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Abstract  
The oxidation of the Pd(111) surface was studied by in situ XPS during heating and cooling in 0.4 mbar O2. The in situ XPS data were comple-
mented by ex situ TPD results. A number of oxygen species and oxidation states of palladium were observed in situ and ex situ. At 430 K, the 
Pd(111) surface was covered by a 2D oxide and by a supersaturated Oads layer. The supersaturated Oads layer transforms into the Pd5O4 phase 
upon heating and disappears completely at approximately 470 K. Simultaneously, small clusters of PdO, PdO seeds, are formed. Above 655 K, 
the bulk PdO phase appears and this phase decomposes completely at 815 K. Decomposition of the bulk oxide is followed by oxygen dissolution 
in the near-surface region and in the bulk. The oxygen species dissolved in the bulk is more favoured at high temperatures because oxygen cannot 
accumulate in the near-surface region and diffusion shifts the equilibrium towards the bulk species. The saturation of the bulk “reservoir” with 
oxygen leads to increasing the uptake of the near-surface region species. Surprisingly, the bulk PdO phase does not form during cooling in 0.4 
mbar O2, but the Pd5O4 phase appears below 745 K. This is proposed to be due to a kinetic limitation of PdO formation because at high tempera-
ture the rate of PdO seed formation is compatible with the rate of decomposition. 
 
 
1. Introduction  
 

The first part of our study was dedicated to relatively 
low-pressure interaction of Pd(111) and oxygen in the pres-
sure range of 10-3 mbar [1]. This paper focuses on an in situ 
XPS study of the palladium/oxygen interaction at 0.4 mbar 
O2 pressure. In comparison with the literature briefly dis-
cussed in Part I [1], this publication presents one of the first 
data on in situ palladium oxidation. The in situ investiga-
tion allows us to propose that the key step in palladium 
oxidation is formation of small PdO clusters, PdO seeds. 
An adequate understanding of the oxidation mechanism is 
difficult without an in situ high-pressure study. From the 
viewpoint of thermodynamics, Warner [2] calculated an 

expression for the equilibrium oxygen pressure of the 
PdO/Pd couple in the range 800-1200 K. Using Warner’s 
expression, one can work out that in 1 mbar O2, the PdO/Pd 
transition takes place at approximately 840 K. If this ex-
pression is extrapolated to low pressures, the PdO/Pd tran-
sition at 10-6 mbar is estimated to occur at approximately 
610 K. We may raise the fundamental question: Can the 
catalytically active species survive reaction quenching 
during any kind of ex situ examination, which involves 
removal of the reaction gases? Clearly, an in situ XPS 
study at elevated pressure allows researchers to overcome 
this problem. The surface chemical states were thus moni-
tored in situ at an oxygen pressure of 0.4 mbar. At this 
pressure the PdO/Pd transition is calculated to occur at 

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 



In-situ XPS study of Pd(111) oxidation at elevated pressure, Part 2: Palladium oxidation in the 10-1 mbar range, H. Gabasch et al., Surf.Sci.600 (2006), 2980-2989   
 

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 

2
 
approximately 820 K [2], hence both palladium oxidation 
and oxide decomposition were investigated by heating in 
oxygen up to 900 K. As discussed in Part I [1], palladium 
oxidation at a lower pressure (2×10-3 mbar) showed a pro-
nounced hysteresis behaviour. Surprisingly, during cooling 
in oxygen a surface oxide species with hexagonal geometry 
and an oxygen content of ~0.4 ML appeared at a tempera-
ture 70 degrees higher than the decomposition temperature 
of the 2D Pd5O4 oxide observed during heating [1]. The 
hysteresis phenomenon was also studied during the heat-
ing/cooling ramps at higher oxygen pressure. The highest 
pressure of oxygen used in the in situ experiments was 0.4 
mbar. This does not reflect the pressure limitation of the in 
situ high-pressure XPS spectrometer, which can operate at 
a few mbar pressure [3]. However, oxygen has a maximum 
ionization cross section at an electron kinetic energy be-
tween 100 and 200 eV. A pressure of 0.4 mbar is a com-
promise between reasonable signal intensity and the 
thermodynamic limit of PdO decomposition, which does 
not shift too much towards lower temperatures. 
 
 
2. Experimental methods 
 

Two experimental setups were used for this investi-
gation. The in-situ study was carried out in the specially 
designed XPS spectrometer at beamline U49/2-PGM2 at 
BESSY in Berlin. The sample, a (111)-oriented Pd single 
crystal, was mounted on a temperature-controlled heating 
stage. The temperature was measured by a chromel-alumel 
thermocouple spot-welded onto the side of the sample. The 
sample was heated by an IR laser from the rear. 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 cleanliness was 
checked by XPS. The typical heating/cooling rate was 10 
K/min. 

