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a b s t r a c t
The dissociative sticking probability for H2 on Pd ﬁlms supported on sputtered Highly Ordered Pyrolytic
Graphite (HOPG) has been derived from measurements of the rate of the H–D exchange reaction at 1 bar.
The sticking probability for H2, S, is higher on Pd hydride than on Pd (a factor of 1.4 at 140 °C), but the
apparent desorption energy derived from S is the same on Pd and Pd hydride within the uncertainty of
the experiment. Density Functional Theory (DFT) calculations for the (1 1 1) surfaces of Pd and Pd hydride
show that, at a surface H coverage of a full mono layer, H binds less strongly to Pd hydride than to Pd. The
activation barrier for desorption at a H coverage of one mono layer is slightly lower on Pd hydride,
whereas the activation energy for adsorption is similar on Pd and Pd hydride. It is concluded that the
higher sticking probability on Pd hydride is most likely caused by a slightly lower equilibrium coverage
of H, which is a consequence of the lower heat of adsorption for H on Pd hydride.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction
Palladium is used industrially as a catalyst for, e.g. hydrogenation reactions and exhaust gas cleaning, and is unique among the
metals because it combines a high activity for hydrogen splitting
with a high solubility for hydrogen in the bulk. An interesting
question is to what extent the presence of H in the bulk of Pd will
change parameters such as the heat of adsorption and the equilibrium coverage of H on the surface, and ultimately how it will inﬂuence the reactivity of a real catalyst. The issue has been the subject
of a number of recent publications [1–7]. This contribution addresses the question of how the formation of Pd hydride in the metal bulk affects the dissociation rate of H2 on the Pd surface.
There exist a large number of studies of hydrogen adsorption on
Pd surfaces under ultra-high vacuum (UHV) conditions [8–19]. Values for the heat of adsorption at low H coverage between 90 and
127 kJ/mole H2 have been reported [8,14,18,19]. In general, the
heat of adsorption is found to decrease with increasing hydrogen
surface coverage [8,13,14,18]. Usually, the heat of adsorption is given as a function of work function shift rather than coverage. The
only study where the H surface coverage is quantiﬁed is made on
Pd(1 0 0), where the heat of adsorption drops to 70.4 kJ/mole H2
at a H coverage corresponding to 1.3 mono layer (ML) [14].
The absorption of hydrogen in Pd has been investigated extensively, see for example [20–25]. It is found that below a critical
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temperature of 298 °C, there exist two phases, a solid solution of
H in Pd, the a-phase, and the Pd hydride or b-phase. These two
phases coexist over a broad concentration range [20,22]. The heat
of absorption in the limit of zero bulk H concentration is 19 kJ/mole
H2 [21] and is thus signiﬁcantly lower than the heat of adsorption
on the surface. This means that the adsorption sites on the surface
will ﬁll before those in the bulk as the hydrogen pressure is increased. The lattice constant for Pd increases by about 3.5% on formation of the b-phase, which causes tensile strain to the lattice
[26,27].
The measurements of the heat of adsorption cited above were
made at pressures below 1  105 Torr and temperatures above
room temperature. From extrapolation in the phase diagram for
the H/Pd system the corresponding equilibrium atomic concentration of H in the bulk is below 1% [20]. Below the critical temperature of 300 °C this is in the a-phase region of the phase diagram
[20,21]. Due to the slow diffusion of H in Pd at temperatures below
room temperature, it is difﬁcult to obtain equilibrium between surface and bulk at the temperatures necessary to create the b-phase
under vacuum conditions. However, hydrogen absorbed in the bulk
close to the surface, frequently referred to as ’surface hydride’, has
been observed in TPD studies where hydrogen is dosed below
room temperature [9,11,12,19]. The only study of hydrogen
adsorption on b-phase Pd hydride which we are aware of was
made on a polycrystalline foil which was loaded at 2000 Torr
hydrogen pressure, cooled, and transferred to a UHV chamber
[28]. The activation energy for desorption was determined to be
33.8 kJ/mole H2 for a constant, but not speciﬁed, hydrogen surface
coverage [28].
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There are a number of DFT studies of the electronic properties of
Pd surfaces in the presence of hydrogen, quantiﬁed by electron
densities or the local density of states of the surface atoms [29–
36]. The adsorption energy has been calculated for various H coverages and surfaces [29–35,37–41]. Values for the adsorption energy at low coverage fall in the range of 83–138 kJ/mole H2
[30,31,34,37–41], with only a small decrease with H coverage up
to 1 ML [30,37,38,40]. With the exception of Ref. [34] all the published studies agree with experiments in that the fcc-hollow site
is the most favorable adsorption site on the Pd(1 1 1)-surface for
H coverages below 1 ML, [30,32,33,35,37–39,41–43]. Palladium
hydride has also been computationally characterized [44,45], but
to a much lesser extent than Pd.
The kinetics of adsorption have been investigated with molecular beam techniques and it was found that both activated and
unactivated adsorption paths are present on the clean surfaces of
Pd(1 1 1), Pd(1 1 0) and Pd(1 0 0) [16,17]. This is in agreement with
theoretical studies where both activated and non-activated pathways were found by calculating the full potential energy surface
with DFT [33]. More recent studies have investigated H2 dissociation at high hydrogen surface coverage, originated by a STM study
by Mitsui et al. [43,46], where it was found that at high coverage,
adsorption does not occur on vacancy dimers. Instead, an ensemble
of more than two vacancies is necessary [43,46]. Density Functional Theory (DFT) calculations indicate that an ensemble of three
vacancies, where a Pd atom does not bind directly to H gives a lower barrier for desorption than a vacancy dimer [40]. Molecular
dynamics calculations of H2 adsorption on Pd(1 1 1) and Pd(1 0 0)
conﬁrm that adsorption on the H covered surfaces does not occur
on vacancy dimers under the conditions studied by Mitsui et al.
However, adsorption will occur on vacancy dimers for kinetic energies above 0.1 eV, even though the trimer is still more active [47].
Here we report an experimental study of the sticking probability and the apparent desorption energy for H2 on Pd and Pd hydride
at a hydrogen pressure of 1 bar in the temperature interval 25–
200 °C. The experiments are carried out on polycrystalline Pd ﬁlms
supported on a sputtered Highly Ordered Pyrolytic Graphite
(HOPG) substrate. The main motive for choosing HOPG as a substrate is that graphite is used as substrate in Proton Exchange
Membrane (PEM) fuel cells. In order to account for the effects seen
experimentally, DFT calculations of the adsorption energies and
the activation barriers for adsorption and desorption of hydrogen
on the (1 1 1) and (211) facets of Pd and on the (1 1 1) facet of Pd
hydride are carried out. The objective has not been to perform a full
investigation of the two systems, but to make a comparative analysis of the energies upon desorption and adsorption of H2 on the
(1 1 1) surfaces, and to use the (2 1 1) surface to investigate the
inﬂuence of steps.
The experiments show that the sticking probability is higher for
Pd hydride than for Pd. However, within the experimental uncertainty, the apparent desorption energy is the same for Pd and Pd
hydride. The DFT calculations indicate that H binds weaker to Pd
hydride than to Pd and that the activation energy for desorption
is slightly lower on Pd hydride. It is concluded that the reason
for the higher sticking probability on Pd hydride as compared to
Pd is a slightly lower hydrogen coverage on Pd hydride, caused
by the lower heat of adsorption for H on Pd hydride.
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onto a substrate. The vacuum chamber is also used for characterization of the metal ﬁlms with Auger Electron Spectroscopy (AES)
and Scanning Electron Microscopy (SEM). In the high pressure cell,
the individual catalytic activity of the metal ﬁlms is tested by measuring the local gas composition over the catalytic surface. Fig. 1
shows the principles of the high pressure experiment. The gas is
sampled with a quartz capillary leak, made from a 1 mm o.d.
quartz tube, and analyzed with mass spectrometry. The quartz
tube is mounted concentrically in the gas inlet nozzle, see Fig. 1,
and gas is blown toward the sample surface through the annulus
between the capillary and the nozzle. The entire gas sampling device can be moved in three dimensions over the sample. When the
sampling device is positioned over the center of one of the metal
ﬁlms, the gas ﬂow will prevent products formed on the other ﬁlms
from inﬂuencing the measurement [49]. The substrate is a 7 mm
by 7 mm Highly Ordered Pyrolytic Graphite (HOPG) sample which
is glued (Graphi-Bond 669, Aremco Products) onto a graphite disc,
10 mm in diameter and about 2 mm thick. The graphite disc is
mounted on two tungsten ﬁlaments, which are used for heating.
The sample temperature is measured with a thermocouple glued
onto the graphite disc at the edge of the HOPG sample, see Fig. 1.
The gases used are N60 (99.9999%) H2 and 99.8% D2 (main contaminant HD) which are additionally puriﬁed by guard catalysts [50].
In order to avoid contamination by sulfur, the high pressure cell
was cleaned by ﬂowing hydrogen through it at 1 bar for 48 h during bake-out at 150 °C.
The experimental procedures have been described in detail in a
previous publication [50]. In short, the HOPG sample is cleaned by
Ar sputtering for several hours between experiments, followed by
heating to 800 °C for 20 min to desorb any remaining Ar from the

