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Interplay of diffusion and dissociation mechanisms during hydrogen absorption in metals
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Kinetic measurements of gas-solid reactions, in particular hydrogen-sorption kinetics, are usually interpreted
according to single rate-limiting step models. However, recent studies gave clear evidence for the interdepen-
dence of fundamentally different steps involved in hydrogen sorption. This interdependence is explored in a
one-dimensional continuum model in order to estimate the time, temperature, and pressure dependences of the
sorption kinetics and the relevance of several materials parameters involved in the process. Quantitative
descriptions of the extraction of physical parameters for various scenarios are given. The model is successfully
tested for several experimental cases, ranging from model systems (thin films) to practical systems (LaNisH,

and MgH, powder samples).
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I. INTRODUCTION

The search for novel hydrogen storage materials has trig-
gered the investigation of the interaction of hydrogen with
hundreds of materials.! As the main interest often lies in the
technical applicability of specific materials for hydrogen
storage, the emphasis is usually not put on well-defined de-
termination of fundamental physical parameters. This com-
plicates the comparison of published experimental results,
since the data depend often on specific details of the fol-
lowed experimental procedures. A typical example of such a
situation is found for LaNisHg, a hydrogen storage material
with appropriate thermodynamics and sufficiently fast kinet-
ics. The physical origin of its activation process has inten-
sively been investigated, in particular the influence of the
preparation method on the H-sorption Kinetics (see, e.g.,
Refs. 2—7 and references therein). On the fundamental side,
kinetic barriers such as dissociation and diffusion barriers
were calculated by ab initio models (see, e.g., Refs. 8—11).
Due to uncertainties in model and experimental parameters,
only the calculated activation energies of such barriers are
compared to experimentally derived values. Moreover this is
done with relatively small success. An enlightening analysis
of this problem is in the paper of Andreasen et al.'?> Assum-
ing an Arrhenius behavior with rate R,

R=R06_EAA/kT, (l)

they compared the activation energies derived from pub-
lished experimental results on the kinetics of LaNisHg. These
energies, which we are calling from now on “apparent acti-
vation energies” E,,, range from less than 0.2 eV to more
than 0.5 eV. Simultaneously, the logarithm of the prefactor
In R scales linearly with E4,, so as to compensate for the
influence of the activation energy. This leads to the so-called
Constable-Cremer relation'? or compensation effect,'* as
coined by catalysis research.!> The underlying problem origi-
nates from the fact that the Arrhenius equation [Eq. (1)] ne-
glects the fact that the initial and final states, which are sepa-
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rated by an energy barrier, can change. This, on the other
hand, is the principal basis of hydrogen storage in metal
hydrides, where the rate (i.e., uptake or release of hydrogen)
is determined by the difference between the chemical poten-
tials of hydrogen in the gas phase and in the metal hydride.
The thermodynamic driving force results from the gradient

of the chemical potential %’f, and the rate is given as

J
R=- £, )
ox

as demanded by Onsager’s kinetic theory.!® £ is a phenom-
enological coefficient, which depends on temperature and
concentration. The activation energy of the process is in-
cluded in £. u is temperature dependent, and thus an Arrhen-
ius analysis is difficult. Equation (2) can be solved analyti-
cally only for simple cases, e.g., binary diffusion, giving
Fick’s law. In complex systems, we have to consider various
w’s and different £’s. Due to the multiplicity of processes
(surface, subsurface, intermediate layers, etc.),!” neither an
analytical solution of Eq. (2) is possible nor are all manda-
tory fundamental parameters known (e.g., coverage, energy
barriers, and thermodynamic parameters), which would al-
low for a numerical solution.

