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The hydriding kinetics of Pd thin films has been investigated in detail. The in situ experimental
technique used in this work consists of a high resolution curvature measurement setup, which
continuously monitors the reflections of multiple laser beams reflecting off a cantilevered sample.
After mounting the sample inside a vacuum chamber, a H-containing gas mixture is introduced to
instantaneously generate a given hydrogen partial pressure (py,) inside the chamber. The resulting
interaction of hydrogen with the Pd layer then leads to a volume expansion of the thin film system.
This induces in turn changes in the sample curvature as a result of internal stresses developing in
the Pd film during a hydriding cycle. Based on such in situ curvature data, three different kinetic

regimes have been resolved. The first two exhibited a linear increase of the internal stress in the

compressive direction with time. A systematic study of the py -dependency of the two constant
slopes was performed, based on newly derived constitutive kinetic equations. This resulted in the
identification of the first linear regime to be limited by absorption and the second one by adsorption.
After adsorption equilibrium is reached at the end of the second regime, a third, non-linear kinetic

regime, limited by absorption, was found to precede the final hydriding equilibrium. This switch
back to absorption-limited kinetics likely occurs due to a coverage dependent change in the
adsorption enthalpy of the surface hydrogen. Furthermore, from our in situ experimental

data, relevant kinetic and thermodynamic hydriding parameters have been derived. As a result,
this study was able to provide a self-consistent quantitative interpretation of the entire Pd room

temperature hydriding cycle in the alpha-phase domain.

1. Introduction

The interaction of hydrogen with metals has since long been a
topic of scientific and technological interest.! In particular, the
palladium—hydrogen system has attracted intensive research
efforts in physical chemistry as a model system because of its
high storage capacity, its high sensitivity and selectivity to H, gas,
and its ability to easily release hydrogen at room temperature.?
While for hydrogen-storage materials, intermetallic compounds
are nowadays considered to be more promising,*> Pd is
currently still considered to be a good candidate, especially
in thin film form, for applications like hydrogen sensors® and
gas purification membranes.” Additionally, pure Pd is often
being used as well in thin film form as a catalytic coating.®
Despite the model status of the Pd—H system, the exact
kinetic details and the rate-limiting step(s) of room tempera-
ture Pd hydriding are still a matter of debate.®® As illustrated
schematically in Fig. 1, the Pd hydriding mechanism can be
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Fig. 1 Schematic representation of the principal kinetic steps involved
in Pd hydriding.

1: molecular adsorption

2: dissociative chemisorption

3: diffusion

4: interstitial absorption

divided into four steps. Firstly, gaseous H, molecules need to
be adsorbed onto the metallic Pd surface. These adsorbed
H, molecules then dissociate and the resulting H-atoms slip
along a minimum energy path towards atomic well positions,
from which they can diffuse into the Pd bulk. A Pd hydride
is finally formed, with H-atoms mainly occupying the octa-
hedral interstitial sites of the fcc Pd lattice. Consequently, the
composition of the palladium hydride is PdH when all bulk
sites are occupied. The configuration of those sites is equivalent
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to the positions occupied by strongly chemisorbed H-atoms on
a Pd (111) surface.® Depending on the amount of absorbed H,
expressed as the bulk H/Pd atomic ratio n, there exist,
according to the Pd-H phase diagram, two crystalline Pd—H
phases, both keeping the fcc structure of the Pd host': o-PdH,
with a relatively low hydrogen solubility (7,.,(2) = 0.008 at
298 K) and B-PdH, being a non-stoichiometric hydride with
nmin(B) = 0.607 at 298 K. Note that the above-cited room
temperature phase stability limits are referring to bulk palladium
samples. In the case of Pd nanoparticles, it is now well-established
that the miscibility gap becomes narrowed,'®!! while for thin film
samples, the film thickness has been reported to have a signifi-
cant effect as well on the shape of the pressure-concentration
isotherms.'?

Determining which of those four kinetic steps is rate-limiting is
typically based on measuring, preferably in situ, the time-evolution
of a H-sensitive parameter with respect to py,. Such studies have
already been reported, based for instance on measurements of
Pd cantilever bending,9 optical reflection or transmission,®!'>1
dilatometry'® and resistivity.'® However, no consensus on an
appropriate kinetic model seems to be available yet, neither
qualitatively nor quantitatively. For instance, Hu et al’
claimed a bending rate of their Pd thin film samples depending
on (pHv)l"/z, in agreement with Sievert’s law. On the other hand,
Zhao et al.® observed a linear dependence of the hydriding rate
with py, and therefore concluded that the Pd hydriding
mechanism was rather controlled by surface interactions.