Surface concentrations of oxygen species were esti-
mated by measuring the ratio between the areas of the O 1s 
and Pd 3p3/2 peaks. The O1s/Pd3p3/2 area ratio for the 2D 
oxide phase measured at the photon energy of 650 eV was 
used for calibration. The oxygen coverage of the 2D oxide 
phase was assumed to be 0.58 ML [4]. For the O1s/Pd3p3/2 
region measured with varying photon energy during the 
depth profiling experiments, the O1s/Pd3p3/2 ratio was cor-
rected for the photon-energy dependence of the atomic 
subshell photoionization cross sections for O 1s and for 
Pd 3p [5]. 

The TPD/STM/LEED experiments were carried out 
in the different UHV system, which consisted of three 
chambers: the UHV analysis chamber, the UHV Scanning 
Tunnelling Microscope (STM) chamber and the high-
pressure reaction cell. The analysis chamber housed facili-
ties for Auger-Electron Spectroscopy (AES), Low Energy 
Electron Diffraction (LEED), and Temperature Pro-
grammed Desorption (TPD). The STM chamber accommo-
dated an ambient-temperature UHV STM (RHK, Inc.). The 

base pressure in the UHV chambers after bake out was 
6×10-10 mbar and in the high-pressure reaction cell the base 
pressure was below 2×10-8 mbar. The sample could be 
transferred between the chambers without exposure to the 
ambient atmosphere. 

The TPD spectra were collected by means of a RGA-
200 mass-spectrometer (Stanford Research Systems) at a 
constant heating rate of 5 K s-1. The sample was heated by 
electron-bombardment from the rear. The temperature was 
measured by a chromel-alumel thermocouple spot-welded 
onto the side of the sample. The coverage was calculated 
by integrating the area under a TPD peak and is given in 
monolayers (1 monolayer = 1 ML = 1.53×1015 atoms cm-2). 
Since relatively high uptakes were measured, the maximum 
coverage of 2.4 ML obtained by exposure to 50 L NO2 at 
500 K was used for calibration [6].  

Pd(111) cleaning procedures consisted of repeated 
cycles of Ar+ sputtering at room and elevated temperatures, 
annealing up to 1100 K in UHV, exposure to O2 and NO2 
followed by flashing to 1100 K for 60 seconds in UHV. 
The sample cleanliness was checked by TPD, AES and 
LEED. NO2 and O2 were introduced into the analysing 
chamber through a capillary dozer.  

Oxygen treatments for TPD/STM/LEED experiments 
were performed in the high-pressure reaction cell. In the 
reaction chamber, the sample was heated by an IR lamp 
controlled by a Eurotherm 2408 controller. The following 
treatment protocol was mostly used, and any changes are 
specially noted. The single crystal was heated up to the 
desired temperature in vacuum and oxygen was introduced. 
After O2 exposure, the sample was cooled and oxygen was 
pumped off simultaneously. It took less than 1 min to cool 
the sample to 450 K and to reach a vacuum below 10-6 
mbar in the reaction chamber. After this treatment, the 
sample was transferred into the STM and/or analysis cham-
ber. Scanning tunnelling microscope images were obtained 
using Pt-Ir tips electrochemically etched in NaCl/NaNO3 
melt.  

As has been discussed in Part 1 [1], the main prob-
lem in XPS analysis of the oxygen/palladium system is the 
overlap between the O 1s and Pd 3p3/2 peaks. To resolve 
this matter, the O 1s/Pd 3p3/2 region was directly fitted with 
five components: the O(I), O(II) and O(III) components for 
the O 1s signal and the Pd 3p3/2 component and plasmon 
contribution as shown in detail in the left panel of Figure 1. 
The O(III) component, which disappeared beyond 440 K, 
was already negligibly weak and is therefore not shown. 
The XPS line shape was assumed to be a Gaussian- Lor-
entzian function for the oxygen components and a Doniach-
Sunjic function [7] for the Pd 3p3/2 component and the 
plasmon. In the Pd 3d region both spin-orbital momentum 
peaks of the Pd 3d doublet were included in the curve-
fitting. Therefore, the Pd 3d spectra were fitted by three 
pairs of Doniach-Sunjic components for Pd 3d and one pair 
for the plasmon excitation as shown in detail in the right 
panel of Figure 1. All XPS results presented in this paper 
were analysed by CasaXPS software [8] and the curve-
fitting procedure described above was used.  
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Figure 1: Curve-fitting of the O 1s/Pd 3p Pd 3d spectra 
obtained from Pd(111) in 0.4 mbar O2 at 500 K at photon 
energy 650 eV. 
 