2. Experimental details
The apparatus used in this investigation consists of an ultrahigh vacuum chamber equipped with a high pressure cell and
has been described in detail in a previous publication [48]. In the
vacuum chamber, model catalysts in the form of circular metal
ﬁlms are manufactured by electron beam evaporation of metals

Fig. 1. The gas sampling device positioned over a sample with metal ﬁlms. The
thickness of the ﬁlms has been exaggerated in the ﬁgure. The distance between the
tip of the capillary, where the leak is situated, and the sample surface, Z cap , is
0.2 mm, as is the distance between the nozzle and the sample surface, Z n .
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sample. The metal ﬁlms are evaporated with the substrate at room
temperature and an evaporation rate of 5–10 Å/min. The thickness
of the ﬁlms is 50 Å and the diameter 1 mm. After evaporation, the
sample is kept at 150 °C, in order to avoid adsorption of background gas. The cleanliness of the ﬁlms is checked with AES before
the sample is moved to the high pressure cell [50].
Fig. 2 shows STM images of a 50 Å thick Pd ﬁlm. The ﬁlm was
exposed to 1 bar of H2 in the high pressure cell for 1 h prior to
transfer to the STM in air. The ridge-like structure is a feature of
the substrate and is caused by the sputtering. The Pd ﬁlm is probably not continuous, since C is always present in the Auger spectra.
However, it is difﬁcult to quantify the amount of carbon, due to the
peak overlap between C and Pd. In a similar study including the
metals Ir, Pt, Co and Ni, which do not give peak overlap, it was concluded that C is present in the Auger spectra at atomic concentrations between 4% and 25% [50].
The high pressure measurements are carried out with a mixture of 1% D2 in H2 at 1 bar total pressure. The sample was ﬁrst
kept in the high pressure cell at 1 bar and 200 °C for at least
1 h, which is the time needed to align the gas sampling device.
The measurements were then carried out for decreasing temperatures starting at 200 °C. To safeguard against changes in the
reaction rate due to, e.g., contamination or structural changes of
the surfaces, the ﬁrst measurement was repeated at the end of
the series. The total exposure time in the high pressure cell varied
between 4 and 24 h.
After the high pressure experiment, the sample was transferred
back to the main chamber for AES analysis, while kept at 150 °C. No
contaminants other than C were detected after the high pressure
experiment. From the AES spectra, it seems that the amount of C
often increases somewhat during the high pressure experiment.
This could indicate restructuring of the ﬁlms or migration of carbon from the support onto the metal surface.
The mass spectrometer signals for H2 and D2 were calibrated
using the signals measured over the graphite substrate, where
the gas composition is the same as in the gas fed to the high pressure cell [49]. For HD, the calibration factor was obtained by comparing calculated HD pressures to the measured, background
corrected HD signal [51]. The uncertainty in the partial pressures
of H2 and D2, pH2 and pD2 , is about 1% [51]. The dominating source
of error when determining the calibration factor for HD is the
uncertainty in the position of the capillary and the nozzle relative

to the sample surface. This gives an uncertainty in the absolute value for the HD pressure, pHD , of ±10% [51].
A simple model is used in order to describe the net HD production rate as a function of the partial pressures at the catalytic surface [51]. It is assumed that the sticking probability, S, has the same
value irrespective of whether the adsorbing molecule is H2, HD or
D2, and that it does not depend on the H/D ratio on the surface.
Since the experiments are made with only 1% D2, the total hydrogen coverage is assumed to equal that corresponding to 1 bar of
pure H2.
It is furthermore assumed that the desorption rates r HH ; rHD and
rDD fulﬁll

rHD ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K F r HH rDD

ð1Þ

where the ﬂux equilibrium constant, K F , is given by

KF ¼ Kg

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mH2 mD2
mHD

ð2Þ

and K g is the equilibrium constant for the gas phase reaction

H2 þ D2  2HD

ð3Þ

[51].
Eq. (1) is, for example, fulﬁlled if the desorption rates are proportional to the products of the coverages of H and D, hH and hD ,

rij ¼ kij hi hj ;

i; j ¼ H; D

ð4Þ

and the kij are rate constants derived from transition state theory
(TST) [51].
In principle, S might differ between the different species due to,
e.g., different differences between the entropy for the transition
state and that of the gas phase. Differences in the sticking probability for H2, HD and D2 can be taken into account in the model [51].
However, we have not been able to ﬁnd any useful experimental
data in the literature. The presence of an activation barrier for
adsorption could also give rise to differences in the sticking probability for H2, HD and D2 [52]. Whether the sticking probabilities
will be different or not depends on the ground state energy of
the transition state for adsorption of H2, HD and D2 relative to
the ground state of the molecules in the gas phase. Since it is presently not clear whether there is an activation barrier for adsorption
on the surfaces studied, see Section 4.2.2, no attempt was made to
include such effects in the data evaluation.