In this paper, we report on the use of a high resolution
curvature measurement technique to perform more accurate
quantitative in situ kinetic studies of Pd hydriding than have
previously been reported. Although a few other studies have
considered curvature monitoring as well,>'* none of them
have, to the best of our knowledge, been able to reach the
same curvature and time resolution as demonstrated in the
current paper. This is related to the fact that, unlike current
state-of-the-art single-beam curvature measurement techniques,
our optical set-up is based on the simultaneous detection of the
positions of multiply reflected laser beams into a CCD camera.
This has already been shown in a previously published
feasibility study to allow for unraveling the kinetics of hydride
formation in much more detail.!” As a result, the presence of
different rate-limiting regimes could be recognised for the first
time during a single hydriding cycle at constant py,. In our
previous publication,17 these were associated, on a rather
speculative basis, with the rate of H-absorption and dissociative
H-adsorption, respectively.

The current article extends our initial efforts by systematically
studying in situ the py, dependence of Pd hydriding, and
analysing the results with newly derived constitutive kinetic
equations. This will allow for a full interpretation of the
hydriding kinetics, including the identification of different
rate-limiting steps. Moreover, its quantitative consistency
was confirmed by calculating relevant thermodynamic and
kinetic hydriding parameters.

2. Experimental details

Our experimental setup has already been presented in detail
in a previous publication.!” After pumping down a vacuum

chamber to base pressures better than 10~% mbar, ultra-pure
Ar/H, gas mixtures (Alphagaz-grade from Air Liquide)
are introduced into the chamber to instantaneously impose a
desired total pressure. The latter is continuously measured by
two electronic gauges and one back-up manometer. The
compositions of the gas mixtures used in this work are 1%
and 100 ppm H,, which allows to further adjust the accessible
range of hydrogen partial pressures in the chamber. While
hydriding experiments will be reported for py, values up to
100 mbar, the quantitative kinetic analysis, which is the main
objective of the current paper, has been limited to the low
pu, range (2-10 mbar). As will be shown below, this allows to
avoid the o to B hydride phase transition. All experiments have
been carried out at room temperature.

A high resolution curvature measurement setup, the optical
details of which have already been described earlier as well,'¥ is
mounted onto the hydriding chamber. It continuously detects
the positions of multiple laser beams reflecting off a cantilevered
sample, thus allowing to monitor the sample curvature Ak in

real time:"?

cosaAD

In eqn (1), AD/Dy is the mean differential spacing between the
reflected laser spots in the CCD, L is the distance between the
sample and the CCD and « is the angle of laser incidence on
the sample. The factor 2L/cosa was calibrated as 1.336 m, based
on curvature measurements on mirrors with a known radius
of curvature. As compared to other curvature or deflection
measurement techniques, which are generally based on the
position detection of a single reflecting laser beam, our set-up
has a significantly improved dynamic resolution for the radius
of curvature on the order of 10 km, thanks to the noise
minimization resulting from the concurrent use of multiple
laser beams. Moreover, thanks to the use of a CCD camera,
curvature measurements can be performed with a time resolution
better than 100 ms. The change in internal stress in the Pd
layer, which is simply a result of the prohibited volume change
during Pd-H interaction in the thin film geometry, can be
straightforwardly derived from the measured changes in the
sample curvature: '’

2
I B &5 Ak (2)

Ao =
’ 61 —vgt

with Egs/(1 — vg) the biaxial elastic modulus of the substrate,
and fg and ¢, the substrate and Pd film thickness, respectively.

The cantilevered samples used for the kinetic analysis were
cut approximately 3 x 0.5 cm? in size from oxidized, 425 pm
thick Si wafers. These were coated by e-gun evaporation with a
Pd thin film, on top of a 5 nm Ti adhesion layer. The purity
and thickness of the Pd films were characterized by ICP/OES
measurements on layers dissolved in an acid mixture. No
contaminant was detected in concentrations exceeding 10 ppb.
The Pd thin film thickness, averaged over ten samples from the
same wafer, was found to be 128 + 1 nm. Our Pd thin films
were also shown by X-ray diffraction to exhibit a pronounced
(111) texture, typical for vacuum deposited fcc metallic thin
films.>**? Cu Ko radiation was used and the diffractograms
were recorded with an angle step of 0.02°. No secondary (200)
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peak was detected. The texture factor was then calculated
using the third peak in terms of standard intensity, resulting in
Tary/ Iy am™ Ui/ Ia)stand 38, where the standard
intensity ratio (J11y/1;311))stana Was taken from ref. 23. The
initial growth stress in the as-deposited Pd films, which
determines the initial baseline stress level for the hydriding
cycle, has been determined as well by recording the sample
curvature before and after dissolving the Pd layer from the
substrate. Such ex situ measurements resulted in an average
initial tensile growth stress value of 435 + 3 MPa. Finally,
plane-view SEM observations revealed an average grain size of
18 nm. A second batch of Pd films have been deposited under
the same conditions in order to perform the experiments
that will be reported in Section 3.2 to study the hydriding
equilibrium. These films had an average thickness of 112 + 1 nm,
an average grain size of 20 nm, a texture factor of 37 and an
average initial tensile growth stress of 409 + 2 MPa, very
similar to the films from the other Pd batch.

