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Abstract  
In light of accumulating evidences highlighting the major role of operational conditions (gas composition, pressure, temperature) on the sur-
face/bulk structure of catalytic materials, their characterization should involve more and more in-situ methods. We constructed a synchrotron-
based high-pressure XPS (X-ray photoelectron spectroscopic) instrument, allowing us to investigate the surface and near-surface state of a cata-
lyst in the mbar pressure range. We discuss here the surface characteristics of palladium samples as a function of gas-phase (hydrogen, oxygen) 
and temperature. We demonstrate that the surface region of catalytic materials behaves dynamically in its composition, always reflecting on its 
environment. For example, surface oxide can be formed on Pd(111) in oxygen which decomposes rapidly as the gas supply is switched off. The 
chemical nature of carbonaceous deposits depends also strongly on the operational conditions (gas-phase hydrogen, temperature). It is the first 
time that XPS investigation on palladium β-hydride was performed at RT. The possible drawbacks of using non-UHV setup e.g. fast carbon ac-
cumulation are also discussed. 
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Introduction  
 

Palladium is one of the most important hydrogena-
tion catalysts, widely employed in industrial processes [1-
7] but also in basic research [8-23]. Its practical importance 
in the interaction with various gases has stimulated wide-
spreading investigations from the point of view of catalytic 
[8-12,14,15,17] and surface properties [13,16,18-23]. 

The field of hydrogen-metal interaction including 
chemisorption, relaxation, reconstruction and hydrogen 
dissolution is an extremely well studied area of surface 
science [20,21,24-33]. The energetics of hydrogen adsorp-
tion and dissolution in palladium (involvement of highly 
coordinated sites on the surface and in subsurface position) 
is well established, alas only for the case of “clean, surface 
science” conditions. In “dirty” real catalytic environments 
hardly any direct (spectroscopic) information is available, 

even though there is an enormous number of papers report-
ing on the major role of the partial pressure of hydrogen in 
various catalytic processes [12,34-37]. The role of hydro-
gen in these processes is still one of the important chal-
lenges in the mechanistic studies. The major drawback in 
investigating hydrogen-containing systems is the very low 
sensitivity of the spectroscopic methods toward hydrogen.  

Carbonaceous deposits on metal surfaces represent a 
natural state of precious metal catalysts. Numerous species 
of carbon are observed on the surface of catalysts, ranging 
from carbides to hydrogen-rich aliphatic polymers. The 
chemical states of accumulated carbonaceous species on 
model palladium surfaces were often a matter of debate 
[38-42]. The majority of these studies were performed ex-
situ or in ultra-high vacuum (UHV), far away from the real 
catalytic conditions (this is often referred to as an example 
of the “pressure gap”).  
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In the last decade, the development of in-situ charac-
terization methods [43-49] helped to gain a better under-
standing of a working catalyst. In-situ studies provided 
evidence that the surface structure and the valence state of 
an active component can greatly be different in-situ as 
compared to UHV conditions, and weakly bonded adsorbed 
species or subsurface/bulk-solved components can be pre-
sent at relevant catalytic conditions. The interaction of ad-
sorbates with subsurface and bulk species can be essential 
for effective catalytic turnovers and the specific interplay 
between surface and subsurface/bulk species are mainly 
controlled by the operational conditions. Therefore in-situ 
techniques should play a crucial role in catalytic investiga-
tions. X-ray photoelectron spectroscopy (XPS) is one of the 
most widely used techniques; it is very powerful owing to 
its surface sensitivity. Conventionally, XPS is operated at 
UHV pressures, since the emitted photoelectrons are 
strongly scattered in a gas phase. However, the identifica-
tion of the weakly adsorbed species and surface carbon 
present during the catalytic run is difficult in UHV-XPS, as 
the mere evacuation induces desorption or can change the 
chemical state of the surface species via loss of hydrogen 
[50-52]. To overcome these limitations high-pressure XPS 
chambers were designed already in the late 1970ies [50]. A 
number of high-pressure XPS experiments have been per-
formed since [53-57]. Our in-situ XPS setup employs dif-
ferentially pumped electrostatic lenses that allow to 
measure the sample in a gaseous environment (flow-
through mode) at pressures of up to 5 mbar.    

