera-
ture than the temperature of Pd5O4 oxide decomposition. 
The hysteresis behaviour in oxidation is evident in Fig-
ure 4. The width of the hysteresis window is approximately 
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Figure 5: O 1s/Pd 3p and Pd 3d5/2 spectra collected from the Pd(111) surface during cooling in 2×10-3 mbar O2. The photon en-
ergy was 650 eV and 460 eV, respectively. 
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Figure 6: O 1s/Pd 3p and Pd 3d spectra of the 2D oxide, 

the ( 6767 × )R12.2° phase and the dissolved oxygen 
species. O 1s/Pd 3p and Pd 3d spectra collected at photon 
energies of 650 eV and 460 eV, respectively. 
 
 
60-70 K. The Pd 3d core level spectra obtained from the 
new oxide state are different from those of the Pd5O4 oxide. 
Both the new phase and Pd5O4 are characterised by two 
oxygen components with similar BE, but the new phase 
shows only one high BE peak in the Pd 3d5/2 spectra, where 
as the 2D oxide exhibits two components, Pdox1 and Pdox2. 
The absence of the Pdox2 component cannot be explained 
by a fitting error: the Pdox2 shoulder was clearly visible in 
the Pd 3d spectra obtained during heating. The ratio be-
tween the O(I) and O(II) components was approximately 
1.4, and this value is noticeably higher than the 1:1 ratio 
observed during heating. One might argue that the contri-

bution of the bulk dissolved oxygen component causes the 
change in the O(I)/O(II) ratio. However, the recent STM 
and TPD work on the oxidation of Pd(111) at pressures 
around 10-5 mbar at 700 K [25] revealed the formation of a 
previously unknown hexagonal surface oxide phase 
( 6767 × )R12.2° with oxygen coverage of only ap-
proximately 0.4 ML. This hexagonal surface oxide phase 
was stable at somewhat higher temperatures than the Pd5O4 
oxide phase and acted as an intermediate for Pd5O4 growth. 
It is composed of uniform oxide clusters, which may, in 
contrast to Pd5O4, contain only equivalent Pd atoms. In our 
case, oxygen coverage for the new phase was estimated to 
be 0.48 ML. This value is slightly lower than the corre-
sponding number for the Pd5O4 phase. These facts are in 
good agreement with data reported in Ref. [25].  

For a better representation, the core level spectra for 
Pd5O4, new hexagonal ( 6767 × )R12.2° phase and dis-
solved oxygen are shown in Figure 6. The main results of 
the in situ XPS measurements during cooling in 2×10-3 
mbar O2 are: 
1. The oxidised state of palladium during cooling ap-

peared at higher temperatures than the temperature of 
the 2D oxide decomposition. 

2. The oxide phase formed during cooling was not identi-
cal to the 2D oxide and may be attributed to a recently 
discovered hexagonal surface oxide phase [25]. 

 
 
3.4. In situ depth profiling 
 

In order to verify the surface nature of the 2D oxide, 
O 1s/Pd3p3/2 and Pd 3d spectra were taken with different 
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photon energies as shown in Figure 7. The spectra were 
obtained in situ in 2×10-3 mbar O2 at 603 K. An increased 
photon energy results in an increased kinetic energy of 
photoelectrons and consequently the information depth 
increases. Thus, the spectra obtained at low photon energy 
are more surface sensitive, whereas the spectra obtained at 
high photon energy contain essentially bulk contribution. 
Figure 8 shows the ratio between O 1s and Pd 3p3/2 peaks 
as a function of information depth. It is remarkable that the 
O 1s/Pd 3p ratio and the concentration of the oxidised Pd 
states dropped off with increasing information depth (Fig-
ure 8). These facts allow us to draw the straightforward 
conclusion that the 2D oxide is located at the surface.  
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Figure 7: Depth profiling of the 2D oxide. The XPS spec-
tra were obtained in-situ at 603K in 2×10-3 mbar O2 with 
photon energy specified. 
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Figure 8: The O 1s/Pd 3p ratio and the oxidised states of 
palladium as a function of information depth. The ratio was 
calculated from the spectra shown in Figure 7. 
 