3. Results and discussions
3.1 Hydriding cycle

Fig. 2 shows a typical hydriding cycle performed at py, = 6 mbar.
After an initial baseline curvature measurement in high vacuum,
the Ar/H, gas mixture was instantaneously introduced in the
chamber. As a result of the constrained volume expansion
during Pd-H interaction, the internal stress in the Pd thin film
increases rapidly in the compressive direction and gradually
reaches a constant value. The gas mixture was then pumped
out of the chamber, resulting in a gradual decrease in the
internal stress as a result of room temperature dehydriding.
As to the latter, it appears that the internal stress does not
go back to its initial value when the gas mixture is pumped out

Absolute stress [MPa]

| | | 11
0 500 1000 1500 2000

Time [s]

Fig. 2 Evolution of the absolute internal stress as a function of time
during a hydriding cycle recorded at py, = 6 mbar. Inset: hydriding
cycle recorded at py, = 5.5 mbar, including venting with air after
dehydriding in vacuum.

of the vacuum chamber. In other words, a residual hydriding-
induced stress is systematically observed when leaving the
sample under vacuum after hydriding. In a previous study
performed on the same batch of samples,'” a multiple cycling
experiment was studied in order to get more insight in this
phenomenon. It was shown that this residual stress remains
constant from cycle to cycle, even if py, is changed from one
cycle to another. However, the origin of the irreversible part
of hydriding under vacuum was not discussed at that stage.
An additional single hydriding cycle at py, = 5.5 mbar is
therefore presented in the inset of Fig. 2, including venting
with ambient air after dehydriding in vacuum. It is clearly seen
that the residual stress is fully released when the sample is
brought into contact with ambient air. This observation
indicates that the residual stress observed after dehydriding
in vacuum can be attributed to a small residual H-concentration
in the Pd lattice, the removal of which can be achieved by
venting with air so that a fully reversible hydriding cycle is
finally obtained.

From Fig. 2, two distinct kinetic regimes can be distinguished
from the two apparently linear regions of the stress—time curve
at the beginning of the hydriding cycle. We believe these two
slopes to reveal the presence of different rate-limiting steps in
the course of a single hydriding cycle. A third regime is resolved
in Fig. 2 as well, characterized by a gradual decrease of the
hydriding rate with time until a constant equilibrium stress
level is reached. The latter can be associated with chemical
equilibrium between atomic H inside the Pd thin film sample
and gaseous H, available in the chamber. Such a characteristic
hydriding behaviour with three distinct kinetic regimes has been
observed over the entire py, interval considered in this paper,
and will now be analysed in more detail.

3.2 Hydriding equilibrium

Fig. 3 shows the absolute stress levels corresponding to
the equilibrium plateau during hydriding experiments up
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Fig. 3 Equilibrium absolute stress as a function of py,. The average
initial tensile growth stress in the as-deposited films was 409 4+ 2 MPa.
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to pu, = 92 mbar. From these results, the o« — [ phase
transition of Pd-hydride can be identified to start at room
temperature between 10 and 20 mbar, in agreement with
earlier equilibrium hydriding studies on Pd thin films.'* As a
result, the equilibrium stress levels reached in the py,-range
that will be considered in the present kinetic study (2—-10 mbar)
correspond to hydrogen concentrations located in the o phase
region of the Pd-H system.

For a quantitative kinetic analysis, a link between the bulk
H/Pd atomic ratio n and the measured internal compressive
stress change Ao in our Pd thin films needs to be established.
This can be done by linking As to the relative volume change
AV/V during hydriding:**

where E; and vy are, respectively, the Young modulus and
Poisson ratio of the Pd film. The ratio between AV/V and n is
equal to Av/Qpq4, where Av is the characteristic volume change
per hydrogen atom, and Qpq is the mean atomic volume of a
palladium atom. This ratio, describing the lattice expansion
due to hydrogen uptake, has been the object of many studies in
the past, from which a value of 0.19 + 0.01 can be derived.?
Eqn (3) then enables to link the measured hydriding-induced
internal stress changes Ac to the bulk H/Pd atomic ratio n via
some mechano-physical constants, which for convenience are
grouped together into a single proportionality factor Q.

It should be noted that a possible complicating factor in
eqn (3) is the occurrence of an o to B phase transformation
during Pd hydriding, each having their own characteristic
lattice expansion behaviour so that the measured stress change
will depend on the exact proportions of the o and § phases.
Although the value of 0.19 has been suggested by Peisl for the
whole compositional range in the Pd—H system, the collected
data are too scarce to state that there is no effect of the o to B
phase transformation on the lattice expansion. However,
as already indicated with Fig. 3, this complicating factor
does not need to be dealt with in the present study because
the o to B phase transformation is avoided by limiting the
Du,-range.