Fig. 2. STM images of a 50 Å thick Pd ﬁlm. The images were obtained by an Omicron UHV STM after transfer in air. The tunnel currents were 600 and 800 pA for the left and
right image, respectively. The corresponding bias voltages were 0.1 and 1.8 V, respectively.
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The model for the HD production rate at the Pd surface is used
in computational ﬂuid dynamics simulations which yield the gas
composition distribution in the volume over the sample. The result
of interest is the gas composition at the point of measurement (the
tip of the capillary) as a function of S [49,51]. With knowledge of
this relation, S can be obtained from measured gas compositions
by interpolation. The partial pressure of D2, pD2 , was used to calculate S, if the lowering in pD2 relative to the D2 pressure over the
graphite surface (the partial pressure in the gas fed to the high
pressure cell) was more than 8%, otherwise the HD pressure was
used to determine S. In the latter case, the calibration factor for
the HD signal was obtained from a measurement where pD2 could
be used to obtain S.
The lower detection limit for the HD pressure is determined by
the sensitivity limit of the mass spectrometer, which is only about
0.1 mbar in this case, due to the background of Hþ
3 formed in the
ion source. The detection limit corresponds to S  5  106 [51].

For the experiment shown in Fig. 3 it is believed that steady state
was achieved after changes in the temperature, except for the
points at 140 and 160 °C, since the values for increasing and
decreasing temperature agree, within the uncertainty of the
experiment. The difference between the values for increasing
and decreasing temperature at 140 and 160 °C could either be
due to a too short measurement time or to hysteresis.
Fig. 4 shows the partial pressure of HD, pHD , over the center of a
Pd ﬁlm as a function of the temperature, T. The measurements
were carried out ﬁrst for decreasing and then for increasing temperatures. In this measurement the cycle time was as short as possible, or about 200 s. As is clear from Fig. 4, the time to achieve
steady state was shorter in this experiment, since the data for
increasing and decreasing temperature agree, with the exception
of the value for 140 °C at 1 bar. As a matter of fact, there appears
to be an interval of hysteresis around 140 °C at 1 bar. In order to
check whether the interval of hysteresis moved to lower temperatures with decreasing pressure, experiments were also performed
at 0.5 and 0.1 bar. The data is shown in Fig. 4.

3. Experimental results

7

Fig. 3 shows the HD signal (3 AMU) obtained in an experiment
with one Pt and one Pd ﬁlm. The results for Pt are not relevant to
this study, but were published elsewhere [51]. At t ¼ 0 min, the
gas sampling device is positioned 0.2 mm over the center of the
Pd ﬁlm. The temperature is 200 °C and the total pressure 1 bar.
The insert shows the HD signal during one measurement cycle:
The gas sampling device is moved from the center of the Pd ﬁlm
to the center of the Pt ﬁlm and then to a point over the graphite
sample, well away from the metal ﬁlms, to obtain a measurement
of the background level. Finally, the gas sampling device is moved
back to the Pd ﬁlm and the temperature is changed before the cycle
is repeated. Thus, apart from the time spent over Pt and C, the HD
signal reﬂects the activity of the Pd ﬁlm.
As can be noted from Fig. 3, the approach to steady state is
slow after lowering/raising the temperature to 140 °C. The time
to achieve steady state after a change in temperature varied in
a seemingly random way between experiments. In some cases
it was observed to be more than 10 min. Typically, the approach
to steady state was slow close to the temperature range where
the a- and b-phases coexist, see Section 3.1. It is known that
the time needed for the formation/destruction of the b-phase depends sensitively on the surface conditions, and can be many
hours, or even days, at room temperature for bulk samples [53].
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Fig. 4. The partial pressure of HD, pHD , over the center of a Pd ﬁlm as a function of
temperature. The stars indicate data for decreasing and the circles for increasing
temperature. The approximate temperature intervals where the a- and b-phases
coexist during absorption and desorption are indicated for each pressure.
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Fig. 3. The HD signal (3 AMU) as a function of time during a series of measurements in the high pressure cell. The gas sampling device is moved from a Pt to a Pd ﬁlm and then
to a clean area on the C substrate. After each cycle the temperature is changed.
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3.1. The temperature range for the mixed a þ b-phase
It is well known that there is hysteresis for the hydrogen/Pd
system as the pressure is cycled at a ﬁxed temperature, so that
the plateau pressure for absorption is higher than for desorption
[22,23]. Such experiments are performed by measuring the hydrogen uptake and the steady-state pressure as a function of temperature. In order to identify the temperature region where the H/Pd
system will go from a-phase to a þ b-phase and from a þ b-phase
to b-phase in this experiment, which is performed at a constant
pressure, it is necessary to analyze the published isotherms in
some detail.
Fig. 5 shows desorption isotherms for the H/Pd system published by Frieske and Wicke [20]. Isotherms for both desorption
and absorption have also been published by Lässer and Klatt
[22]. The desorption isotherms correspond to thermodynamic
equilibrium [23], and there is excellent agreement between the
two data sets. The concentration limits for the mixed a þ b region
shown in Fig. 5 are the ones given by Frieske and Wicke [20]. Values for the lower concentration limit of the b-phase, which are in
agreement with those given by Frieske and Wicke, were also published by Lässer and Klatt [22]. In the forthcoming, the phrase b-Pd
will be used for b-phase Pd hydride, and a-Pd for a-phase solid
solution of H in Pd.
In order to obtain values for the pressures investigated in this
study, the following interpolation procedure was used for the isotherm data. First, interpolation was carried out to yield values for
the pressure at a sufﬁcient number of concentrations. By interpolation for a ﬁxed concentration it is now possible to obtain the pressure at intermediate temperatures. Linear interpolation of the
logarithm of the pressure was used throughout. By plotting a number of isotherms, as shown in Fig. 5, it is clear that the transition
from a- to b-Pd will occur in the range 110–70 °C at 0.1 bar,
145–120 °C at 0.5 bar and 165–145 °C at 1 bar. These limits would
be expected to be valid for desorption (increasing temperature)
and are displayed in Table 1 and indicated in Fig. 4.
In order to predict the transition region for absorption (decreasing temperatures), the absorption isotherms by Lässer and Klatt are
used [22]. Furthermore, it is assumed that the concentration limits

α

200

β

α+β

T (oC)
165
160

0

10

1 bar

pH (atm)

145
0.5 bar

2

120
110

0.1 bar

−1

10

70

0

0.1

0.2

0.3

0.4

0.5

0.6

Table 1
The upper temperature limit for the pure b-phase, T b;max , and the lower temperature
limit for the pure a-phase, T a;min . The values are approximate and were obtained from
literature data as described in the text.
p (bar)

0.1
0.5
1

Absorption (decreasing T)

Desorption (increasing T)

T b;max (°C)

T a;min (°C)