 
3. Results 
 
3.1.In-situ XPS: heating in oxygen 
 

The O 1s/Pd 3p3/2 and Pd 3d spectra shown in Fig-
ure 1 were collected from the Pd(111) surface in 0.4 mbar 
O2 at 501 K and 494 K. The spectra shown in Figure 1 are 
typical for the 2D oxide, Pd5O4 [1, 4], which is character-
ised by two O 1s components, O(I) and O(II), at 528.92 eV 
and 529.52 eV and by two Pd 3d5/2 components, Pdox1 and 
Pdox2, at 335.50 and 336.24 eV. The main differences to the 
results described in Part I [1] are that in 0.4 mbar O2 the 
formation of the 2D oxide is completed below 500 K and 
the ratio between the Pdox1 and Pdox2 components is lower 
than the one expected for Pd5O4. These differences are 
discussed below. 

The sets of the O 1s/Pd 3p and Pd 3d5/2 core level 
spectra obtained at a photon energy of 650 eV in situ dur-
ing heating the Pd(111) surface in 0.4 mbar O2 are shown 
in Figure 2. The O 1s/Pd 3p spectrum obtained at 438 K 
exhibits a broad poorly-resolved peak. The oxygen contri-
bution consists of three components: O(I), O(II) and O(III). 
The O(I) and O(II) peaks are clearly features of Pd5O4. The 
O(III) component centred at 530.38 eV was assigned to a 
supersaturated Oads layer with a coverage of 0.5 ML, corre-
sponding to a metastable p(2×1) O adlayer, which has al-
ready been calculated by DFT [9]. Two oxygen-induced 
components, Pdox1 and Pdox2, were distinguished in the 
Pd 3d5/2 spectrum collected at 431 K. This fact supports 
formation of the 2D oxide. The spectra suggest that the 
Pd(111) surface was only partially covered with the 2D 
oxide and the other fraction of the surface was still covered 
with the metastable supersaturated Oads layer. This situation 
is quite similar to the one observed by us during low-
pressure (2×10-3 mbar) oxygen treatment [1]. In those 
measurements heating resulted in decreasing intensity of 
the O(III) component at 530.38 eV, whereas the O(I) and 

O(II) components started to grow. In both cases this might 
be interpreted as the transformation of the supersaturated 
Oads layer to the Pd5O4 phase. In the present high-pressure 
experiments, the supersaturated Oads layer disappeared 
completely already at 469 K, at a considerably lower tem-
perature than observed in the low-pressure experiments [1]. 

338 336 334 332534 532 530 528 526

PdO bulk

In
te

ns
ity

 (a
rb

. u
ni

ts
)

 

Pdox2

653 K

839 K

872 K

746 K
715 K

494 K

463 K
431 K

Pd
ox1

Pd metal

 

Binding Energy (eV)

872 K

815 K

784 K

721 K

658 K

501 K

469 K

438 K

O (III)

O (I)O (II)Pd 3p3/2

O1s/Pd3p and Pd3d regions
obtained from Pd(111) n 0.4 mbar O2

 

 

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Binding Energy (eV)

5/2
 heated i

 
Figure 2: The O 1s/Pd 3p Pd 3d5/2 spectra collected in situ 
during heating the Pd(111) surface in 0.4 mbar O2 at pho-
ton energy of 650 eV. 
 
This fact points to a shift of the thermodynamic equilibrium 
situation towards the Pd5O4 phase at 0.4 mbar. As the 2D 
Pd5O4 phase was formed, the O(I)/O(II) ratio approached 
unity. Above 535 K, the amount of O(I) decreased slightly 
whereas the O(II) coverage grew steadily, as shown in Fig-
ure 4. Also the ratio between the Pdox1 and Pdox2 compo-
nents is lower than 4:1 expected for Pd5O4 (Figure 4). 
These changes could be tentatively assigned to formation of 
PdO clusters, which are considered in the Discussion Sec-
tion. 

Above 658 K the coverage of O(II) increased rapidly, 
then passed through a maximum at 753 K and sharply de-
creased to zero at 815 K. Simultaneously, the O(II) peak 
shifted towards high binding energies (BE)by 0.13 eV to 
529.65 eV. The intensity and position of the O(I) compo-
nent did not change much during these transformations. 
The Pdox2 component followed the behaviour of the O(II) 
peak: above 658 K the contribution of the Pdox2 component 
started to grow, reached the maximum at 778 K, which was 
followed by fast decay to zero. Also, during these trans-
formations, the Pdox2 peak shifted towards higher BE by 
0.32 eV to 336.56 eV. The changes in the temperature re-
gion from 658 K to 778 K can be interpreted in terms of the 
formation of the bulk oxide phase PdO. Indeed, the position 
of the Pd 3d5/2 peak at 336.56 eV is characteristic for bulk 
PdO [10-16]. The steep decrease of the O(II) coverage at 
the temperatures above 765 K corresponds to PdO decom-
position.  