Eqn (3) also makes the explicit assumption that the deformation
resulting from the hydriding-induced internal stress is elastic.?®
Thanks to the relatively high initial tensile growth stress of our
as-deposited Pd films, and the fact that the kinetic studies have
been limited to the o phase region, this condition has been
verified as well. In Fig. 2 for instance, it is seen that the
equilibrium compressive stress change of this cycle is about
435 MPa. Taking into account the initial tensile growth stress
level of 435 MPa in the as-deposited Pd film, this leads to an
almost zero equilibrium stress value. Similarly, Fig. 3 shows
that, over the entire o phase region, the maximum absolute
value of the equilibrium stress level is smaller than 200 MPa,
therefore well below the Pd theoretical yield stress.>” Plastic
deformation of our Pd thin films during hydriding in the
o phase region can therefore be reasonably excluded. As a
result, the time derivative of the hydriding curves obtained
experimentally can be considered as directly proportional to
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Fig. 4 Equilibrium absolute stress as a function of (sz)”2 in the
o phase region.

the hydriding velocity dr/dz. We can point out as well that
these observations also confirm our earlier finding that the
residual stress observed in Fig. 2 after dehydriding in vacuum
can be attributed to a small residual H-concentration in the Pd
lattice.

Based on the above considerations, we can already use eqn (3)
to determine Sievert’s constant K; from our experimentally
determined equilibrium stress data in the o phase region of
Fig. 3. Indeed, when linearising these data as a function of
(pHZ)”z, according to Sievert’s law in o-PdH:'

V/PH,
K

(Aa)eq = Qneq = Q (4)
with ne, the equilibrium atomic hydrogen concentration in
the bulk. The slope of the linear fit shown in Fig. 4 yields a
K, value of 3.3 £ 0.7 atm'? (using Epy = 121 GPa and
vpa = 0.39).2® Room temperature K; values for Pd hydriding
have been reported in a rigorous study by Bucur® to be in the
range 2-20 atm'/?, the higher value corresponding to a perfect
crystal structure (i.e. well-annealed bulk palladium samples)
and the lower one corresponding to a relatively large concen-
tration of structural defects, typical for as-evaporated thin Pd
films.>> Our own value is therefore in excellent agreement with
the data from Bucur, recognising that our evaporated Pd thin
films probably contain a large defect concentration as well
resulting from the deposition process.

3.3 Hydriding kinetics

(a) Constitutive equations. Following our previously reported
hydriding study at fixed pH2,17 we will consider the possibility of
2 mechanistic steps to be rate-limiting during Pd thin film
hydriding. One of these steps includes H, adsorption and its
dissociative chemisorption on the Pd thin film surface, and will
conveniently be called adsorption. The other one, denoted as
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absorption, is seen as an equilibrium reaction between atomic
hydrogen at, respectively, the surface sites and the interstitial
sites of the Pd hydride. In his classical hydriding model, Wagner
wrote down the following reactions to describe each of these
steps:1

H, + 2s < 2H-s (5)
H-s + 1< H-i + s (6)

where s and i are a free surface adsorption site and an
interstitial bulk absorption site, respectively, while H-s and
H-i represent, respectively, a surface and bulk site occupied by
atomic H.

More rigorously, earlier studies claimed the existence of
two possible adsorption sites on the Pd (111) surface:' the
so-called strong and weak adsorption sites, which correspond
to, respectively, very deep and rather flat potential wells. The
strong adsorption sites are octahedral sites, also called fcc
sites.® Despite the existence of three other highly exothermic
surface sites (called bridge, top and hcp sites), it has been
claimed that only the fcc sites need to be taken into account
for strong chemisorption on (111) planes of Pd. As indeed
suggested by Bucur in one of his thin film hydriding models,*
the strong adsorption sites are filled well before and much
faster than the weak ones.

More recently, Johansson ef al. obtained accurate computa-
tional data for the heat of adsorption on Pd (111) surfaces.’!
The heat of adsorption starts from about —100 kJ mol~' H; at
zero surface coverage 0, 0 being the number of adsorbed
hydrogen atoms divided by the number of adsorbed hydrogen
atoms in a filled monolayer. It then gradually becomes less
negative as 0 increases, and rather abruptly takes on positive
values somewhere in the range 0.75 < 0 < 1. This result
clearly suggests a more complex adsorption behavior than the
one proposed by Bucur. Hong and Rahman arrived at a
similar conclusion in their first-principles electronic structure
calculations,? showing that it is only after a substantial
amount of hydrogen is adsorbed on the Pd (111) surface that
hydrogen is able to further absorb into the bulk. Similarly, the
potential energy surface for hydrogen adsorption/absorption’
also indicates that a surface that is already substantially
covered with hydrogen helps the hydrogen atoms to overcome
the energy barrier to move into the bulk.