We report here data collected using a Pd(111) single 
crystal and polycrystalline palladium foil. Part I of this 
paper is meant to be an introductory article pinpointing 
possibilities and drawbacks of using high-pressure XPS 
with palladium and concentrating on the effects of experi-
mental conditions (hydrogen pressure, oxygen, tempera-
ture) on the surface state of palladium samples. In the 
second part, as a step further, we present a real “in-situ” 
study to get a better understanding in the hydrogenation 
processes, using trans-2-pentene as a model reactant. 
 
 
Experimental 
 

The in-situ XPS experiments were performed at 
beam lines U49/2-PGM1 and UE56/2-PGM2 at BESSY in 
Berlin. Our set-up operates analogously as the instrument 
described in Ref. [58].  A differentially pumped electro-
static lens system is the key feature of our set-up, allowing 
us to investigate the sample in the mbar pressure region. 
The sample position is controlled by a 3D manipulator and 
the sample is placed ~ 20 mm away from the X-ray window 
and ~ 2 mm in front of the first aperture, which is the en-
trance to the electrostatic lens system. The surface normal 
of the sample is parallel to the optical axis of our lens sys-
tem while incidence x-rays irradiate the sample under 55° 
from the surface normal. C 1s and Pd 3d spectra were re-
corded with photon energies of hν = 660 and 720 eV (elec-
tron kinetic energy ~ 370 eV), respectively (if not 

otherwise stated). Valence band spectra were obtained us-
ing 150 eV photon excitation. The overall spectral resolu-
tion measured by argon (Ar 2p) was about 0.2 eV at both 
beamlines. The binding energies were calibrated against the 
Fermi level of the samples. Decomposition of the C 1s 
region was performed using Gauss convoluted Doniach-
Sunjic curves (DS*) [59]. The Pd 3d peaks were fitted us-
ing Gauss-Lorentz profiles with exponential tail. This latter 
gave a much better agreement with the experimental data 
(better Chi-square values) than the often-used DS* func-
tion. The atomic composition was calculated using energy 
dependent photoionization cross sections [60] assuming a 
homogeneous distribution of the various elements in the 
information depth. The inelastic mean free path for the used 
electron energy is approx. 9 Ǻ for palladium and 13 Ǻ for 
carbon [61]. No impurity other than carbon was observed, 
thus %(C1s)+%(Pd3d)=100%. Pd(111) single crystal and 
polycrystalline palladium foil (Goodfellow, purity 99.99 %) 
were investigated in this study. The samples were mounted 
on a temperature-controlled heater and were cleaned from 
hydrocarbon contamination by first heating them in oxygen 
(10-4 mbar, 973 K) and then flushing to 1073 K in vacuum.  
Due to the residual gas pressure of 10-7 mbar in our cham-
ber, the sample was always covered by some hydrocarbon 
contamination.  Gas flow into the reaction cell was con-
trolled using calibrated mass flow controllers and leak 
valves.  The pressure in the experimental cell was varied 
from high vacuum (10-7 mbar) up to 4 mbar, and the sample 
was investigated at temperatures from 298…623 K. The 
experimental cell is connected to a transfer chamber where 
treatments can be carried out in the 10-6 mbar to 1 bar pres-
sure range. For the preparation of palladium β-hydride the 
following procedure was used. First, a piece of Pd foil was 
cleaned from carbon contamination by sputtering and by 
oxygen treatment (473 K, 0.15 mbar) and then the surface 
oxide was decomposed by evacuation. Hydrogen (1 bar) 
was introduced and the sample was hold at 338 K for 20 
min, then cooled down to RT. After one hour atmospheric 
hydrogen treatment, the pressure was slowly decreased to 
2.3 mbar and under this controlled ambient the sample was 
transferred back to the experimental chamber where the 
same hydrogen pressure was set previously. 
 