The coverage of the O(I) species did not change 
much between 625 K and 872 K even during PdO decom-
position. As discussed in Part I, in fact the O(I) peak repre-
sents two oxygen species: the lower BE oxygen species of 
the Pd5O4 surface oxide and oxygen dissolved in the near-
surface region. Above the temperature of decomposition of 
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the 2D oxide and PdO, the O(I) peak can be assigned solely 
to oxygen dissolved in the near-surface region. This species 
was characterized at 793 K by in situ XPS depth profiling 
and dissolution of oxygen in the palladium was confirmed 
[1].  

The following conclusions can be drawn from the in 
situ XPS measurements during heating of the Pd(111) sur-
face in 0.4 mbar O2: 
1. At 431 K the surface was partially covered with the 

2D oxide and a fraction of the surface was covered 
with a metastable supersaturated Oads layer. The 
Pd5O4 phase is characterised by (a) the O(I) and O(II) 
components at 528.92 eV and 529.52 eV, respec-
tively, with a ratio of approximately 1:1, (b) the Pdox1 
and Pdox2 components at 335.5 eV and 336.24 eV, 
respectively, with a ratio of approximately 0.25. The 
O(III) component at 530.38 eV was assigned to the 
metastable high-coverage chemisorbed state. The 
surface chemical states were very similar to those 
observed during O2 treatment at 2×10-3 mbar [1].  

2. During heating the supersaturated Oads layer trans-
forms into the 2D Pd5O4 oxide phase. Small PdO 
clusters are supposed to form. 

3. The bulk PdO phase appears above 653 K and de-
composes completely at 815 K.  

4. Decomposition of the bulk oxide was followed by 
oxygen dissolution in the bulk. Dissolved oxygen is 
characterised by the O 1s peak at 528.98 eV and was 
observed even at 873 K. 

 
 
3.2. In-situ XPS: cooling in oxygen 
 

Figure 3 shows the sets of the O 1s/Pd 3p and Pd 3d 
core level spectra obtained in situ in 0.4 mbar O2 during 
cooling of the Pd(111) surface. The cooling experiment 
was started immediately after heating in 0.4 mbar O2 as 
described in the previous section. The same rate was used 
for cooling and heating. The O 1s/Pd 3p spectrum collected 
at 873 K contained a single oxygen component, O(I), which 
was assigned to the near-surface region species. The con-
tribution of the oxygen-induced Pd 3d components was 
almost negligible at 873 K, and the spectra suggest a metal-
lic state of the surface with oxygen deficiency. Both the 
oxygen-induced components, Pdox1 and Pdox2, reappeared in 
the Pd 3d5/2 spectra at 747 K. The relative ratio between the 
Pdox1 and Pdox2 components quickly approached the value 
close to the 2D Pd5O4 surface oxide (Figure 4). The oxy-
gen-induced components were accompanied by the appear-
ance of the O(II) component (Figure 3 and Figure 4). The 
coverage of the O(II) species remained approximately con-
stant during further cooling, whereas the O(I) coverage was 
slowly decreasing. This effect might be assigned to the 
decreasing contribution of oxygen dissolved in the near-
surface region. The final ratio between the O(II) and O(I) 
components reached a value of 1.05 at 455 K. The 
O 1s/Pd 3p and Pd 3d core level spectra observed in this 
stage were characteristic for the Pd5O4 phase [1]. Although 

this temperature was already within the PdO thermody-
namic stability range, no evidence for the bulk PdO phase 
was observed. 
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Figure 3: The O 1s/Pd 3p Pd 3d5/2 spectra collected in situ 
during cooling the Pd(111) surface in 0.4 mbar O2 at pho-
ton energy of 650 eV. 
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Figure 4: Oxygen species and the oxidation states of palla-
dium on the Pd(111) surface as a function of temperature 
during heating and cooling in 0.4 mbar O2. The concentra-
tion was calculated from the O 1s spectra. 
 

The final state of the surface after cooling in 
0.4 mbar O2 was different from that observed after cooling 
in 2×10-3 mbar O2 [1]. The Pd5O4 2D oxide was not ob-
served at all during “low-pressure” cooling. Instead of the 
Pd5O4 surface oxide, a different surface oxide phase of 
lower (~0.4 ML) oxygen content, probably a hexagonal 
( 6767 × )R12.2° superstructure, was observed. How-
ever, during “high-pressure” cooling, the 2D oxide (O-
coverage 0.58 ML) appeared. Moreover, the experiment 
performed in the LEED-STM-TPD experimental set-up 
showed that a characteristic complex LEED pattern was 
observed on Pd(111) after exposure to 13 mbar O2 for 10 
min at 600 K followed by cooling in oxygen to 400 K. This 
LEED pattern was identical to that of the square 6 unit 
cell of the Pd5O4 2D surface oxide [17]. Exposure to 1.3 
mbar O2 for 10 min at 820 K followed by cooling in O2 to 
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400 K resulted in a weak (1×1) pattern co-existing with a 
diffuse LEED pattern, which was similar to the Pd5O4 
phase.  