With respect to the schematics of Fig. 1, no hydrogen
diffusion step will be taken into account in the present kinetic
model, simply because of the Pd thin film geometry considered
in our work. Indeed, one gets a first-order diffusion time on the
order of milliseconds when dividing the square of the Pd film
thickness by the diffusion coefficient of H-atoms in «-PdH
(Dy = 1077 cm? s71).° This is five orders of magnitude below
the time scale of the hydriding kinetics experimentally observed
in Fig. 2 for our Pd thin films.

As to the adsorption step, described by reaction (5), an
adsorption equilibrium constant K,4 can be defined as follows:

7@_[1{73];: ng 1

A== — (7)
UK pmll, (1 0k) Ph,

where 0. is the equilibrium surface coverage. From reaction (5),
the adsorption velocity r,q then takes on the following form:**

rag = kyg(1 = 9)2PH2 - k;’dez
92 (8)
Kad

= k| (1= 0)*pu, —

In a similar way, the absorption equilibrium constant K, can be
deduced from reaction (6):

K, = k;b _ [H B i}eq[s}eq _ 1 - Oeq Neq

T Fd,b B [H - S}eq[i}eq 05q (9)

1 —neq
Note that the equilibrium constants K,4 and K, can be linked
together with Sievert’s constant by grouping eqn (4), (7) and (9),
and by assuming that neq « 1 in o-PdH:

1
KKy = — (10)
al K%
From reaction (6), the absorption velocity r,, can then be
written as:
rab = ki (1 — n)0 — K\ n(1 — 0)

n(1-0) (11)

= ki | (1 —n)0 Kao

Finally, the evolution of the surface coverage 6 and bulk
H/Pd atomic ratio n can then be deduced by combining the
expressions (8) and (11) for the ad- and absorption velocities:

do
a = 2rad — T'ab (12)
dn
a = I'ab (13)

When dealing with complex second order reactions as is the
case here, the derivation of general rate expressions taking into
account each of the two reaction steps is exceedingly tedious or
even impossible to derive. The common alternative method
in chemical kinetics then consists in assuming a specific
rate-controlling step right from the beginning, and considering
the other reaction step to be in a pseudo steady-state.>> In our
case, if we assume that the two constant slopes observed in
Fig. 2 during the first and second kinetic regimes reveal the
presence of two different rate-limiting steps, we can then derive
simplified expressions for the adsorption and absorption
velocities by assuming that, respectively, the absorption or
adsorption step is in a pseudo steady-state.

Let us first assume that adsorption is the rate-limiting step.
In that case, we can consider k), — oo, and as r,, must remain
finite according to eqn (11), this leads to (1 — n)0 — n(1 — 6)/
K., — 0, that is to say:

1
- " (14)
T+ Ko =2 nt Kap

n

This equation then enables to eliminate the unobservable
variable 6, since in our experimental approach based on
assessing hydriding-induced volume changes, we are only able
to access the bulk H/Pd atomic ratio n and not the surface
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coverage 0 (c¢f- eqn (3)). Inserting eqn (14) into eqn (8)

ﬁnally gives:
( a—l—b ) 2 1 < n—l— ) 2
2 Kub n Kud Kab n

On the other hand, if it is assumed that absorption is the rate-
limiting step, one can write k; — oo so that from eqn (8),
similarly as in the reasoning above, py (1 — 0)? — 0*/K,q — O.
This equation then leads to the follE)Wing solution for the
pseudo steady-state surface coverage 0:

V PH, Kad

(15)

/
Tad = kad

0=—Fr——7 16

I+ V szKad ( )
Inserting eqn (16) into eqn (11) finally gives:
Kp(1 — LK —

= Ky (Rl VP R g

Kab (1 + \V PH, Kad)

Note that eqn (15) and (17), predicting the py,-dependences of
the adsorption and absorption velocities, have been derived while
explicitly assuming n « 1. This is indeed the case for the range of
pu,-values considered in the present work for room temperature
hydriding in the alpha phase region (7,,x(2t) = 0.008 in bulk Pd).

(b) Kinetic analysis. After recognising the existence of 2
possible rate-controlling reaction steps, one can reasonably
assume, as a starting point for a rigorous kinetic analysis, that
the two constant slopes that are systematically observed in the
beginning of our hydriding cycles (¢f. Fig. 2) would correspond
to a different kinetic regime, with either ad- or absorption
being the rate-limiting step. Since at the beginning of the experi-
ment (when 6 = 0 and n = 0) the adsorption velocity has
already a finite value (¢f. eqn (8)) while the absorption velocity
is still 0 (¢f. eqn (11)), and since adsorption can be considered
as relatively unconstrained on a freshly exposed surface, one
could reasonably imagine that the first linear kinetic regime
corresponds to an absorption-limited step. The second slope
would then be indicative for adsorption to become rate-controlling
further on in the hydriding cycle. In order to confirm this
assumption, a systematic study of the py,-dependence of the
measured constant slopes was first carried out.