In this paper we develop a simplified two-step model of
the hydrogen-sorption kinetics in metal hydrides considering
dissociation and diffusion. The basis of the calculation is
relation (2), which is specified to fit the processes. The ob-
tained differential equations are approximated to allow for an
analytical solution, from which the time, temperature, and
pressure dependences of absorption and desorption kinetics
and the influence of several materials parameters involved in
the process are derived. The central result of this paper is that
the kinetics can hardly be described by a single rate-limiting
step. The kinetics is in most cases the result of the interplay
of dissociation and diffusion. Very similar to heterogeneous
catalysis, the observed compensation effect can be explained
by the interplay of these two processes. The model is suc-
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cessfully tested for several experimental cases, ranging from
model systems (thin films) to practical systems (LaNisH, and
MgH,). Particular emphasis is laid on the calculation of the
apparent activation energy, which depends now on tempera-
ture and pressure. These dependencies complicate the correct
interpretation of the measured activation energy.

II. MODEL
A. Basic assumptions

We consider a system consisting of a hydrogen absorbing
metal covered by a surface layer as sketched in Fig. 1. Hy-
drogen enters the metal through the top layer and forms the
metal hydride via several intermediate steps, which have
characteristic energy parameters (activation energies E; are
defined as the difference between initial and final states; en-
thalpies AH, are relative to the gas phase potential at normal
conditions.):

(1) physisorption by molecular hydrogen: HE*=H5"*,
with heat of physisorption AH,,=-0.05 eV/H,.

(2) dissociation and chemisorption of atomic hydrogen
(coverage of the surface 6y) 6 thysﬁ2H°hem, with disso-
ciation barrier height E4,,=0-2 eV and heat of chemisorp-
tion AH.,=—0.1 to -2 eV/H.

(3) surface penetration: H"®™ = H%"°, with activation bar-
rier height E;, and enthalpy AH,;,=—0.25 to 1.25 eV.

(4) diffusion through surface layer, with hydrogen con-
centration ¢(0<<x< L), activation energy for diffusion Egx
=0.5 eV, and heat of solubility AH,=-02 to
+0.2 eV/H.

(5) diffusion through metal: H™"!(x;) = H™"(x,), with
hydrogen concentration cygy(x>> L), activation energy for dif-
fusion ETS'=<0.2 eV, and heat of solubility AH™"Y=
+0.2 to —0.2 eV/H.

(6) hydride formation: H™"!' = Hyy;, with heat of forma-
tion AHyy=-0.5 eV/H.

This discussion lists most of the mechanisms involved in
hydrogen sorption. It is noted, though, that a full description
requires a quantum-mechanical treatment of the processes.'
It is not practical to consider all the steps involved in hydro-
gen sorption. We can however already gain valuable insight
from a simple model involving one surface barrier, one dif-
fusion barrier, and one constant hydrogen reservoir. In the
following we give some arguments to underline the validity
of this simplification for many relevant hydride systems.

Since the physisorption of gas molecules on surfaces re-
quires almost no activation energy and the impingement rate
of H, onto the surface is high, the gas phase can be assumed
to be in equilibrium with the physisorbed state. Furthermore,
the heat of formation AH . is very small and the molecule
remains in its integrity. This step is thus neglected in our
model. For chemisorption, the hydrogen molecule has to
split, and for that it has to overcome in most cases a high
dissociation barrier of 0=AFE4 <2 eV. Hydrogen is rela-
tively strongly bound to metal surfaces (AHom=
—1 eV/H). Thus, the coverage @ is high under technical con-
ditions. (At hydrogen pressures of 1-100 bars and 300-500
K, it varies between 0.6 and 0.9 for transition metals.'®) The
hydrogen coverage on oxides is in the same range as found
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FIG. 1. (Color online) Top and bottom panels: The various lay-
ers considered in the model. The surface layer consists of hydrogen
adsorbed on surface atoms (amount of H is described by 6) attached
to subsurface atoms, which belong to the diffusion layer. The hy-
drogen concentration in the diffusion layer is labeled c; the concen-
tration in the metal hydride is cyy. Two typical situations are
sketched: The top panel shows a metal hydride with fast diffusion
inside the metal/metal hydride, where the metal hydride nucleates
homogeneously. The main diffusion barrier is the surface. The bot-
tom panel sketches the formation of a hydride with a very slow
diffusion of hydrogen in the metal hydride. The main diffusion
barrier is the metal hydride. Middle panel: Schematic representation
of the concentration dependence of the hydrogen chemical potential
in (left) the diffusion layer and (right) in the metal hydride for a
given temperature.
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FIG. 2. (Color online) Scheme of the two-step model used to
define the variables used in this work. Top, middle, and bottom
panels: Potential energy, chemical potential, and hydrogen concen-
tration as a function of the location in the diffusion layer and in the
metal hydride, considering also the inherent hysteresis of the p-c
isotherms of any metal hydride. In the metal (hydride) the diffusion
is . Therefore, the concentration of hydrogen is determined by the
current jgp(x=L,7). The diffusion current jg(x=0,7) is equal to
the current jy, e through the surface barrier with height E;.