 

With respect to the Pd 3d peaks, it should be men-
tioned that the metallic component at 334.88 eV slightly 
shifted to 335.00 eV when the photon energy was varied 
from 460 eV to 910 eV. This reflects the increase of the 
contribution of the bulk component with increase of the 
information depth. Indeed, Pd(111) was estimated to have 
0.28 eV surface core-level shift, which is the core-level 
difference between an atom at the surface and in the bulk 
[27]. Due to the small value of the surface core-level shift it 
is not worth to include additional components representing 
the surface or the bulk. On the other hand, the surface core-
level shift manifested itself by the high BE shift of the me-
tallic component when the contribution of the bulk in-
creased. The same high BE shift of the Pd 3d peaks was 
observed for the clean Pd(111) surface when the photon 
energy was varied. 

The dissolved oxygen species was also studied by 
varying the photon energy. The O 1s/Pd3p core level spec-
tra were obtained in situ in 2×10-3 mbar O2 at 793 K as 
shown in Figure 9. The main contribution to the O 1s signal 
was the peak at 528.99 eV, which had been assigned to 
dissolved oxygen. The oxygen contribution compared to 
the Pd 3p3/2 peak did not change with increasing informa-
tion depth (the right panel in Figure 9). This fact unambi-
guously points that at elevated temperatures oxygen 
dissolves in the palladium bulk. The dissolved oxygen spe-
cies is characterised by the O 1s core level peak at 
528.99 eV. 
 
 
4. Discussion 
 

The experimental results presented above demon-
strate that the interaction of palladium and oxygen passes 
several distinct steps and depends on the sample pre-
history. Voogt et al. [14] did not observe the surface oxide 
at room temperature in 10-5 mbar O2 on Pd(111) and on 
palladium foil, but that the surface oxygen coverage in-
creased slowly up to 1 ML resulting in a (1×1) LEED struc-
ture, which probably was indeed due to very disordered 
surface oxide. These authors [14] also proposed three 
stages in the interaction of oxygen with Pd(111) at elevated 
temperatures (>470 K) and pressures above 10-6 mbar. The 
first stage is the dissociative adsorption of oxygen on the 
surface resulting in a coverage of 0.25 ML, corresponding 
to the p(2×2) chemisorbed oxygen structure. During the 
second stage oxygen atoms diffuse into the surface struc-
ture with a local coverage close to 0.5 ML. The third stage, 
nucleation and growth of the surface oxide with coverage 
of 0.5 ML, was considered to be a phase transition without 
significant change in oxygen coverage. Recently, a com-
bined TPD and STM study by Gabasch et al. [25] showed 
that in the 10-6 to 10-5 mbar range at 673 K, Pd5O4 forma-
tion occurs indeed in several steps: (i) p(2×2) formation; 
(ii) diffusion of additional O atoms into the terraces up to 
0.4 ML coverage and formation of a disordered surface 
oxide; (iii) ordering to form a hexagonal phase at 0.4 ML 
and (iv) additional uptake of oxygen up to ~0.6 ML and 
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Figure 9: The left panel: the O 1s spectra observed in-situ in 2×10-3 mbar O2 at 793 K. The right panel: O 1s/Pd 3d ratio for the 
dissolved oxygen species and for the 2D oxide as a function of information depth. 
 
 
surface rearrangement to the square Pd5O4 surface oxide. 

Our present experiments were performed at an O2 
pressure of 2×10-3 mbar, considerably higher than used in 
Refs. [14, 25] and, therefore, Stage 1 was quickly sur-
passed. Our observations rather started at Stage 2, however, 
our interpretation of this stage is different from that pro-
posed in [14]. The DFT calculations [26] predicted a 0.5 
ML oxygen adlayer as a "precursor" of the surface oxide. In 
support of this prediction, we observed the O 1s peak, 
O(III), at 530.38 eV, which was assigned to the compressed 
Oads layer with an equilibrium coverage estimated to be 
approximately 0.5 ML. An alternative explanation of the 
O(III) peak could be a disordered surface oxide, as reported 
in Ref. [25]. According to Ref. [25], the disordered surface 
oxide might be a precursor for the 2D oxide. On the other 
hand, the disordered oxide covers the surface only partially 
at around 500 K and is limited to the step edges. Therefore, 
although none of the apparent possibilities - disordered 
surface oxide or the compressed Oads layer, or even their 
coexistence - can be ruled out on the basis of the presented 
experimental data, we rather prefer to assign the O(III) 
peak to a compressed Oads layer. Such a situation has been 
considered in related DFT calculations [19], showing that 
the binding energy of Oads in a 0.5 ML p(2x1) adlayer is not 
very much lower than of oxygen in the surface oxide. At 
low temperatures such adlayers may represent “metastable” 
states due to kinetically limited mass transport. Klötzer et 
al. [28] reported that the formation of the surface oxide is 
blocked below 423K. Moreover, the temperature of 423K 
was just the kinetic limit where the TPD feature of the ox-
ide started to appear [28]. Surface oxide nucleation starts 