 
Results 
 

Before we go into the detailed analysis of the spectra, 
we would like to draw the attention to a phenomenon, 
which is not present in conventional XPS measurements. 
When Pd was measured in hydrogen, additional peaks ap-
peared in the spectra; the relative intensity of the new peaks 
showing a positive correlation with the introduced hydro-
gen pressure. Fig. 1, 2 show the Pd 3d and the C 1s region 
in the presence of 3 mbar hydrogen at room temperature. In 
addition to the expected peaks, additional peaks at higher 
BE (i.e. lower KE) are present in the spectra. The energy 
separation of the original and the additional peaks is con-
stant (~12.7-12.8 eV), and the new peaks are strongly 
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broadened at the high-energy side. The correlation of the 
peak intensity with the H2 pressure and the energy separa-
tion indicates that the new peaks are due to the inelastic 
scattering of the photoelectrons on the hydrogen molecules. 
During this process the hydrogen 1s electrons are excited 
mainly to the 2p state (E = 12.6 eV), but also to higher 
Rydberg transitions, as well as to the vacuum continuum 
()E > 15.4 eV).  

 

 
Figure 1: Pd 3d region of palladium foil in the presence of 
3 mbar hydrogen. 
 

 
Figure 2: C 1s region of palladium foil in the presence of 3 
mbar hydrogen. 
 

When palladium foil is measured without any treat-
ment in vacuum, the carbon content within the probing 
depth in our experiments is larger than 95%. After a clean-
ing cycle (see Experimental) the C content decreased to 
30%, which is still a high value. Part of this residual carbon 
was most probably present also during the cleaning proce-
dure (not removed) in grain boundaries, but part of it might 
originate from the re-adsorption from the residual contami-
nants in the chamber atmosphere during the cooling period. 
The base pressure in our experimental cell is ~ 10-7 mbar 
(although mainly water), which makes it difficult to prepare 
and maintain clean (carbon free) metal surfaces in non-
oxidizing environments. Consequently, we observe carbon 
accumulation over time at our base pressure of 10-7 mbar 
(Fig. 3 curves 1 and 2), without directly introducing any 
hydrocarbons on purpose. In a separate experiment, how-
ever, using oxidizing conditions (0.06 mbar O2 at 300 °C) 
we were able to prepare a clean Pd surface on a Pd(111) 
single crystal (Fig. 5). In oxygen (0.06 mbar O2, 573 K), 
the Pd 3d peak contains contribution from bulk Pd (BE = 

335.0 eV) and two additional components at BE’s of 335.6 
and 336.3 eV (energy separation of +0.6 and +1.3 eV), 
while the C1s region does not show any carbon being pre-
sent (not shown). The Pd3d peak with BE of 335.6 eV 
might be due to adsorbed oxygen while the 336.3 eV peak 
could be due to PdO [62,63]. However, recently [64] a new 
surface oxide phase Pd5O4 was identified on Pd(111) with 
exactly the same BE spacing as observed here, and thus we 
identify the high BE peaks as due to Pd5O4. The surface 
oxide phase in Ref. [58] was prepared at 573 K by exposing 
the Pd(111) surface to 3000L of oxygen (5*10-6 mbar for 
600s), but after that the temperature was quenched to RT, at 
which the Pd3d spectrum was recorded. When the oxygen 
flow is switched off in our experiment (still at 573 K), the 
oxide phase is quickly removed (~ 15% of the oxide might 
be still there, calculated from the decrease of the 335.6 eV 
peak area) and the spectrum resembles the well-known 
pattern with the surface core level shift of about –0.3 eV. 
15 min after switching off the oxygen the surface already 
contains a few percent of carbon. When the temperature is 
decreased the accumulation of C on the surface increased 
further.  