T b;max (°C)

T a;min (°C)

50
100
125

100
120
150

70
120
145

110
145
165

for the mixed a þ b region are the same as for the equilibrium isotherm. The interpolation was carried out as for the desorption isotherms. The approximate temperature limits for the mixed a þ b
region are displayed in Table 1 and indicated in Fig. 4. The values
for 0.1 bar were obtained by extrapolation.
From Fig. 4, it can be seen that the predicted area of hysteresis
agree very well with that seen experimentally, at least for 0.5 and
1 bar. Based on the shape of the curve for 1 bar, it is even tempting
to assume that the data points below 140 °C for decreasing temperature are mainly b-Pd, and the ones above 140 °C for increasing
temperature are mainly a-Pd. At 0.1 bar, the signal to noise ratio is
worse as a consequence of the lower signal, and there is no clear
hysteresis. This may be due to the fact that formation of hydride
is too slow to be observed in this experiment at 80 °C.
The measurements by Lässer and Klatt were carried out on
10 lm thick Pd foil [22]. It has been reported that for Pd ﬁlms with
a thickness of less than 100 nm, the plateaus in the pressure versus
uptake curves become less pronounced with decreasing ﬁlm thickness [54–57]. Similar observations have also been made for nanoparticles with a diameter below approximately 10 nm [58–65]. In
addition, the difference between the pressures for absorption and
desorption in the pressure range where the a- and b-phases coexist
for bulk Pd have been reported to vary with particle size
[20,21,58,60,63–65]. One of the reasons for the change in the isotherms as compared to bulk Pd is that the hydrogen uptake in
the a-phase is larger for nanoparticles [58,60–65]. This has been
attributed to absorption of hydrogen in subsurface sites [58,60],
to a strong increase in the heat of adsorption with decreasing particle size [61] or to an increase in the heat of formation for the bphase [63]. It has also been argued that no phase transition occurs
for particles with a diameter of 3.8 nm, whereas it does occur for
particles with a diameter of 6 nm [66]. The picture is complicated
by the fact that these studies report the total hydrogen uptake, i.e.,
it is not known how much of the hydrogen that was adsorbed on
the surface. Later it was shown that for Pd particles with a diameter of about 10 nm supported on alumina, the bulk solubility for H
in the a-phase is in fact higher than for bulk Pd [67]. The good
agreement between the temperatures where hysteresis occurs in
this measurement and the values predicted from bulk data actually
indicates that, at least for the ﬁlms studied here, hydrogen absorbed in the ﬁlm bulk experiences the same environment as in
bulk Pd.
The equilibrium pressure for a given concentration is signiﬁcantly higher for D2 than for H2 [22]. This would lead to slightly
lower concentrations (phase limits) at a given total pressure. Since
the experiments in this study were carried out with only 1% D2, the
inﬂuence of D2 on the isotherm is neglected.

H/Pd
Fig. 5. The equilibrium pressure of hydrogen as a function of the bulk H/Pd ratio.
The data points from Ref. [20] are denoted by stars. The limits for the transition
from a to a þ b and from a þ b to b-phase are denoted by the dash-dotted curve and
was also obtained from Ref. [20]. The solid curves are obtained by linear
interpolation between the data points. The dashed curves are the interpolated
isotherms for those temperatures where the isotherm cuts the lower or upper limit
for the a þ b region at 1, 0.5 and 0.1 bar.

3.2. The sticking probability
The sticking probability for H2, S, at 1 bar can be obtained from
the measured partial pressures of HD and D2 by interpolation in
calculated relations between S and the gas composition at the tip
of the capillary. Fig. 6 shows the sticking probability extracted
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Fig. 6. The sticking probability for H2, S, on Pd at 1 bar pressure. The temperature
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indicated in the ﬁgure.

from the data obtained at 1 bar along with the limits for the mixed
a þ b region.
No estimates for S could be obtained at pressures lower than
one bar, since the rate of diffusion of HD against the direction of
ﬂow increases at lower total pressure, which makes it difﬁcult to
measure the correct background level over the graphite substrate.
Also, the signal to background level is worse at lower pressure,
since the leak rate of the capillary was optimized for 1 bar.
The dominating source of error in S is the uncertainty in the position of the capillary and nozzle relative to the sample. It is estimated that S can be measured with an accuracy of ±10% [51].
However, it was found that there is a difference in S between evaporations, probably caused by variations in the effective surface
area, which gives rise to a variation in S of at most a factor of
two [50]. It is therefore estimated, that the absolute magnitude
of S is reliable within a factor of two, whereas the functional shape
of S as a function of T should have a much smaller uncertainty,
since the gas sampling device is not realigned during a series of
measurements.

With knowledge of the sticking probability, S, the adsorption
rate for H2 at 1 bar, rads , can be calculated according to

r ads ¼ SF H2

ð5Þ

where F H2 is the molecular ﬂux of hydrogen toward the surface

ð6Þ

Here, pH2 is the hydrogen pressure and mH2 the molecular mass of
H2.
Since, in steady state,

r ads ¼ r des

ð7Þ

the apparent activation energy for desorption, Eapp , can be obtained
by ﬁtting the logarithm of the expression

r des ¼ n exp



Eapp
kT

2.2

2.4


ð8Þ

to an Arrhenius plot of r des , as is shown in Fig. 7. Note that the prefactor n and Eapp are assumed to be temperature independent in Eq.

2.6
1/T (K-1)

2.8

3

3.2
−3

x 10

Fig. 7. Arrhenius plot for Pd at 1 bar. The prefactors, n, were 5:5  1027 s1 m2 and
2:6  1028 s1 m2 for a- and b-Pd, respectively.

(8). In the Arrhenius plots, the data points below 140 °C for decreasing temperature are ascribed to b-Pd, and the ones above 140 °C for
increasing temperature are ascribed to a-Pd.
Table 2 contains average values for Eapp and n; Eapp and 
n, obtained in a number of experiments. In addition to the high temperature resolution experiments like the one shown in Fig. 7, also data
from experiments with lower temperature resolution are reported.
In a low temperature resolution experiment, measurements were
carried out for the temperatures 200, 175, 150, 125, 100, 80, 60,
40, 150 and 200 °C. In such an experiment there are thus only three
temperature points in the a-Pd region.
In order to be able to compare the apparent energies of desorption, Eapp , to calculated and measured values for the desorption energy, Edes , it is assumed that the rate of desorption is given by the
mean ﬁeld expression