experimentally.?’ The next step is the hopping of H from a
surface site to a subsurface site. The corresponding energy
barriers are AEg,—AH ., for absorption and AE ,—AH,,
for desorption. The moving species is atomic hydrogen and
thus this step can be considered as a diffusion process be-
tween two phases (surface and subsurface). Furthermore, as
the heat of hydrogen solution in the subsurface layer is simi-
lar to that in the following layers, i.e., AHy,=AH,,, and
AEy,=AEgy, we equate the subsurface hydrogen with
“regularly” dissolved hydrogen in the surface layer, i.e.,
steps 3 and 4 are modeled by one diffusion process between
the surface and bulk hydrogen. This diffusion barrier can be
an oxide skin and/or diffusion in the metal, in which the
metal hydride nucleates and grows (“diffusion layer” in Fig.
2). In most metals, hydrogen diffusion is fast. Thus our
model calculations considers only one (averaged) diffusion
barrier. A prerequisite of our model is that the diffusion pa-
rameters (e.g., diffusion layer thickness) are constant or their
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change is slow compared to the other processes (quasiequi-
librium). The metal and randomly distributed metal-hydride
nuclei are assumed to be in thermodynamic equilibrium
(“hydride plateau”), which is mainly determined by the heat
of hydride formation AHyy. Furthermore, the supersatura-
tion required for hydride formation/decomposition is as-
sumed to be small (corresponds to a small hysteresis; see
later discussion). If it is substantial, the hydride growth mode
will change, e.g., in hydrogen absorption in Mg. Here, a
hydride layer on top of the metal is formed, which grows on
the expense of the metal as the reaction proceeds (see Fig.
2).2! This special growth mode can still be treated with the
two-step model if instead of considering a constant surface
layer thickness, an increasing diffusion layer thickness is in-
cluded.

To summarize, the two-step model includes a surface
layer with a dissociation barrier (E|, corresponding to Egi)
and a diffusion layer with a diffusion barrier E . After dis-
sociation at the surface (near x=0), hydrogen passes through
a subsurface site and diffuses through the diffusion layer
(binding energy E,—E,, corresponding to 2AH,,) to enter
the hydride at x=L. The corresponding energy potential is
drawn in the top panel of Fig. 2. The energy minima repre-
sent stable states of hydrogen in matter, i.e., chemisorbed
hydrogen, hydrogen dissolved in the catalyst (diffusion
layer), and hydrogen in the hydride. The hydrogen concen-
tration profiles at various times during hydrogen loading are
schematically indicated in the lower panel of Fig. 2. The
chemical potential is continuous (see middle panel) even at
x=0, at which it changes over a very short distance due to
the dissociation barrier. The hydrogen concentration depen-
dence of the chemical potential is sketched for the diffusion
layer (0<<x< L) and the metal hydride in the middle panels
of Fig. 2. The metal hydride is assumed to have a flat plateau
at pressure p, for concentrations in the range 0=ciyy
<eyu<cly=1. An additional difficulty, which is first ne-
glected during derivation of the model, is the difference be-
tween the absorption plateau pressure and desorption plateau
pressure in the isotherm, which leads to hysteresis effects in
the metal hydride. We describe now the mathematics and
simplifications of the two-step model.