The conclusions which can be drawn from the in situ 
XPS measurements in 0.4 mbar O2 during cooling, of the 
Pd(111) surface, are:  
1. The bulk PdO phase does not form during cooling in 

0.4 mbar O2. 
2. Below 747 K the Pd5O4 phase appears. 

 
 
3.3.Temperature Programmed Desorption 
 

As mentioned in the experimental section, TPD, 
STM and LEED experiments were carried out in the second 
experimental setup. The following treatment protocol was 
used: the single crystal was heated to the desired tempera-
ture in vacuum and oxygen was then introduced. After O2 
exposure, the sample was cooled and oxygen was pumped 
off simultaneously. Figure 5 shows a set of oxygen TPD 
spectra and the corresponding oxygen uptake curve ob-
tained after exposure of the Pd(111) single crystal to 1.3 
mbar oxygen for 10 min at different temperatures between 
600 K to 850 K. In order to avoid decreasing “quasi steady-
state” concentration of oxygen in the near surface region, 
the single crystal was heated to 1000 K. Heating to high 
temperatures may lead to substantial lowering of the con-
centration of dissolved oxygen. In support of this statement 
Leisenberger et al. [18] demonstrated that in order to obtain 
a TPD of a 0.25 ML oxygen adlayer on the Pd(111) sur-
face, the palladium bulk had to be saturated with oxygen, 
otherwise a fraction of the oxygen would irreversibly dis-
appear in the bulk during TPD heating. In our case, the 
uptake was measured after repeated oxygen treatments until 
a constant uptake was obtained or, in other words, until the 
palladium bulk was saturated with oxygen.  

As shown in Figure 5, O2 desorbed as a single TPD 
peak, which shifted from 770 K to 870 K as the tempera-
ture during dosing was increased from 600 K to 850 K. The 
oxygen uptake grew from an equivalent of 7 ML at 600 K 
to the maximum of 113 ML at 820 K. A further increase of 
the exposure temperature resulted in an abrupt decrease of 
the oxygen uptake. The most interesting fact is that no 
traces of oxygen were detected by AES after all the oxygen 
treatments, even in case of the TPD-detected desorption of 
the equivalent of 113 ML oxygen. On the other hand, an 
AES oxygen peak was observed from the Pd5O4 2D oxide. 
The STM measurements of tunnelling current versus bias 
voltage (also referred to as I-V spectroscopy) did not reveal 
the energy gap expected for the PdO bulk oxide. For in-
stance, a band gap of 4.0 - 5.0 eV is typical for stoichiomet-
ric PdO [19, 20]. This fact leads to the straightforward 
conclusion that the TPD spectra shown in Figure 5 are not 
representative for the bulk PdO phase. According to the 
terminology used in the XPS section, the TPD spectra are 
characteristic of the oxygen species dissolved in the near-
surface region. In contrast, the bulk oxide was clearly ob-
served by in situ XPS as discussed above. The absence of 

the bulk PdO phase in the TPD experiments can be ex-
plained by the experimental procedure. Likely, the bulk 
PdO phase and other surface-related oxide phases, for in-
stance, the Pd5O4 phase, decomposed during quenching 
after the oxygen treatment. Also, TPD protocol corresponds 
to the cooling ramp in the in situ XPS experiments when 
PdO was not observed. According to in situ XPS, the 
amount of the oxygen species in the near-surface region is 
estimated to be approximately 0.25 ML. Assuming an in-
formation depth for photoelectrons with 120 eV kinetic 
energy of 12 Å [21] and a lattice parameter for Pd(111) of 
2.25 Å, the average oxygen concentration in one single Pd 
layer is calculated to be approximately 0.05 ML. Keeping 
the equivalent of 113 ML measured by TPD in mind, one 
can safely deduct that oxygen diffuses to a significant 
depth. Oxygen dissolution in the palladium bulk resulted in 
metal lattice expansion. Thus, after 1.3 mbar O2 at 600 K, 
the step height was 2.45 ± 0.1 Å, whereas the step height 
on the clean Pd(111) surface was 2.25 ± 0.05 Å. 