 

 
Figure 3: C 1s region of palladium foil at different experi-
mental conditions. Incident photon energy, hν = 660 eV. 
Dashed line: measured data, full line: fits. 
 

One-hour stay of Pd foil in HV and decreasing the 
temperature from 613 K to room temperature doubled the 
amount of carbon, while the position of the maximum is 
shifted by +0.5 eV to 284.55 eV and the peak got broader 
(Fig. 3). The carbon accumulation was slightly enhanced 
by the high flux of the synchrotron beam. Introduction of 
hydrogen shifted the C 1s peak further towards higher BE 
and the amount of carbon increased as well. Increasing the 
temperature (350 °C) in hydrogen ambient shifted the peak 
back towards lower binding energies. Even higher hydro-
gen pressure (4 mbar) was not able to compensate this ef-
fect. The carbon content in 4 mbar H2 at 623 K decreased 
to 70% (-10%). The total amount of carbon measured on  
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Figure 4: C 1s region Pd(111) single crystal at different 
experimental conditions. Incident photon energy, hν = 660 
eV. Dashed line: measured data, full line: fits. 
 

 
Figure 5: Pd 3d (5/2) region of Pd(111) single crystal in 
the presence of 0.06 mbar O2 at 573 K (1) and right after 
switching off O2 (2). Incident photon energy, hν = 660 eV. 
Dashed line: measured data, full line: fits. 
 
Pd(111) was generally less than on the foil (30-40% vs. 70-
80%). The trends in the C content observed as a function of 
hydrogen pressure and temperature, however, were similar 
for foil and single crystal (Fig. 4). The measured spectra 
were analyzed by a least square fitting procedure. For this 
analysis we used not just one main carbon component for 
several reasons. Since the absolute binding energy scale 
can be calibrated quite accurately (±0.01 eV), one reason 
was that binding energy shifts of up to 0.75 eV could be 
observed. Second, although the C1s peaks were not well 
resolved, however the shape of them was markedly differ-

ent. Third, the full-with-at-half-maximum (FWHM) varied 
also (up to ~25%). And last but not least, depth-profiling 
experiments (see Part II) revealed also the presence of 
different carbon species, as the shape of the C1s peak 
changed with the photon energy, obtaining thus spectra 
with different information depth. To be able to satisfacto-
rily fit the main C 1s region (283-286 eV) we need at least 
3 components for the analysis. The binding energies for 
these three main components were found to be at 
284.1±0.05, 284.55±0.05 and 285.2±0.05 eV. The exact 
identification of these species is not unambiguous, how-
ever, according to the literature [65-68] they correspond to 
(chain) carbon attached likely by several bonds to the 
metal, to graphitic carbon, and to aliphatic carbon contain-
ing hydrogen, respectively. Since the chemical shift of the 
different species reflects their chemical environment, and 
since in our system we have three main elements (Pd, C, H) 
we will use the following nomenclature for these three 
main carbon components (Table 1): carbon connected to 
palladium (C-Pd; BE = 284.1 eV), carbon connected to 
carbon (C-C; BE = 284.55 eV), and carbon connected to 
hydrogen (C-H; BE = 285.2 eV). The small peaks found 
above 286 eV correspond to some oxygen containing car-
bon.  
 
Table 1: The main carbon types, their signs used in the text 
and their binding energy positions 
 

C type Sign BE [eV] 