According to eqn (3), these slopes can be taken proportional
to (dn/dt),, and (dr/dt),q in each of the 2 “linear” kinetic
regimes, respectively. Constitutive equations for these quantities
therefore still need to be derived first. As to (dn/df)., = rap
(c¢f. eqn (13)), eqn (17) can be further simplified with the
additional assumption that py K,q > 1. At this stage, the
latter can be justified from eqn (7), since, from the state-of-the-art
discussion in Section 3.3.(a), the equilibrium surface coverage
can be considered to be close to one. We will be able to explicitly
verify this assumption later in this work, based on derived values
for K,q. Combining eqn (17) with eqn (10) and (13) then gives

(§) =] -m -2
ds ab v/PH,

An absorption-limited hydriding mechanism can therefore be
expected to exhibit a hydriding velocity proportional to (sz)fl"z.

(18)

The slope (dn/df),q of the second linear regime can be
derived by linking the differentials of the surface coverage
0 and bulk H/Pd atomic ratio n thanks to eqn (14), resulting in
df = (Kup/(Ka + 17)?)dn. Combining eqn (15) with eqn (10),
(12) and (13) then provides

Zk;ngb

dn\ 2K, ko
<E>ad_ (Kas + 1)’ + Kup [pr = (Ksn) (19)

indicating that an adsorption-limited hydriding mechanism
exhibits a hydriding velocity which can be expected to increase
linearly with py,.

In Fig. 5, the slopes of the first linear kinetic regime have
been plotted as a function of 1 /(pHZ)l/z, following constitutive

0.6 T T T
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1/sz”2 [mbar ]

Fig. 5 Slope of the first linear kinetic regime as a function of 1/(pH2)1"2.
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Fig. 6 Slope of the second linear kinetic regime as a function of py,.
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eqn (18) for an absorption-limited hydriding velocity. Similarly,
Fig. 6 shows the slopes of the second linear regime, which
exhibit a linear relationship with py, in agreement with
eqn (19). Both figures therefore providé additional, although
still qualitative, experimental evidence that the first kinetic
hydriding regime is indeed likely to be limited by absorption
and the second one by adsorption. It has to be recognised though
that, although the py, dependencies shown in Fig. 5 and 6 are
consistent with our kinetic interpretation, the same graphs
would still look more or less linear when claiming other
reaction orders, like proportional with py, for Fig. 5 or
proportional to 1/(ij)l/2 for Fig. 6. Therefore, if one defines,
respectively, S, and S‘ad as the slopes and I, and 7,4 as the
intercepts of the claimed linear fits in Fig. 5 and 6, these
parameters should as such also result in quantitatively relevant
kinetic and thermodynamic hydriding parameters. This can be
verified based on the following expressions:

% _ Zk{(id]z{ib (20)
O (Kup +n) + Ky

I —2k! (K2
Ld:¢(1<sn)2 (1)

0 (Kab + I’l)2 + Kab

Sah

Q = —k;bKS}’l (22)
Tk (23)

Note that the proportionality constant Q has already been
introduced before with eqn (3) in order to convert the measured
velocities (dn/df),q/ab (expressed in s~ 1) to the units of the data
points in Fig. 5 and 6 (expressed in MPa s ).
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Fig.7 Transition time between the first and second kinetic regimes as
a function of py,. A schematic construction indicating the definition of
ti. and I in eqn (24) is included as well.

From eqn (20)—(23), it is clear that S,4 and I,;, should be
positive, while Sy, and 1,4 should be negative. This is indeed
observed in the experimental fits obtained in Fig. 5 and 6.
Before trying to solve the 4-equation system involving
eqn (20)—~(23), one can first define a time 7, to indicate the
transition between the first and second kinetic regime. As
indicated in the inset of Fig. 7, this time should respect the
following geometrical relationship:

dn ; I, | (dn
(5) ad 1=t " E - (E) ab

where I is the intercept of the linear fit through the second
kinetic regime relative to the initial, as-deposited growth stress
value (c¢f. the inset of Fig. 7). The latter parameter has been
determined experimentally for all hydriding experiments, resulting
in an average value of 446 + 27 MPa, independent of py in the
range 2-10 mbar considered here (¢f. ESI{). By corrfbining
eqn (20)—(23) with eqn (24), we obtain

I

ly =
<Sadez — Sab ﬁ +Lyg — [ab>

Fig. 7 shows the experimental transition times, determined
from the intersection of the linear fits in the first and second
kinetic regimes, as well as their py,-dependence predicted by
eqn (25). For the latter, the S; and /; values were taken from
the linear fits of Fig. 5 and 6. The excellent correlation obtained
between the predicted and experimental #,, values confirms
that our kinetic model makes sense, both qualitatively and
quantitatively.