As mentioned in the XPS section above, the change 
of the treatment protocol revealed another phenomenon. 
Usually the sample was cooled and oxygen was pumped off 
simultaneously. The complex LEED pattern of the 2D sur-
face oxide [17] was observed after 1.3 mbar O2 treatment 
for 10 min at 600-820 K when the sample was cooled to 
400 K in oxygen. The quality of the LEED pattern de-
pended on the treatment temperature. The observation of 
the 2D oxide by LEED is in agreement with our in situ XPS 
results. Diffusion of oxygen into the palladium bulk should 
be hindered at low temperature and, therefore, a rather high 
concentration of oxygen could accumulate in the near-
surface region and this could create a favourable situation 
for 2D surface oxide growth. Also, a high concentration of 
the near-surface oxygen species may help to stabilize 
Pd5O4.  
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Figure 5: TPD spectra of O2 (the left panel) and oxygen 
uptakes on Pd(111) as a function of treatment temperature 
obtained from the Pd(111) single crystal exposed to 
1.3 mbar of oxygen for 10 min at the specified tempera-
tures. Oxygen uptakes on Pd(111) as a function of treat-
ment temperature after exposure to 1.3 mbar O2 for 10 min. 
 
 

A comparison between in situ XPS and TPD experi-
ments allowed us to make another interesting observation. 
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Figure 6 shows O2 TPD traces obtained after exposure of 
the Pd(111) surface to 1.3 mbar O2 at 820 K, 850 K and 
900 K. The TPD heating was extended up to 1300 K. The 
experimental history was the same for all experiments: the 
sample was sputtered by Ar+ and annealed in UHV. As 
seen in Figure 5, besides the main TPD peak at 865 K, a 
high-temperature peak at 1130 K appeared. The high-
temperature peak cannot be due to an artefact. In order to 
rule out desorption from the sample holder, the Pd(111) 
single crystal was replaced for a stainless steel disk and no 
oxygen desorption was observed after identical treatments. 
The high-temperature TPD feature was reported in the lit-
erature [18, 22, 23] and was assigned to dissolved oxygen. 
The amount of highly stable oxygen increased with the 
treatment temperature. Thus the equivalent of 2 ML and 8 
ML were measured after O2 exposure at 820 K and 900 K, 
respectively.  
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Figure 6: TPD spectra of O2 obtained after exposure the 
Pd(111) single crystal to 1.3 mbar oxygen for 10 min at 
820 K, 850 K and 900 K. TPD was carried out up to 
1300 K. 
 
 

The conclusions from the ex situ TPD/STM study in 
1 mbar O2 are:  
1. The TPD results were consistent with the in situ XPS 

findings. TPD demonstrated massive dissolution of 
oxygen in the palladium bulk. The oxygen uptake was 
equivalent to 113 ML, measured after 1 mbar O2 
treatment at 820 K for 10 min. 

2. Oxygen dissolution might cause changes of the lattice 
parameters.  

3. Another stable oxygen species was detected by TPD. 
This oxygen species desorbs at temperatures above 
1050 K. The relationship between different oxygen 
species is discussed below. 

 

4. Discussion 
 

The results of the in situ XPS study of the Pd(111)-
oxygen interaction at 2×10-3 mbar O2 were discussed in 
Part I [1]. Part II focuses on the in situ XPS investigation at 
a higher oxygen pressure of 0.4 mbar; the results are com-
plemented by ex situ TPD data. The main difference be-
tween low-pressure (2×10-3 mbar) and high-pressure 
(0.4 mbar) experiments is (1) that the formation of the bulk 
PdO phase was detected only at 0.4 mbar, and (2) that dur-
ing cooling the formation of the Pd5O4 surface oxide was 
only observed at 0.4 mbar. It is interesting that, according 
to Warner’s expression for the equilibrium oxygen pressure 
of the PdO/Pd system [2], PdO should be the stable phase 
up to 740 K in 2×10-3 mbar O2 and up to 820 K in 0.4 mbar 
O2. However, in 2×10-3 mbar O2 the bulk PdO phase did 
not form either during heating or cooling. At 0.4 mbar O2 
PdO was detected only during heating. It seems now clear 
that the palladium/oxygen system cannot be described just 
by the simple thermodynamic transition Pd↔PdO. Other 
processes, such as the diffusion of oxygen to the palladium 
bulk, and the formation of different 2D oxide phases, must 
be considered. The experimental facts represented above 
allow us to propose that palladium oxidation is kinetically 
limited. 

As discussed in the Results section, at 535 K the ratio 
between the Pdox1 and Pdox2 components is lower than 4:1 
expected for Pd5O4 (Figure 4). Increasing of the Pdox2 com-
ponent could be assigned to formation of PdO clusters, 
which serve as “seeds” for bulk PdO. This hypothesis is 
consistent with all experimental results. Also it is remark-
able that the characteristic features of the 2D oxide were 
observed during PdO growth (Figure 4). This may be ex-
plained by 3-dimensional island growth of bulk PdO start-
ing at defects of the mainly Pd5O4-covered surface. For 
instance, Gabasch et al. [9] demonstrated that oxidation 
preferentially starts at the steps.  