1. Particle current at the surface

The net current ji, ., consists of an inward current over
the barrier E; and an outward current over the barrier E,. The
inward current is proportional to the density of H, molecules
at the surface and the fraction of unoccupied surface sites
(1-6)? (at least two vacancies are needed),?? where 6 is the
fraction of surface sites occupied by atomic hydrogen. The
outward current is proportional to # since two hydrogen
atoms have to recombine to form an H, molecule.

jbarrier = ap(] - e)ze_El/kT - baZe—Ez/kT. (3)

The prefactors a and b are constants, which will be defined
later. The surface barrier leads to a step in the chemical po-
tential from hydrogen as a gas to hydrogen chemisorbed at
the surface. Further, the chemical potential is assumed to be
continuous. For simplification the concentration c(x=0) in
the diffusion layer is assumed to be in equilibrium with 6.
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FIG. 3. (Color online) Pressure dependence at 600 K of the
surface coverage (calculations from Ref. 19) and hydrogen bulk
concentration (experimental values from Ref. 25) of Ni. The lines
are extrapolations used to plot the bulk concentration as a function
of the surface coverage (inset). A good fit (line) to these values is
c(6)c 0/(1+ab), with a=-1.25, in fair agreement with the used
approximation [Eq. (5)].

The equality of the chemical potentials leads to the following
relation between 6 and ¢ (Ref. 23):

0
1-6

e_:“surface/kT =

- Ce_:usnl/kT. (4)

Meurface aNd up are the chemical potentials of hydrogen,
which are mainly determined by the binding energies of hy-
drogen on the surface, AH ., and in the bulk, AH, (see
Fig. 2).

In most cases, the binding energy of hydrogen is larger at
the surface than in the bulk,2* and thus the surface concen-
tration is larger, too (see bottom panel of Fig. 2). As we are
interested only in situations where the concentration c¢ is
much smaller than 1, we take

0

[ , 5
g% (5)

with g as the so-called surface enrichment factor: g
o esot~tsurtace KT Equation (3) becomes

jbarrier = (1 - 0)2(ape_El/kT - ngCZe—EZ/kT) . (6)
The “self-blocking factor” s>=(1-6)? is
2
s2=(1— 8¢ ) . (7)
1+gc

In many cases, s2 can be assumed to be constant, which is

equivalent to the effect that hydrogen is “trapped” on a sur-
face due to the high negative heat of chemisorption (large g)
and thus the coverage is high (for typical 3d metals, 6
=(.7 at high pressures;'” see Fig. 3). The deviation from the
equilibrium value of the self-blocking factor induced by a
change in the bulk hydrogen concentration c is therefore low.
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The latter assumptions are critical, as they are indispens-
able for an analytical model on hand, but may oversimplify
nature on the other hand. To underline the validity of the
assumptions, we show the dependence of coverage and dis-
solved hydrogen in Ni on the applied pressure (Fig. 3). The
coverage does not change much within the typical pressure
range of 0.1-100 bars, while the amount of dissolved hydro-
gen changes drastically (Sievert’s regime). The relation be-
tween coverage and hydrogen concentration is shown to be
well approximated by Eq. (5).