r H2 ¼



1
Edes ðhH Þ
mH2 h2H Ns exp
2
kT

ð9Þ

By comparing with Eq. (8), it follows that

n¼

3.3. The apparent activation energy for desorption

pH2
F H2 ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pmH2 kT

2

200

1
mH h2 Ns
2 2 H

ð10Þ

There seems to be no information available in the literature on hH as
a function of the temperature at a hydrogen pressure of 1 bar. However, the low values obtained for the sticking probability indicate
that the surface has a high coverage of H. Thus, the sticking probability at hH ¼ 0; S0 , has been shown to be 0.1–0.2 for Pd(1 1 1) [18]
and to drop at least a factor of 100 when hH increases to 1 [13]. For
Pd(1 0 0) it is reported that S ¼ 0:017 for hH ¼ 1:3 [14]. Hence, it is
assumed that the hH  1, so that hH can be assumed to be a weak
function of the temperature in Eq. (10). A related problem is, that
in order for Edes to be comparable to Eapp ; Edes must be reasonably
constant over the (small) variation in hH that occurs over the temperature range investigated. As will be discussed further on, the
DFT calculations indicate that the activation energy for desorption
is not strongly coverage dependent, at least not for the (1 1 1) surfaces of Pd and Pd hydride and hH 6 1. The values for mH2 displayed
in Table 2 were calculated from Eq. (10), under the assumptions
that hH ¼ 1, and that mH2 is independent of temperature.
The value of approximately 30 kJ/mole H2 obtained for Eapp for
b-Pd in this study is in excellent agreement with the value reported
for Edes for b-Pd of 33.8 kJ/mole H2 [28]. Another study, where no
surface analysis was carried out, gives similar values for Edes if
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Table 2
Average values and standard deviations for Eapp and n. The table also contains values for mH2 calculated from n under the assumption that hH ¼ 1 and that the site density is equal
to the atomic density of the close packed surface, N s . N is the number of experiments used for the analysis. Experiments with low temperature resolution are indicated by LR and
experiments with high temperature resolution by HR. The low resolution data obtained for T < 150 °C was reported previously [51].

n (m2 s1)

Std ðnÞ (m2 s1)

N s (m2)

Eapp (kJ/mole H2)

Std ðEapp Þ (kJ/mole H2)

a-Pd, LR

29.7

1.8

1:22  10

4:5  10

1:5  10

b-Pd, LR

29.3

1.9

1:49  1028

6:0  1027

a-Pd, HR

29.3

2.1

6:50  1027

b-Pd, HR

31.6

0.3

1:90  1028

the evaluation principle used in Ref. [28] is applied to the data for
b-Pd [68].
In contrast, for a-Pd it is reported that the heat of adsorption for
the highest hH achieved under vacuum conditions is 75 kJ/mole for
Pd(1 1 0) [18], 71 kJ/mole for Pd(1 0 0) [14] and 100 kJ/mole for a
Field Emission Microscopy (FEM) tip [8]. In addition, it was deduced that Edes ¼ 78 kJ/mole H2 at hH ¼ 0:9 for Pd(1 1 1) under the
assumption of a second order sticking probability [13]. Since the
pressure of 1 bar used here is at least seven orders of magnitude
higher than in the vacuum studies, a higher hH , and consequently
a lower heat of adsorption would be expected. However, even if
it is assumed that there is no barrier for adsorption, the values obtained under vacuum conditions are much higher than the value of
approximately 29.5 kJ/mole H2 obtained for Eapp for a-Pd in this
study. As a matter of fact, an earlier study showed that the agreement between Eapp and the heat of adsorption measured under vacuum conditions at high coverage is signiﬁcantly better for the
metals Ni, Co, Rh, Ru, Ir and Pt than for Pd [50]. The main reason
for the discrepancy is probably that, in general, true equilibrium
between bulk and surface is not achieved in vacuum experiments,
due to the high solubility and the slow diffusion of H in Pd at typical dosing temperatures [13,18,19]. Thus, it is expected to be difﬁcult to populate adsorption sites with a low heat of adsorption
under vacuum conditions, since H will tend to go into the bulk
instead.
Since the value obtained for Eapp for a-Pd of 29.5 kJ/mole H2 is
still higher than the heat of absorption in the Pd bulk (19 kJ/mole
H2), it would be expected that the surface coverage of H is signiﬁcantly higher than the bulk concentration, if it is assumed that
adsorption is unactivated and Eapp is an effective value for the most
loosely bound hydrogen on the surface. This is conﬁrmed by the
low values for S measured for a-Pd which indicate that hH  1
while the bulk is still in the low concentration a-phase.
In order to compare rdes for a- and b-Pd, rdes was calculated for
140 °C with the help of Eq. (8) and the values for Eapp and n for a
and b-Pd, respectively. From the values for rdes , the ratio
Q 140 ¼ r des;b ð140Þ=rdes;a ð140Þ was calculated. If all the measurements, including the ones with low temperature resolution, are
used, the average value for Q 140 , Q 140 , over 11 measurements is
1.36 with a standard deviation of 0.11. From Eqs. (5) and (7) it also
holds that Q 140 ¼ Sbð140Þ =Sað140Þ . Note that it is obvious from Fig. 6
that S is higher for b-Pd than for a-Pd, and that this conclusion is
not dependent on the extraction procedure used for Eapp . In the
context of S, the use of Eq. (8) to calculate Sbð140Þ =Sað140Þ can be considered as an interpolation procedure which is used to increase the
accuracy.
Based on the standard deviation for Eapp in Table 2, it seems reasonable to estimate the error in Eapp to ±2 kJ/mole for both a-Pd and
b-Pd. The larger standard deviation for n in Table 2 is believed to be
a consequence of the variation in microscopic surface area between
different measurements [50].
The values for mH2 in Table 2 are much lower than expected from
transition state theory. The reason for this is presently not understood, but a discussion on the topic may be found in Ref. [50].

28

mH2 (s1)

N

9

9

1:4  1019

1  109

9

1:41  1027

1:5  1019

4  108

2

9:90  1027

1:4  1019

1  109

2

27

19

1  10

3.4. The inﬂuence of C
It has been reported that C is absorbed in the Pd bulk during
hydrogenation reactions [4,6,7], and that such absorbed C inﬂuences the adsorption energy for H [7]. Even though it is not obvious
that graphite would give rise to absorbed C under the conditions
encountered in this study, it cannot be excluded that C is present
on the Pd surface and this could inﬂuence the activation energy
for desorption of hydrogen. In order to investigate whether C on
the surface or in the Pd bulk inﬂuenced the measured values for
S, experiments were performed with 1000 Å thick Pd ﬁlms evaporated on freshly cleaved, unsputtered HOPG. From analysis with
XPS, which was added to the setup after the completion of the
main series of experiments, it is concluded that for these ﬁlms,
the amount of C on the Pd surface is below the detection limit
(1%) both before and after the high pressure measurements. Unfortunately, for these thick ﬁlms, the approach to steady state is very
slow (several hours) close to the temperature range where the aand b-phase coexist, and therefore it was not possible to measure
S in the range 100 < T < 160. However, the values for S measured
for pure a-Pd and b-Pd agree, within the accuracy of the experiment, with the values obtained for the 50 Å ﬁlms.