In order to better understand the oxidation mecha-
nism, the experimental data represented in Figure 4 were 
re-plotted as show in Figure 7 and Figure 8 with the follow-
ing assumptions made. Since during heating between 470 K 
and 595 K the ratio between the O(I) and O(II) components 
was approximately at 1:1, the excess of the O(II) compo-
nent was assigned to bulk PdO. Above 800 K, neither PdO 
nor 2D oxide can be present on the surface and the O(I) 
peak can be assigned exclusively to the oxygen species 
dissolved in the near-surface region. For the heating ramp, 
three temperature regions can be distinguished (Figure 7 
and Figure 8). The first region, which ranges from 440 K to 
565 K, corresponds to the formation of the 2D oxide phase 
and PdO “seeds”. The O 1s and Pd 3d components, which 
are characteristic of the surface oxide, remain approxi-
mately constant during this stage. Monatomic-deep hex-
agonal holes were observed by ex situ STM [24] after 1.3 
mbar treatment in O2 at 600 K. These holes are typical for 
post-reaction of the Pd5O4 phase with the residual gases or 
partial desorption of Pd5O4 during pump-off [4]. The con-
clusion is that in the temperature window between 440 K 
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and 565 K the 2D oxide phase forms from the supersatu-
rated Oads layer.  
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Figure 7: Oxygen species and the oxidation states of palla-
dium on the Pd(111) surface as a function of temperature 
during heating and cooling in 0.4 mbar O2. The concentra-
tions shown in Figure 4 were corrected as described in the 
text. 
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Figure 8: The oxidation states of palladium on the Pd(111) 
surface as a function of temperature during heating and 
cooling in 0.4 mbar O2. The concentrations shown here 
were obtained by correction of the data shown in Figure 4 
as described in the text. 
 

The second temperature region is from 565 K to 
780 K, when the coverage of the 2D oxide decreases and 
the PdO phase starts to grow. The slow growth at tempera-
tures below 675 K is followed by an acceleration of the 
formation rate and the PdO concentration reaches a maxi-
mum at approximately 750 K (Figure 7 and Figure 8). This 
observation strongly suggests that although PdO is the 

thermodynamically most stable phase at low temperatures 
[9], the PdO growth is essentially kinetically limited. One 
of the facts supporting this observation is that no bulk PdO 
phase formed during the cooling ramp in 0.4 mbar O2. Bulk 
PdO formation requires the PdO seeds, whereas at high 
temperature the equilibrium is shifted towards dissolution 
of oxygen in the palladium bulk and the overall rate of the 
PdO seed formation is low. At lower temperature, when the 
2D oxide started to form, the concentration of dissolved 
oxygen decreases. The 2D oxide likely inhibits oxygen 
dissolution. As it was demonstrated in Ref. [24], oxygen 
dissolution in the palladium bulk is limited by diffusion 
through an oxide layer. So in our case, the Pd5O4 phase 
might play the role of a “preserving” layer. Also during the 
cooling ramp, a phase of the 2D oxide, which is not favour-
able for PdO seeds, might form. 

The third temperature region is above 780 K and it is 
characterised by PdO decomposition and oxygen dissolu-
tion in the palladium bulk. The upper thermal stability limit 
of PdO is close to the expected thermodynamic limit. The 
rate of oxygen dissolution likely depends on the oxygen 
pressure. Thus at 2×10-3 mbar the quasi-steady oxygen 
concentration in the near-surface region was an equivalent 
of approximately 0.15 ML (Part I [1], Figure 9), whereas at 
0.4 mbar (Figure 7) the corresponding figure was an 
equivalent of 0.25 ML. This difference likely reflects di-
vergence of the oxygen concentration on the surface at low 
and high pressures because diffusion into the bulk is lim-
ited by the temperature only. According to STM data, ac-
commodation of the oxygen species in the palladium lattice 
resulted in increasing height of monatomic steps and this 
might be explained by the metal lattice expansion. Oxygen 
diffusion in the palladium bulk is an activated process with 
apparent activation energy of 84 kJ mol-1 [24]. 

The TPD experiment clearly showed two oxygen 
species desorbed at 870 K and above 1070 K. The high-
temperature desorption peak can be attributed to dilute 
solid solution of oxygen in the palladium bulk, but in the 
near-surface region a high concentration of oxygen may 
locally achieve a critical value required for phase transfor-
mation and this would result in the TPD peak at 870 K. 
Likely, dilute oxygen does not affect considerably the sur-
face properties. On the other hand, oxygen dissolved in the 
palladium bulk is essential to facilitate the formation of the 
“ordered” oxygen in the near surface region. Thus, as dis-
cussed in the Results section, the concentration of near-
surface oxygen increases as the bulk species accumulates 
and the concentration of near-surface oxygen decreases 
when the oxygen population in the bulk is depleted by heat-
ing to 1300 K. Indeed, since oxygen diffusion in the bulk is 
proportional to the concentration gradient, at low concen-
tration of oxygen dissolved in the bulk the equilibrium 
should be shifted towards oxygen diffusing in the bulk and 
it would be difficult to achieve a high concentration of 
oxygen in the near-surface region. As soon as the bulk 
“reservoir” is filled with oxygen, diffusion in the bulk 
slows down and the uptake of the near-surface oxygen in-
creases. A similar effect was described in the literature by 
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Leisenberger et al. [18], who observed the transformation 
of the chemisorbed oxygen to the dissolved species. These 
researchers also pointed to that in order to yield quantita-
tively reproducible oxygen desorption from the p(2×2) 
structure, the palladium bulk must be filled with oxygen. 