The 4-equation system involving eqn (20)—(23) then provides
a first access to some relevant kinetic and thermodynamic
parameters, simply by dividing the slope and intercept values
corresponding to the ad- and absorption limited regime:

Sad _ 1

ter (24)
=ty

(25)

- 26
L (Ksn)* (29)
Sab n
28 _ K 2
Iab S 1—n ( 7)

Since we already determined the value of Sievert’s constant
K (cf. Fig. 4), eqn (26) gives a calculated average value for n of
(1.3 + 0.3) x 1072 for the second, adsorption-limited kinetic
regime, while eqn (27) results in a calculated average n-value of
(1.4 £ 0.4) x 1072 for the first, absorption-limited regime.
These average values can indeed be considered to be sufficiently
small in order for eqn (18) and (19) to result in the seemingly
constant slopes observed in the first and second kinetic regimes.
Moreover, its implication that n at ¢ = ¢ is independent of
Pu, 1s not surprising if one considers the constant compressive
stress level of our samples at 1 = ¢, which was found to be
—94 + 6 MPa relative to the initial, as-deposited growth stress
value, independent of py, (¢f. ESIY).

As we now explicitly confirmed that n « 1 in this work,
eqn (23) immediately results in k., = (7.4 £0.8) x 1075 57!
for the first regime. When taking k%, = 1 x 10° s~!, calculated
at 298.15 K from ref. 33, and knowing that Ky, =k}, /K7,
we obtain a value of K, = (7.4 + 0.8) x 107'%, and
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Fig.8 Evolution of the bulk atomic concentration # in the third, non-
linear kinetic regime for different values of py,. The time scale has been
shifted so that + = 0 s corresponds to the transition between the
second and third kinetic regimes. The coarse solid lines correspond to
a fit using eqn (30).

therefore K,q = (1.6 + 0.8) x 10*?> mbar~! from eqn (10).
The latter therefore also validates our earlier hypothesis of
Pu,Kaa > 1, needed for arriving at eqn (18). Moreover,
inserting the calculated K, value and the previously obtained
value of 7 into eqn (20) gives k., = (5+3) x 107 mbar ' s~".
As a value of K,q has already been derived, and since
Kaa = k4 /Kby, one also arrives at kly = (3£2) x 1075571,
in good agreement with the value of k/; = 6.9 x 1075 57!
calculated at 298.15 K from ref. 33.

Besides the presence of the two linear kinetic regimes analysed
above, a third non-linear regime was resolved in Fig. 2 as well
to precede the final hydriding equilibrium. Fig. 8 shows, for
different py -values, the evolution of the bulk hydrogen concen-
tration in this third kinetic regime, as calculated from the
internal stress data using eqn (3). The time scale has been
normalised to represent for each experiment the first 500 s of
this regime. If we assume that absorption is the rate-limiting
step in this regime, the temporal evolution of n can be deduced
from eqn (18) by solving what is known as a basic Cauchy

problem:3®

dn(z)
a n(z)C1 + G (28)
}’l(lo) =ny

where ¢, refers to the transition time between the second and
third kinetic regimes, and

E—— Ks
C = kab(l + \/pTz) (29)
Cy =k,
The general solution of this problem is as follows:*®
-C C
n(t) = —=+ (g +—==) exp(Ci1(1 — 1)) (30)
Ci C

The coarse solid lines in Fig. 8 correspond to the fits obtained
with the absorption-related eqn (30). Intuitively, it can be
understood that the third kinetic regime must indeed be
limited by absorption because at the end of the second regime,
the surface coverage has already reached its equilibrium value.
In this case, the constant C» in eqn (29) then directly provides
an estimate for k.

The thus obtained average value of C, for all experi-
ments, calculated from fitting eqn (30) to the third kinetic
regime, results in an average value of kj, = (4.1 £0.9) x
107*s~! for the third kinetic regime. Moreover, when
repeating this procedure for the first kinetic regime, one gets
ki, =(33+0.8) x 107 s7!, consistent with the value of

"o =1(7.4£08) x 1073 s7! previously obtained with the
approximate eqn (23). The value of &, for the first kinetic
regime is however about one order of magnitude lower than the
one characteristic for the third kinetic regime. Therefore, the
major outcome of our kinetic study is that the absorption-
controlled regimes I and III are characterised by very different
values for k). In our opinion, this is related to the fact that the
end of region I is being determined by a rather abrupt increase
in the positive direction of the heat of adsorption. This is in line
with ref. 31, where such an increase was reported to occur
somewhere in the range 0.75 < 6 < 1. In that case, k], must
increase as well since the potential energy surface for hydrogen
adsorption/absorption indicates that the activation energy for
hydrogen absorption should decrease if the heat of adsorption
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Fig.9 Schematic representation of the f-dependencies of the adsorption
(raq) and absorption (r,p) velocities, superimposed on the experimentally
measured hydriding cycle at py, = 6 mbar. Fits to the experimental
data have been included as well, using constitutive eqn (30) for the
absorption-controlled first and third regimes, and eqn (19) for the
second, adsorption-limited regime. The values mentioned for kJ; in
regimes I and III represent average values derived from the fitting
parameter C, (¢f. eqn (29)) when including all experiments.
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Table 1 Overview of the kinetic and thermodynamic hydriding parameters calculated in this work for Pd hydriding in the o phase region at 298 K,
with the kinetic regimes which they apply to. Some values taken from the literature are displayed for comparison