4. DFT calculations
4.1. Model and calculational details
In order to describe the experiments presented in this paper, a
model system for b-phase Pd hydride was developed. For the
a-phase solid solution of H in Pd, the pure Pd metal is used as a
model for the a-phase bulk, since it would require prohibitively
large unit cells to model systems with H bulk concentrations well
below 5%, see Fig. 5. Adsorption of H was studied on both the
Pd(1 1 1) and the Pd(2 1 1) surfaces in order to elucidate the inﬂuence of steps.
The neglect of bulk H in the model for the a-phase can be justiﬁed by the good general agreement between DFT calculations
where bulk H is not taken into account, and experiments performed under UHV conditions, where bulk H is always present to
some degree, see e.g. Refs. [9–13,19]. The experimental studies of
most relevance for this investigation are the ones with the highest
H surface coverage (and thus H bulk concentration). As mentioned
in Section 3.3, values for the heat of adsorption and the desorption
energy in the interval 71-78 kJ/mole H2 have been reported for low
index surfaces of Pd at hydrogen coverages close to saturation
[13,14,18]. This is in reasonable agreement with the value for the
integral adsorption energy of 75 kJ/mole H2, obtained in a DFT
study of H adsorption on Pd(1 1 1) where bulk H was not taken into
account [38]. Furthermore, the results of another DFT study indicate that the interaction between subsurface H and H adsorbed
in the fcc-hollow site is weak [37].
All calculations are carried out using self-consistent DFT calculations with the Dacapo code [69], which uses plane waves as the ba-
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sis set for the Kohn–Sham wave functions [70,71], and Vanderbilt
ultra-soft pseudo-potentials to represent the ionic cores [72]. The
GGA-RPBE exchange-correlation functional is used in all calculations [73]. The energy cut-off of the plane waves and the density
are both chosen to be 26 Ry (354 eV). The calculations on the
Pd(1 1 1) and Pd hydride slabs are performed in periodically repeated 2  2 and 4  4 unit cells with three layers of Pd, with
4  4  1 and 2  2  1 Monkhorst Pack k-point sampling, respectively. The large unit cells are necessary for calculations with H coverages close to 1 ML, for reasons which will be explained in the
results section. The Pd(2 1 1) step has three layers underneath the
step and a 2  3 unit cell with 4  4 k-points sampling. The slabs
are separated with circa 12 Å vacuum to prevent interaction between images. The number of Pd-layers, k-point sampling and vacuum distance have all been evaluated in test systems and found to
be high enough to ensure convergence in the total energies.
In the model for Pd hydride, the H/Pd ratio in the bulk is assumed to be 0.75. This H/Pd ratio was found to give the lowest energy for H/Pd ratios between zero and one [5]. Different
conﬁgurations were calculated for this bulk concentration with
three layers of Pd and 1 ML of H adsorbed on the HCP hollow sites
on the surface. The conﬁguration with 1.0 H/Pd in the bottom octahedral holes and 0.5 H/Pd in the top octahedral holes was found to
yield the lowest energy and was used in the Pd hydride model. The
lattice constant for Pd bulk was optimized with the RPBE functional to be 4.02 Å. Optimization of the lattice constant for the hydride using the RPBE functional resulted in a value of 4.15 Å, which
is a 3.2% expansion from the pure Pd slab [5]. This is in excellent
agreement with experimentally determined values of 3.3% [26]
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and 3.47% [27]. For the Pd(1 1 1), Pd(2 1 1) and the Pd hydride slabs
the two bottom Pd layers are frozen but the atoms in the top Pd
layer are allowed to move. The subsurface H in the bulk as well
as the H adsorbed on the surface are allowed to relax. The Pd hydride slab with a H/Pd ratio of 0.75 in the bulk and 1 ML of H adsorbed in the hcp holes on the surface is shown in Fig. 8,
together with the Pd(2 1 1) slab.
The inﬂuence on the results caused by inclusion of the zero
point energy (ZPE) was also studied. The ZPE was calculated using
normal mode analysis with DFT calculations for the Pd(1 1 1) and
the Pd hydride surface. The ZPE for H2 in the gas phase is 26.1 kJ/
mole per H2 [74]. For the H adsorption state, values of 31.8 kJ/mole
per 2H* for Pd and 30.9 kJ/mole per 2H* for Pd hydride were found.
The calculated ZPE for the transition state was 29.9 kJ/mole per
2HTS for Pd and 26.1 kJ/mole per 2HTS for Pd hydride. The difference
in binding energy between Pd and Pd hydride will thus only
change by 1.0 kJ/mole H2 if the ZPE is included. The difference between the activation energies for Pd and Pd hydride changes by
3.9 kJ/mole H2 when the ZPE correction is taken into account.
These differences are small compared to the accuracy of the calculations, and will not inﬂuence the conclusions drawn in this paper.
Hence, all energies are reported without the ZPE correction.
4.2. Results
4.2.1. The differential adsorption energy
The binding energies for H atoms on different sites on the
Pd(1 1 1), Pd(2 1 1) and Pd hydride slabs are calculated relative to
H2 molecules in the gas phase. The high symmetry sites fcc, hcp,

Fig. 8. (a) Top view and (b) tilted side view of the Pd hydride structure with the three Pd-layers (grey) and the two subsurface H-layers (black). One monolayer of H is
adsorbed in the hcp sites on the surface (light grey). (c) Top view and (d) tilted side view of the Pd(2 1 1) stepped surface. The H adsorbed on the surface are numbered in order
of decreasing binding strength. The dimensions of the unit cells used are indicated for both surfaces.
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bridge and on-top were considered. For the Pd(1 1 1) surface, the
fcc sites are the most stable, as expected for a (1 1 1) facet of an
fcc crystal. However, the hcp-hollow sites were found to be the
most stable for the hydride surface, indicating a signiﬁcant repulsion from the H-atom just below the fcc-hollow site. For the
Pd(2 1 1) surface, H binds strongest to the fcc sites at the step for
the coverages 1/6–2/6 ML in our model (H labeled 1 in Fig. 8).
For 3/6–4/6 ML coverage, H additionally occupies the fcc hollow
sites on the (1 1 1) microfacet (H labeled 2) and for coverages of
5/6–6/6 ML, the bridge sites on the step are occupied (labeled 3).
At higher H coverage, H binds to the bridge site of the (1 0 0)-like
site underneath the step (labeled 4) and the last H considered here
bind to hollow sites on the microfacet (labeled 5). This behavior is
quite different from the results of exactly the same kind of DFT calculations for the Pt(2 1 1) surface, where H is initially adsorbed at
the step and thereafter occupies the (1 1 1) microfacet [75].
Fig. 9 shows the differential adsorption energy for H on the fcc
site on Pd(1 1 1) and in the hcp site on Pd hydride as a function of H
surface coverage up to 1 ML. For Pd(2 1 1), various sites are occupied as the coverage increases, as mentioned above. The initial
adsorption energy (low H coverage) is calculated to be 81 kJ/mole
H2 for the Pd(1 1 1) slab. This is in reasonable agreement with the
experimental value for the heat of adsorption at low H coverage
on the Pd(1 1 1) surface of 90 kJ/mole H2 [18]. Published calculated
values for the adsorption energy for H at low coverage on Pd(1 1 1)
fall in the range 133 to 85 kJ/mole H2 [30,31,34,38–41]. In one
of these studies H was found to bind strongest to the hcp site
[34]. According to our calculations, the initial adsorption energy
for H on Pd(2 1 1) is very close to that for Pd(1 1 1), in agreement
with a previous theoretical study on Pd(2 1 1) [41]. We have not
found any experimental values for the heat of adsorption for H
on the Pd(2 1 1) surface.
It is assumed that the system having 1 ML of H on the surface
describes the conditions of the experiments. As can be seen from
Fig. 9, the differential adsorption energy increases when approaching 1 ML H coverage. The differential adsorption energy at 1 ML H
is 50.9 and 38.6 kJ/mole H2 for the Pd(1 1 1) and the Pd hydride
surface, respectively. The mean absolute error compared to experiments in the differential adsorption energy should be less than
25 kJ/mole H2 [73], but the relative error between the two systems
should be much smaller. We have not found any experimental data
to compare these values to.
Several conﬁgurations were considered for H coverages above
1 ML on both surfaces. For a (1 1 1) fcc crystal surface with 1 ML