only if a sufficient supersaturation beyond 0.25 ML is 
achieved [25]. These facts are consistent with in situ XPS 
data where the co-existence of the 2D oxide and the super-
saturated oxygen structure was found. It is reasonable to 
assume that under high pressure conditions the dynamic 
adsorption-desorption equilibrium might be shifted from 
the (2×2) structure towards a denser Oads layer. According 
to XPS data (Figure 2), the denser Oads layer co-exists with 
the 2D oxide in 2×10-3 mbar O2 at 423 K. 

The assignment of the O(III) peak with the BE of 
530.38 eV to the denser Oads layer looks reasonable from 
the following point of view. The p(2×2) Oads layer with a 
coverage of 0.25 ML is characterised by the O 1s peak at 
529.2 eV [15] and COads shows the O 1s peak at 531.2 eV 
[15]. The difference demonstrates that the oxygen state in 
COads is more “electrophilic” than chemisorbed oxygen, 
which draws electron density from the Pd metal. Increase 
of the oxygen coverage beyond 0.25 ML should result in 
reduced electron transfer from metal to oxygen and, there-
fore, the dense Oads layer with coverage 0.5 ML could be 
characterised by the peak at the lower BE of 530.38 eV. 
The O 1s peak at 530.38 eV is not a feature of COads: COads 
readily reacts with oxygen below 425 K [15]. 

During Stage 3, the contribution of the supersatu-
rated Oads layer decreased with temperature and dropped 
down to zero above 654 K, whereas the signal from the 2D 
oxide grew and reached a maximum between 600 K and 
654 K (Figure 2 and Figure 3). However, the weak O(III) 
peak was detected even at 654 K. This might reflect “quasi-
equilibrium” between the 2D oxide phase and the super-
saturated Oads layer. The depth profiling by variation of the 
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photon energy (Figure 7 and Figure 8) confirmed the sur-
face nature of the 2D oxide. Both O(I) and O(II) were 
equally losing intensity with increasing photon energy and - 
in other words - with increasing the information depth. The 
oxygen-induced component in the Pd 3d signal showed the 
same behaviour. The consistency in the behaviour of all 
peaks, O(I) and O(II) alone with Pdox1 and Pdox2, also sup-
ports (i) the peaks assignment to the 2D oxide and, indi-
rectly, (ii) the viability of our spectra fitting procedure.  

The 2D oxide started to decompose above 654 K. 
Remarkably, the ratio between the O(I) and O(II) compo-
nents was changing during 2D oxide decomposition. The 
O(I) component was shifting towards slightly higher BE up 
to 528.98 eV. Moreover, the O(I) peak was a major con-
tributor to the O 1s signal above 780 K. The O 1s peak at 
528.98 eV was quite intensive even at 923 K. This tempera-
ture is well above the desorption temperature of the chemi-
sorbed oxygen species [15, 16, 28] and much higher than 
the temperature of PdO decomposition [16]. Therefore we 
assigned the peak at 528.98 eV to the oxygen atoms dis-
solved in the palladium bulk. This assignment was sup-
ported by the depth profiling by varying photon energy 
(Figure 9). With increasing information depth the peak of 
dissolved oxygen species lost intensity relative to Pd 3p3/2. 
This was in contrast with the sharp decrease of the 
O 1s/Pd 3p ratio for the 2D oxide. The 2D oxide peaks 
decreased threefold when the photon energy changed from 
650 eV to 1100 eV and the information depth decreased 
from 1.2 nm to 2.8 nm. The existence of a concentration 
gradient of dissolved oxygen perpendicular to the surface 
cannot be ruled out; however, the gradient changes should 
occur deeper than the XPS information depth. Diffusion 
into the bulk is temperature-dependent and this might result 
in a progressively steeper concentration gradient at lower 
temperatures. The diffusion limit of oxygen transportation 
both through the surface and inside the metal bulk is ex-
tremely important for understanding the palladium-oxygen 
system [20]. Experimentally, palladium oxidation at high 
pressure (>10 mbar) at 600 K was found to be controlled by 
diffusion of oxygen into the palladium bulk [29].  