carbon connected 
to palladium 

C–Pd 284.1 ± 0.05 

carbon connected 
to carbon 

C–C 284.55 ± 0.05 

carbon connected 
to hydrogen 

C–H 285.2 ± 0.05 

 
Initially, after a cleaning procedure and above 573 K 

mainly C-Pd is present (Fig. 3 curve 1). This carbon is 
most probably one or two-dimensional – atomically dis-
persed or in islands – and has obviously very low hydrogen 
content. According to theoretical calculations [69], the 
binding energy of atomically dispersed carbon with surface 
or subsurface location is in the range of 284-284.5 eV. 
Thus one part of this C-Pd species may represent subsur-
face carbon. During the carbon accumulation from the 
background the initial “layer” starts to reconstruct and 
when the amount of carbon is high enough, three-
dimensional structures form (high contribution of graphitic 
carbon, Fig. 3 curve 2). When the surface is then exposed 
to hydrogen mainly the C-Pd type carbon is transferred to 
C-H type (Fig. 3 curves 3 and 4), while heating induces 
loss of hydrogen (Fig. 3 curve 5, Fig. 4 curve 3). Interest-
ingly, the presence of 4 mbar hydrogen seems to be negli-
gible compared to the effect of heating, since the C-H 
component at this stage was very low. High temperature 
favors the formation of C-Pd type carbon. Carbon on palla-
dium single crystal shows the same general behavior as 
observed for the foil, however, its ability to transform C-Pd 
to C-H is much smaller.   
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Figure 6: Pd 3d (5/2) region of palladium foil at different 
experimental conditions. Incident photon energy, hν = 720 
eV. Dashed line: measured data, full line: fits. The relative 
intensity of the 335.5 eV component is also included. 
 
 

 
 
Figure 7: Pd 3d (5/2) region of Pd(111) single crystal at 
different experimental conditions. Incident photon energy, 
hν = 720 eV (except that after O2 treatment, 660eV). 
Dashed line: measured data, full line: fits. The relative in-
tensity of the 335.5 eV component is also included. 
 

Figure 6, 7 show the complementary Pd 3d data to 
the C 1s spectra discussed above. The spectrum of the clean 
surface from Fig. 5 is also included in Fig. 7 for better 
comparison. In the literature [19,70] mainly three types of 
metallic palladium species are discussed, namely clean 
surface palladium atoms (surface core level shift) with a 
BE of 3d5/2 ~334.7 eV, bulk palladium at ~335.0 eV and 
surface palladium atoms covered by (or bonded to) differ-

ent types of adsorbed species. Binding energies for the last 
type were found in the range of 335.3-335.6 eV. Since our 
palladium is always covered by some type of carbon (in 
non-oxidizing conditions), it is not surprising that our Pd 3d 
least square fits did not show any component at ~ 334.7 eV 
(SCLS). Thus the Pd 3d core level peaks were fitted only 
by two components; bulk Pd and adsorbate-induced Pd. 
After cleaning in high vacuum, the adsorbate-induced sur-
face peak was already present. Its intensity increases during 
the carbon accumulation period. Its highest intensity was 
reached in hydrogen ambient (Fig. 6 curve 3), when the 
total amount of carbon was highest as well. Interestingly, 
temperature treatment (623 K) removed most of this com-
ponent; the lowest level (9.2%) of this component was 
reached under those conditions, even though the total car-
bon content was still 70%. Here again, Pd(111) behaves 
quite similar to the Pd foil. It is interesting to mention, 
however that, although the relative amount of the adsor-
bate-induced surface Pd peak is rather comparable for the 
two samples at the steady HV and at high T conditions (Pd 
foil: 23.2% and 9.2% and Pd(111): 23.1% and 11.5%), the 
total amount of carbon is roughly twice as high for the Pd 
foil. In light of the above data, the total amount of carbon 
cannot be correlated to the adsorbate-induced surface Pd 
component.  

Since we have seen that it was impossible to corre-
late the adsorbate-induced surface Pd peak to the total 
amount of carbon, we have plotted the main carbon com-
ponents as a function of the relative abundance of Pd 3d 
335.5 eV peak (Fig. 8). It is difficult to draw unambiguous 
conclusions, however some remarkable observations can be 
done. First, some loose correlation can be suspected from 
most of the data points as indicated by the full lines. Ac-
cording to these, the graphitic phase appears to be almost 
independent of and the other two carbon species seems to 
have a sort of complementary positive and negative correla-
tion to the 335.5 eV palladium component. Surprisingly, 
the C-Pd species has a negative while the C-H component a 
positive correlation to the adsorbate-induced surface Pd 
peak. Second, the first data point after the cleaning proce-
dure in HV (indicated by circled symbols) does absolutely 
not fit into the trendlines, demonstrating that UHV and in-
situ (with gas phase) conditions might differ quite strongly 
from each other (pressure gap). 
 