Parameter Origin Ist regime 2nd regime 3rd regime Overall
K., /mbar" ! This work (5 £ 3) x 10"
Ky /s This work B+2) x 107

Ref. 33 6.9 x 107°
Kaq/mbar™! This work (1.6 + 0.8) x 10%
K /s This work (7.4 £ 0.8) x 107° (4.140.9) x 107* (4.1 £09) x 107*
ki /s7! Ref. 33 1% 10°
Ko This work (7.4 £ 0.8) x 1071
K /atm'/? This work 33+0.7

Ref. 29 2

becomes less negative.>® In this respect, we can also point out
that the factor of 10 difference observed between &, in regions
1 and 3 implies a coverage dependent change in activation energy
on the order of RTIn(10), corresponding to 6 kJ mol~! K~ at
298 K. This number can indeed be considered to be a realistic
change for a coverage dependant heat of adsorption, and is
within the range of coverage dependence published for Pd
surfaces.®!

As a summary, Fig. 9 schematically represents the evolution
of the adsorption and absorption velocities as a function of
surface coverage, as can be anticipated from the current kinetic
study. The velocities are superimposed on the experimentally
measured hydriding cycle already shown in Fig. 2. The latter
has also been simulated/fitted according to eqn (30) and (19).
According to eqn (8), the 0-dependency of the adsorption
velocity is a decreasing parabola, while, according to eqn (11),
the absorption velocity increases linearly with 0. In the beginning
of the experiment, the initial adsorption and absorption
velocities are, respectively, rag = k[ 4pn, and r,p = 0. In the
first linear Kkinetic regime, r,q then rapidly decreases as
0 reaches a value close to 0. In this zone, eqn (11) predicts
the rate-limiting absorption velocity dn/d¢ to increase linearly
with 0 and to decrease linearly with n, which is probably the
reason why a constant average velocity is observed experimentally.
When a critical value of the surface coverage is reached at the
end of the first kinetic regime (denoted 6, in Fig. 9), the heat of
adsorption is believed to suddenly change in the positive
direction. As a result, adsorption then becomes the new
rate-limiting step, and the second kinetic regime starts. In this
second zone, a plausible explanation for the observation
of a constant average velocity is the fact that an increase in
0 implies an increase in dn/dz. The increase of surface coverage
is thus counterbalanced by the increasing absorption velocity,
so that the apparent rate-limiting velocity appears as constant
until adsorption equilibrium is reached. When the latter occurs
at the end of the second stage (0 = 0.q), the absorption
velocity becomes rate-limiting again in the third kinetic
regime. In this regime, dn/d¢ decreases with n and the Kinetics
are not linear anymore (¢f. eqn (30)). An equilibrium stress
plateau finally appears when absorption equilibrium is reached
(n = neg).

Finally, Table 1 shows all the relevant kinetic and thermo-
dynamic parameters calculated in this work, as well as the
kinetic regimes to which they apply. Some literature values are
also included, like the constant k!, that we used in this study
for some of the related calculations. Other reference values

from the literature show the overall consistency of the obtained
results.

4. Conclusions

A new in situ diagnostic tool, based on the real-time monitoring
of hydriding-induced internal stresses, has been used for the
in situ study of the hydriding kinetics of Pd thin films. Three
different kinetic regimes have been resolved. The first two
exhibited a linear increase of the internal stress in the compressive
direction with time. A systematic study of the py,-dependency
of these two constant slopes, based on newly derived constitutive
equations, resulted in the identification of the first linear regime
to be limited by absorption and the second one by adsorption.
After adsorption equilibrium is reached at the end of the
second stage, a third, non-linear kinetic regime, limited by
absorption, was found to precede the final equilibrium. The
quantitative analysis of these different regimes resulted in the
calculation of a number of relevant kinetic and thermo-
dynamic hydriding parameters. One of the major outcomes
in this respect is that the rate constant for hydrogen absorption
Kk, in the first and third kinetic regimes differs by almost one
order of magnitude. This has been attributed to the fact that
the end of the first regime is being determined by a rather
abrupt increase in the positive direction of the heat of adsorption.
As a result, this study was able to provide a self-consistent
quantitative interpretation of the entire room temperature Pd
hydriding cycle in the a-phase domain.
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