No essential contribution of the oxygen-induced 
components was found in the Pd 3d spectra when the dis-
solved oxygen species in equivalent of 0.2 ML was present 
in the bulk. This might rather be reasonable for a solid solu-
tion of oxygen in the palladium bulk. First, the oxygen 
concentration in the solid solution is lower than that in any 
oxide phase. So, the concentration of oxygen-induced Pd 
might be just below the detection limit. The concentration 
of dissolved oxygen was estimated to be less than 0.1 ML 
per palladium layer. Second, electron density transfer from 
the oxygen-neighbour palladium atom to oxygen might be 
compensated through electron density donation from the 
surrounding palladium atoms, which do not neighbour to 
oxygen. This might be easier to achieve for the solid solu-
tion. It should be noted that at low concentration of the 
dissolved oxygen species the transfer of electron density 
from the non-oxygen-bonded palladium might also be fa-
cilitated.  

The O(I) peak of the 2D oxide has a BE very close to 
the peak of the dissolved oxygen species and, therefore, the 
addition of the component for the dissolved oxygen to the 
curve-fitting procedure was not reasonable. However, the 
quantitative analysis of oxygen dissolution can be extracted 
from the in situ XPS data. One main assumption needs to 
be made that the ratio between the O(I) and O(II) compo-
nents of the 2D oxide is constant. In good agreement with 
[19], our data revealed a ratio of approximately 1:1 at the 
temperatures below Pd5O4 decomposition. Therefore, larger 
contribution of the O(I) component at the high temperatures 
can be assigned to the dissolved oxygen species. The cor-
rected concentration of the 2D oxide and the dissolved 
oxygen species is represented in Figure 10. The correction 
was done assuming a 1:1 ratio between O(I) and O(II) 
components and the excess of oxygen was assigned to the 
dissolved oxygen species. Remarkably, the concentration of 
dissolved oxygen grew with decomposition of the 2D ox-
ide. Likely, while the 2D oxide decomposes, a new reaction 
channel for oxygen is opened: diffusion into the palladium 
bulk. Two explanations can be proposed. First, the 2D ox-
ide serves as a “preservation” layer and prevents oxygen 
diffusion in the bulk. In the second place, temperature acti-
vation might be required to facilitate diffusion. 
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Figure 10: Corrected coverage of oxygen species on the 
Pd(111) surface as a function of temperature during heating 
and cooling in 2×10-3 mbar O2. The coverage of O(I) was 
corrected by subtracting the contribution of the dissolved 
oxygen species (see the text). 
 
 

The analysis of Figure 3, Figure 4 and Figure 10 re-
veals another interesting effect: during the cooling process 
surface oxidised states of palladium appeared at higher 
temperatures than the temperature of the 2D decomposi-
tion. This phenomenon is clearly assigned to a redox hys-
teresis and the hysteresis window is indicated in Figure 4 
and Figure 10. It reveals a previously unknown aspect of 
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the well-known Pd redox hysteresis. According to Refs. [5, 
9], the decomposition of PdO to Pd and its re-formation 
give rise to a hysteresis, as palladium oxide heated in oxy-
gen atmosphere decomposes at higher temperatures than it 
forms back during cooling. The authors of Refs. [5, 9] sup-
posed that strongly bound chemisorbed oxygen is formed 
on the palladium surface during cooling and this oxygen 
species passivates the surface and inhibits further oxidation. 
Our finding allows us to shed some new light on this hy-
pothesis. Previously, it has been shown [25] that the Pd5O4 

surface oxide phase is formed at a critical oxygen chemical 
potential in the gas phase, but also that the formation of the 
hexagonal ( 6767 × )R12.2° surface oxide phase with 
lower oxygen content is favoured at a somewhat higher 
temperature. Our data show that the high-temperature sur-
face oxide phase observed during cooling is different from 
the 2D oxide observed during heating. Indeed, the oxygen 
coverage of the new phase is approximately 0.48ML, which 
reasonably agrees with the 0.4 ML reported by Gabasch et 
al. [25], whereas the 2D oxide coverage is 0.58 ML in Ref. 
[19]. The 2D oxide is characterized by two Pd 3d5/2 com-
ponents at 335.5 eV and 336.24 eV but the new oxide 
phase shows only one single component at 335.45 eV.  