Fig. 9. Differential adsorption energy for H as a function of the surface H coverage
on Pd(1 1 1), Pd(2 1 1) and Pd hydride slabs.

in fcc sites, the next H prefer to bind to the on-top sites rather than
to the hcp sites [76]. For the Pd hydride surface, however, H on the
fcc sites are more stable than H on the on-top sites. Fig. 9 shows the
calculated binding energy for the fcc/on-top sites for Pd(1 1 1) and
for the hcp/fcc sites for Pd hydride above 1 ML. In both cases it is
unfavorable to adsorb H above 1 ML with respect to H2 in the gas
phase. However, it is two times more unfavorable to put additional
H on the on-top sites of the Pd(1 1 1) slab than on the fcc sites of the
Pd hydride slab. In order to get a data point just above 1 ML and to
see this discontinuity in the differential adsorption energy, larger
unit cells, 4  4, are used with 17/16 ML H coverage. Going beyond
1 ML does not, however, cost as much energy on the Pd(2 1 1) surface as on the Pd(1 1 1), since more alternative binding sites are
available around the step. A higher coverage than 1 ML can thus
be expected for a surface with defects. Since a polycrystalline Pd
surface was used in this study, the Pd(2 1 1) model system would
be expected to give a better description of the heat of adsorption.
4.2.2. Activation barriers for adsorption and desorption
In order to study the kinetics of H2 adsorption and desorption
the activation barriers, Ea , were calculated with the Nudged Elastic
Band (NEB) method [77,78]. The calculated barriers for dissociation
and recombination at different H coverages are shown in Fig. 10.
The activation energy for desorption:
The desorption barrier for H2 on Pd(1 1 1) and Pd hydride is
quite high (around 65–82 kJ/mole H2) and rather constant up to
1 ML, but above 1 ML, the activation energy decreases. At 1 ML,
the desorption barrier on the Pd hydride surface is slightly lower,
65.3 kJ/mole H2, than on the Pd(1 1 1) surface, 75.8 kJ/mole H2.
For Pd(1 1 1), values for the activation energy for desorption at
hH ¼ 1 of 63 kJ/mole H2 [10] and 78 kJ/mole H2 [13] were obtained
by ﬁtting models to experimental data. The agreement between
experiment and theory must, however, be viewed with caution
considering the assumptions used when extracting the activation
energies from experimental data.
Comparing the absolute magnitude of these desorption barriers
with the value found in the experiments of this paper, the DFT calculations are more than two times higher. The apparent desorption
energy for a-Pd given in Table 2 is about 29.5 kJ/mole H2 and the
calculated barrier 75.8 kJ/mole H2 for the Pd(1 1 1) model system
at 1 ML coverage. Since the surfaces studied in the experiment
are very rough and most likely have high concentrations of defects
and steps, NEB calculations were carried out for the Pd(2 1 1) model

Fig. 10. Activation energy, Ea , for adsorbing (open symbols) and desorbing (ﬁlled
symbols) H2 as a function of initial H coverage on Pd(1 1 1) (circles), Pd(2 1 1)
(triangles) and Pd hydride (squares) slabs.
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system with 1.00, 1.17 and 1.33 ML initial H coverage. The desorption barriers thus obtained of 41.6, 24.0 and 25.1 kJ/mole H2,
respectively, are in very good agreement with our experimental value of 29.5 kJ/mole H2. It is likely that steps would have a similar
effect on the activation energy for Pd hydride, since the desorption
barriers were very similar on the (1 1 1) surfaces of Pd and Pd
hydride.
The activation energy for adsorption:
The activation barrier for H2 adsorption increases slightly with
H coverage (3 to 27 kJ/mole H2) on Pd(1 1 1) and Pd hydride below 1 ML. Previous theoretical studies all report non-activated dissociation on Pd [33,40,47]. Here we get a 6.6 kJ/mole H2 adsorption
barrier on the clean Pd(1 1 1) slab. The reason for the slightly positive adsorption barrier (instead of zero or negative barrier when
comparing it to H2 in the gas phase) is the use of the RPBE xc-functional, whereas in the previous studies the PW91 functional, see
Ref. [79], was used [33,40,47]. The latter functional over binds adsorbed H, whereas the RPBE functional tends to give slightly too
low predictions for H adsorption energies when compared to
experimental values [50]. When using the PW91 xc-functional a
value of 5 kJ/mole H2 is obtained for the activation energy for
adsorption on the clean Pd(1 1 1) surface which is in better agreement with the value of 21 kJ/mole H2 calculated by Lopez et al.
with PW91 for a clean Pd(1 1 1) surface [40].
In order to get closer to 1 ML, the unit cell size is increased from
2  2 to 4  4. Thus one H2 molecule is adsorbed on a surface with
14/16 ML H coverage, resulting in 16/16 ML H coverage. This is
adsorption to a dimer vacancy. The vacancy aggregation energy,
or the energy required to create dimers from isolated vacancies,
is found to be rather small, 0.07 eV, and the lifetime of those dimers is relatively long [40]. If an H2 molecule is adsorbed onto
the surface and the H coverage becomes higher than 1 ML in the
ﬁnal state, the activation energy becomes much higher since the
adsorption sites occupied are very unstable, as can be seen from
Fig. 9. This can also be seen in Fig. 10, where having initially
1 ML H and adsorbing one H2, obtaining a ﬁnal coverage of
1.5 ML, results in activation barriers of 150 and 101 kJ/mole H2
for the Pd(1 1 1) and the Pd hydride surfaces, respectively.
The system best describing the experimental conditions here
would be the one having 14/16 ML coverage in the 4  4 unit cells.
The barriers are 24.9 kJ/mole H2 for Pd(1 1 1) and 26.7 kJ/mole H2
for the Pd hydride surface. Using the PW91 xc-functional for the
Pd(1 1 1) surface a barrier of 8 kJ/mole H2 is obtained. This is in
agreement with other PW91 calculations at similar H coverage,
where dissociation barriers of zero for a dimer vacancy, 3.9 kJ/
mole H2 for a triple vacancy centered around a hollow site and
11.6 kJ/mole H2 for a triple vacancy centered around a top site
were obtained [40].
In the experimental literature, adsorption of H2 on clean Pd surfaces is in general considered to be unactivated, since it occurs
with a high probability (>0.1) also at low temperatures
[12,14,18,19]. Molecular beam studies on Pd(1 1 1), Pd(1 1 0) and
Pd(1 0 0) reveal both activated and unactivated adsorption paths
[16,17]. The barrier for adsorption of H2 on Pd(1 1 1) via the activated path is estimated to be 4.8 kJ/mole H2 [16]. A molecular
beam study where H coverages up to 0.9 were studied gave no
indication of a barrier for adsorption [13].
Presently, it is not clear whether the discrepancy between the
calculations of the activation energy for adsorption for the
Pd(1 1 1) surface and the experimental data from the literature data
is due to the calculations overestimating the activation energy for
adsorption, or if it is due to the experiments being inﬂuenced by
the inevitable defects and steps present on real single crystal surfaces. The calculations for Pd(2 1 1) conﬁrm that the presence of
steps on the surface may lead to a signiﬁcant decrease in the
activation energy for adsorption. Hence, it is presently an open
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question whether there is a barrier for adsorption at high H coverage on the polycrystalline Pd surfaces studied here.