 
Discussion 
 

In the previous section we presented XP spectra in 
varying gas phase environment at different temperatures 
that demonstrated the dynamic behavior of the surface in 
the palladium system. These changes were only detectable 
in-situ; no “postmortem” examination enables to reveal the 
alterations. This was demonstrated unequivocally in Fig. 5 
when the two successive scans on Pd3d showed different 
spectra; the surface oxide could only be observed in O2 
ambient and decomposed rapidly in HV, leaving behind 
pure metallic palladium. Due to the background pressure of  
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Figure 8: Correlation of the total carbon content and the relative amounts of the individual carbon types as a function of the rela-
tive amount of adsorbed-induced Pd 3d component. Pd foil data are included. Most of the data points originate from Fig. 2 and 4. 
 
10-7 mbar, however, the surface gets quickly contaminated 
by carbonaceous species. An additional source of carbon 
accumulation is a beam-enhanced deposition of carbon 
containing molecules from the gas-phase background. The 
possibility of such quick surface contamination is therefore 
the “price to pay” when using non-UHV XPS chambers. In 
our mind, however, this is the only way to perform XPS 
measurements mimicking realistic catalytic conditions. 

We identified three main types of surface carbon in 
our system: carbon in interaction with palladium, carbon 
connected to carbon, and “hydrogenated” carbon. The hy-
drogen content of the carbonaceous deposit depends on the 
hydrogen pressure and the temperature; higher p(H2) and 
lower temperature favor the formation of C–H species. At 
elevated temperature the hydrogen content is low and the 
C-Pd component is increased. The spectrum measured in 4 
mbar H2 at 623 K indicates that the rate of C–H bond 
cleavage is much faster than its generation and hydrogen 
readily desorbs (not surprisingly) at this T.  

We have seen that at higher temperature (mainly C-C 
and C-Pd is present) the adsorbate-induced surface Pd 
component (BE: 335.5 eV) is small (9-11%), although the 
total carbon content is still very high (up to 70%). This 
apparent contradiction can be explained assuming that part 
of the carbon is located not directly on the palladium sur-
face but in 3-D graphitic islands and part of the carbon is 
atomically dispersed in the subsurface region. The higher 
C-Pd component on the foil points to more corrugated pal-
ladium surface with carbon in in/sub-surface position. The 
loose negative correlation between the surface-related ad-
sorbate-induced Pd component (Pd3d) and the C-Pd (C1s) 
strengthens the localization of C-Pd not to the surface but 
to the subsurface region. The defect-rich polycrystalline 
surface ensures efficient carbon infiltration, which leads to 
expansion of the palladium lattice (see paragraph about 

HRTEM in Part II). Considering the presence of subsur-
face carbon, the C-Pd to C-H transformation can be ex-
plained by the direct hydrogenation of atomically dispersed 
carbon and by a more complex process, hydrogen entering 
the subsurface position replacing carbon, which will then 
either pushed deeper into the bulk or up to the surface, 
where its hydrogenation can take place.  

The Pd(111) single crystal hydrogenates its carbon 
deposit much weaker than the polycrystalline foil, although 
the carbon content on the foil was approximately twice as 
high. Assuming that the rate of hydrogen dissociation is 
much faster on palladium (even in its highly covered state) 
as on the carbonaceous deposits, the polycrystalline sample 
promotes the (re)hydrogenation of the (sub)surface carbon 
much stronger than Pd(111). The palladium foil interacts 
with the carbon more “intimately”, which can be deduced 
from the higher abundance of C–Pd species on the foil and 
from the above mentioned higher re-hydrogenation ability.  