The question why Pd5O4 does not form during cool-
ing is open. It is unlikely that there is kinetic limitation of 
the ( 6767 × )R12.2° phase transformation into the Pd5O4 
surface oxide. On the other hand, an oxide phase similar to 
the Pd5O4 surface oxide was observed during cooling in 
0.4 mbar O2 as described in Part 2 [30]. One important 
factor, which should be taken into account, is that very 
likely the chemical potential of the palladium surface and 
of the bulk might change due to oxygen dissolution. As we 
observed during heating/cooling cycles of the Pd(111) sur-
face in 0.4 mbar O2, the PdO phase could appear or not 
depending on the pre-history of the sample, in other words 
depending on dissolved species. Dissolved species can alter 
the surface properties and hence stabilise one phase and/or 
destabilise another. Therefore, dissolved oxygen species 
can be one of the factors determining the “pre-history” of 
the sample. 
 
 
5. Summary 
 

A Pd(111) single crystal was used for an XPS study 
of palladium oxidation in situ during heating and cooling in 
3×10-3 mbar O2. It is apparent from this study that it is pos-
sible to follow the mechanism of palladium oxidation by in 
situ XPS. This study demonstrates the importance of in situ 
measurements for a detailed characterization of the surface 
and bulk species/oxidised states formed during the interac-
tion between palladium and oxygen. The main advantage of 
the in situ XPS technique is the opportunity to monitor the 
oxygen/palladium interaction without quenching the reac-
tion.  

The in situ XPS technique allows us to trace the de-
velopment of the surface oxide, chemisorbed and other 
oxygen species. The 2D oxide and the supersaturated Oads 

layer were successfully identified. The supersaturated Oads 
layer was characterized by the O 1s core level peak at 
530.37 eV. The 2D oxide, Pd5O4, was characterized by two 
O 1s components at 528.92 eV and 529.52 eV and by two 
oxygen-induced Pd 3d5/2 components at 335.5 eV and 
336.24 eV. The depth profiling by photon energy variation 
confirmed the surface nature of the 2D oxide. Dissolution 
of oxygen at elevated temperatures was identified by the 
O 1s core level peak at 528.98 eV. The “bulk” nature of the 
dissolved oxygen species was also verified by depth profil-
ing. A new oxide phase, most likely ( 6767 × )R12.2° 

[25], was detected during cooling in 3×10-3 mbar O2. The 
new oxide phase shows only the Pd 3d5/2 component at 
335.45 eV.  

Based on the in situ XPS data, the following scenario 
is proposed: 
1. Exposure of the Pd(111) single crystal to 3×10-3 mbar 

O2 at 423 K led to appearance of the 2D oxide phase, 
which was in equilibrium with the supersaturated Oads 
layer. The coverage of the supersaturated Oads layer 
was supposed to be 0.5 ML.  

2. Heating in 3×10-3 mbar O2 resulted in disappearance of 
the supersaturated Oads layer whereas the fraction of 
the surface covered with the 2D oxide grew. The sur-
face was completely covered with 2D oxide between 
598 K and 654 K. 

3. Upon further heating in oxygen the 2D oxide started to 
decompose and almost disappeared above 717 K. Dif-
fusion of oxygen in the palladium bulk occurred at 
these temperatures. Substantial amounts of oxygen 
were detected even at 923 K. 

4. Surprisingly, during the cooling ramp in 3×10-3 mbar 
O2, the oxidised Pd states appeared at higher tempera-
ture than the decomposition temperature of the 2D ox-
ide. The surface oxidised states exhibited an inverse 
hysteresis. An additional oxide phase, probably 
( 6767 × )R12.2°, was detected during cooling. 
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