It is interesting that the oxygen behaviour discussed 
above appears to be similar for both hydrogen and carbon 
species in Pd. Thus, for instance small amounts of intersti-
tial hydrogen form a disordered solid solution in palladium. 
If the concentration of the disordered hydrogen increases, 
the structured Pd hydride phase appears. For carbon, the 
well known interstitial solid solution PdCx with x up to 
~0.15 exists. A new structured phase of carbon with a much 
larger x was observed during ethene oxidation on Pd(111) 
[25]. This state can only be approached in-situ. 
 
 
5.Summary 
 

In situ XPS was used to study the oxidation of single 
crystal Pd(111) during heating and cooling in 0.4 mbar O2. 
In situ XPS results were complemented with ex-situ TPD 
data. This paper along with Part 1 [1] demonstrated that it 
is possible to follow the mechanism of palladium oxidation 
by in situ XPS. The comparison of in situ XPS and TPD 
data highlights the advantage of the in situ technique, 
which is the possibility to monitor the oxygen/palladium 
interaction without quenching the reaction.  

A number of oxygen species and oxidation states of 
palladium were observed. The 2D oxide, Pd5O4, was char-
acterised by two O 1s components at 528.92 eV and 
529.52 eV and by two oxygen-induced Pd 3d5/2 compo-
nents at 335.5 eV and 336.24 eV. The supersaturated Oads 
layer exhibits the O 1s core level peak at 530.37 eV. Oxy-
gen dissolved in the near-surface region was identified by 
the O 1s core level peak at 528.98 eV and by a TPD peak at 
770-870 K. The dilute solid solution of oxygen in the pal-
ladium bulk was found to desorb at temperatures above 
1070 K. 

The following scenario of the interaction between 
palladium and oxygen at 0.4 mbar is proposed: 

1. At 430 K, similarly to the 3×10-3 mbar O2 case, the 
Pd(111) surface is partially covered by the 2D oxide 
phase and the other fraction of the surface is covered 
by the supersaturated Oads layer. During heating the 
supersaturated Oads layer transformed into the Pd5O4 
phase. However, the supersaturated Oads layer disap-
pears completely at approximately 470 K, a tempera-
ture considerably lower than observed in the low-
pressure experiments [1]. 

2. Above 655 K, the bulk PdO phase appears and this 
phase decomposes completely at approximately 815 K. 
It is proposed that small PdO clusters formed on the 
2D oxide phase acts as a precursor for bulk PdO. 

3. Decomposition of the bulk oxide is followed by oxy-
gen dissolution in the near-surface region. The forma-
tion of the dissolved oxygen species results in 
expansion of the metal lattice. 

4. Remarkably, the bulk PdO phase does not form during 
cooling in 0.4 mbar O2 but the Pd5O4 phase appears 
below 750 K. The formation of the Pd5O4 phase is 
completed at a temperature too low for further bulk 
PdO transformation. 
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Table 1: XPS characteristic of the oxygen species and the oxidation states discussed in Parts I and II. 
 
 Nature/Conditions Thermal stability in 

0.4 mbar O2 

Oxygen-induced 
Pd 3d5/2, eV 

O 1s, eV 

Supersaturated Oads layer Adlayer with coverage of 0.5 ML Decomposes at 470 K  530.38 ± 0.07 – O(III) 

Pd5O4 Surface 2D oxide Decomposes at approxi-
mately 800 K 

335.5 ± 0.01 (Pdox1) 
336.24 ± 0.01  (Pdox2) 

528.94 ± 0.05 - O (I) 
529.55 ± 0.05 – O(II) 

( 6767 × )R12.2° One of the phases of surface 2D 
oxide 

- 335.44 ± 0.02 (Pdox1) 528.94 ± 0.05 - O (I) 
529.55 ± 0.05 – O(II) 

PdO Bulk oxide phase Appears at 655 K 

Decomposes at 815 K 

336.55  (Pdox2) 529.65 – O(II) 

Dissolved oxygen Oxygen species dissolved in the 
near-surface region 

Desorbs at 770-870 K, 

Diluted phase desorbs 
above 1070 K 

N/A 528.99 ± 0.04 – O(I) 
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