5. Discussion
The agreement between the temperature range where hysteresis occurs in our experiments and that predicted from literature
data is a strong indication that, at least for pressures above
0.1 bar, the phase transition between a-Pd and b-Pd actually occurs
under these experimental conditions. The slow attainment of steady state seen close to the temperature region where the hysteresis
occurs is additional evidence that the phase transition takes place,
since it is well known that the rate of formation/destruction of bPd may be extremely slow for bulk samples [53]. This is also illustrated by the dramatic increase in the time needed to reach steady
state for the 1000 Å thick Pd ﬁlms as compared to the 50 Å thick
ﬁlms. Based on these observations it is concluded that at 1 bar
hydrogen pressure, the data points below 140 °C corresponds to
b-Pd, and the ones above 140 °C to a-Pd.
The observed differences in the rate of hydrogen splitting between a- and b-Pd are rather small. At the temperature where aand b-Pd coexist, 140 °C, the adsorption/desorption rate for H2 on
b-Pd is approximately 1.4 times higher than that on a-Pd. Assuming all other factors equal, this corresponds to a difference in activation energy of 1 kJ/mole H2 at 140 °C, which is signiﬁcantly
smaller than the uncertainty in both DFT calculations and the
extraction of Eapp .
Keeping the limited accuracy of the calculations and measurements in mind, it is nevertheless interesting to see how much of
the difference in S between a- and b-Pd that can be explained.
The low sticking probabilities measured indicate that the surfaces
are close to saturated at all temperatures studied here. From Fig. 9,
the difference in the differential adsorption energy between Pd hydride and Pd(1 1 1) is about 12 kJ/mole H2 at 1 ML H coverage.
Based on the result for the (1 1 1) surfaces, it seems likely that H
binds less strongly to Pd hydride than to Pd. A lower heat of
adsorption for H on b- than on a-Pd would be expected to lead
to a slightly lower equilibrium coverage of H on b-Pd, which would
be expected to give a higher value for S, in agreement with what is
observed in the experiments.
The Pd(2 1 1) surface is expected to be the most suitable of the
investigated model systems for studies of the activation energies
for adsorption and desorption for the polycrystalline Pd surfaces
used in the experiments. The calculated activation energy for
desorption at 1 ML H coverage of 42 kJ/mole H2 for Pd(2 1 1) is in
reasonable agreement with the experimentally obtained values
for Eapp for a-Pd of close to 30 kJ/mole H2. Experimentally, it is
found that Eapp is the same for a- and b-Pd within 4 kJ/mole H2.
The calculated activation energy for desorption is slightly smaller
for Pd hydride than for Pd(1 1 1), as can be seen in Fig. 10. However,
the difference has to be considered to be within the margin of
uncertainty.
Fig. 11 shows calculated energy diagrams for adsorption and
desorption of H2 on Pd(2 1 1), Pd(1 1 1) and Pd hydride. The ﬁnal
H coverage is 1 ML, except for the trimer vacancies where the ﬁnal
coverage is 0.75. The diagram was obtained from the data presented in Fig. 10. As can be seen from Fig. 11, the local arrangement
of the adsorbed H on the surface is important for the activation energy for adsorption, as already seen elsewhere for the Pd(1 1 1) surface [40,46,47]. It should be noted that the energy level for the
adsorbed state is the integral and not the differential adsorption
energy.
The activation energy for adsorption varies between 0 and
25 kJ/mole H2, depending on surface and H conﬁguration on the
surface. As a matter of fact, adsorption on a trimer vacancy on Pd
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Fig. 11. Energy diagram for adsorbing and desorbing H2 on Pd(1 1 1), Pd(2 1 1) and
Pd hydride surfaces. The labels 2* and 3* denote adsorption on dimer and trimer
vacancies, respectively. The numbers within parenthesis give the size of the unit
cell used in the calculations. The H coverage is 1 ML for 2* and 0.75 ML for 3*.

hydride is seen to occur without a barrier for adsorption, whereas
there is always a barrier for adsorption on the Pd surfaces. This
would of course immediately explain why S is higher for b- than
for a-Pd. Considering the discrepancies with experiments as to
whether there actually is a barrier for adsorption at high coverage
on Pd(1 1 1), and the possibility that the barrier for adsorption
would be lower on a polycrystalline Pd surface, it is only concluded
that the activation energy for adsorption on b-Pd is similar to the
one on a-Pd.
The effect of the difference in H2 dissociation rate between aand b-Pd on the overall rate of, e.g., a hydrogenation reaction will
depend on the extent to which hydrogen splitting is rate limiting
for the overall reaction. However, since it seems likely that the H
coverage on b-Pd is slightly lower than on a-Pd under identical
conditions, it could be expected quite generally that for a reaction
where the rate is limited by a high H coverage, the rate would increase slightly as b-Pd is formed in the bulk. It should be noted that
under reaction conditions the H concentration in the Pd bulk is
determined by the steady state H coverage on the surface, rather
than by the partial pressure of hydrogen over the catalyst. Also,
the binding energy of H on the surface will in general be inﬂuenced
by co-adsorbates other than H as well as by the state of the Pd bulk.
6. Conclusions
Adsorption and desorption of H2 at 1 bar pressure is faster on bthan on a-Pd. The most likely explanation for the difference in rate
is that hydrogen binds weaker to b- than to a-Pd, which gives rise
to a somewhat lower H equilibrium coverage on b-Pd, which in
turn results in a slightly higher dissociative sticking coefﬁcient
for H2 on b-Pd.
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