Hydrogen interacts with palladium readily giving rise 
to ad- and absorbed phases. The equilibrium diagram of the 
palladium-hydrogen system with the two homogenous hy-
dride phases (α and β) and the heterogeneous two-phase 
below the critical temperature is well known [29,71,72]. 
However, in “surface-science” conditions, as demonstrated 
by ongoing debates about different hydrogen species, the 
observed patterns (TDS, LEED, HREEL etc.) strongly 
depend on the sample- and adsorption temperature, on the 
introduced amount of hydrogen, on the surface cleanness 
and partly also on the exposed surface. Under our experi-
mental condition with pH2 in the mbar range palladium is 
expected to be in the α phase, the equilibrium pressure for 
phase transition towards the β phase at RT being at about 7-
10 mbar. No XPS data exists in the literature in realistic 
conditions for the two hydride phases. The available meas-
urements [73-75] were done after generating the β phase 
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(PdH~0.6) at RT and subsequently cooling to ~ 100 K, at 
which temperature the equilibrium pressure is in UHV 
condition. The results indicated that the d-band is modified 
and shifted relative to EF, that the density of states at EF 
decreases, a new hydrogen induced band is formed about 7-
8 eV below EF, and the Pd3d core level shifts by ~ +0.2 eV 
to higher BE and becomes more symmetric. According to 
these papers all those findings should correspond to the β 
phase, while no information is obtained on the α phase. Our 
results resemble none of the literature findings. (For a dis-
cussion of the valence band spectra see Part II.) Therefore, 
if the literature data are transferable to catalytically realistic 
temperatures, our measurements were done in the α phase 
regime and the α phase does not exhibit the above spectro-
scopic pattern. Additionally, we have carried out experi-
ments to generate and measure the β hydride phase, as well.  

 

 
 
Figure 9: Pd 3d (5/2) of Pd foil before hydride formation 
and as a β hydride. 
 
 

 
Figure 10: Valence band of Pd foil in the β hydride state 
(1) and after hydride decomposition (2). RT and ~ 2.3 mbar 
H2. 
 
 

 
It is well known [29,71] that the α/β transformation exhibits 
a characteristic hysteresis. The decomposition of the β 
phase takes place at lower equilibrium hydrogen pressure 
than its generation. Therefore once producing this phase 
there might be a chance to measure it at pressures that were 
not enough to the generation. The preparation we used is 
explained in the Experimental section. Figure 9 and 10 
show the Pd 3d and valence band region of the palladium 
foil respectively, after the atmospheric hydrogen treatment 
but in 2.3 mbar hydrogen. The 3d core level displays after 
generating the β phase a 0.18 eV binding energy shift and 
the asymmetry of the peak decreased as was shown at low 
T and predicted by the theory [73,74,31]. Although the 
quality of the VB spectra is very poor, the similarity to the 
low temperature data concerning the hydrogen-induced 
band is obvious. This band was absent after heating the 
sample to 523 K. Therefore the presence of these features is 
characteristic for the β hydride, also at room temperature. 

 
 
Conclusion 
 

High-pressure XPS is an excellent tool for studying 
the electronic structure of catalysts under gas ambient in 
the mbar pressure range. We demonstrated that the surface 
is dynamic and reflects always on its ambient (gas phase, 
pressure, temperature). Surface oxide was observed on 
Pd(111) at 573 K, which decomposed as the oxygen supply 
was switched off. Owing to the high surface sensitivity of 
XPS, impurity accumulation by using non-UHV conditions 
(non-UHV chamber, non-infinite gas purity) is blown up. 
Carbon accumulated on palladium from the gas base-
pressure of the chamber. The carbonaceous layer on the 
surface was, however, strongly influenced by the presence 
of hydrogen and by the temperature. Few (1-4) mbar of 
hydrogen was not enough to form palladium β hydride. On 
the other hand, making use of the hysteresis of the α/β 
transformation, the β phase can be stabilized in this pres-
sure range. Its spectroscopic characteristics seem to be 
similar to literature data recorded at ~ 100 K. 
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