2. Diffusion current at x=0

In dynamic equilibrium, the overbarrier current ji,qicr
must be equal to the diffusion current jg;; at beginning of the
diffusion layer. Thus,

jbarrier =jdiff(x = O’I) =—£ a_lu s (8)
Jx x=0
where w is the chemical potential of hydrogen in the diffu-
sion layer. The coefficient £ depends on the hydrogen con-
centration since in the limit of low concentrations the diffu-
sion current is given by Fick’s law:

dc

jiee=—Dp—, 9
J diff de 9

with D as the constant diffusion coefficient and p as the
density of available hydrogen sites per volume (scaling of c).
In addition, £=£,(1-c), since hydrogen can jump only to an

unoccupied interstitial site. Assuming an ideal solution
model with

w=kT ln( < ) +AH,,, (10)
(1-c¢)
we obtain
d kT
&~ (11)
dc c(l-c)
and
du dude kT dc
jig=—E£—=—£(1-¢c)——=-£,——. 12
Jdiff dx of de dx 0 ¢ dx (12)

Consequently, after comparison with Fick’s first law, j=
—Dp%, we obtain

cDp c(l-c)
£o=— and £ =Dp——, 13
0= M Pk (13)
and we can rewrite Eq. (8) as
. . dc
Jbarrier = Jaigf(x = 0,1) == Dp | (14)
X1 x=0

This is the standard diffusion equation. Note, however, that
the chemical potential of hydrogen is continuous throughout
the sample, while the concentration can have discontinuities,
e.g., at x=L.
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3. Diffusion current in the diffusion layer
Fick’s second law determines the diffusion in the diffu-
sion layer (0<x<L):

e _ e (15)
gt Px

In the diffusion layer, hydrogen is bound with E|-E,
=2AH;, where AH is the heat of hydrogen solution in the
diffusion layer.?

4. Concentration inside the metal hydride.

The number of hydrogen per second and per m? entering/
leaving the metal hydride (MH) is

chH
9

dt (16)

Jaietx=L,t) = (Lyyy — L)p

where Lyy—L is the thickness of the metal-hydride layer.
Since the metal-hydride plateau is assumed to be flat from
cmni 1o evy [see the sketched w(cyy) curves in Fig. 1] and
the diffusion to be very rapid (i.e., Dygg— ), cyp=const
and the chemical potential uyy is taken to be equal to a
constant up. The continuity of the chemical potential at the
interface between the diffusion layer and the metal hydride is

wmlx=L,t) = py. (17)

With this the concentration c(x=L,t)=c,, in the diffusion
layer is related to the plateau pressure py in metal hydride
through

AS, 1
kT 1n<—c*’1—> +AH — =2 = T 1n(’3"—1>, (18)
1 _Cpl k 2 po

where pg is the standard pressure and AS, is the entropy
change at standard conditions. As we assume that the metal
hydride has relatively low-pressure plateaus, we are in the
low-concentration limit in the diffusion layer and Sievert’s
law is valid [see the sketched wu(cp) curves in Fig. 2]:

-
c(x=L,1)=cy=a\p,, (19)

where « is Sievert’s constant. The temperature dependence
of ais ax exp(~AH,,/kT). At equilibrium, i.e., jpumrier=0,
the concentration is the same everywhere in the whole diffu-
sion layer, and in particular c(x=0)=c,. With this we can
correlate the bulk constant with the surface parameters via

Eq. (6):
Lo B2
a= bgzexp< AT ) . (20)

5. Summary

Taking all the points mentioned above into consideration,
we obtain the following:
(1) For the surface at x=0,
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ge \?
1— (ae EVKTp — pg2e BN 2)
1+gc

dc
= — Dye Lk —

pe (21)

x=0

D, is the prefactor of diffusion, Egyy the diffusion barrier
height (see Fig. 2).
(2) For the diffusion layer at 0 <x<L,

dc Pe
—=D—

o P c(x,t=0)=0,

c(L,t)=cp. (22)

ey

(3) For the metal hydride at x=L, (9;':0. As the rate of
hydrogen absorbed in the metal hydride is defined as

d . .
R=(Lyyy—L)p=3", the sorption rate is

dc

R=-D .
ox x=L

(23)

The aim of this paper is to solve Eq. (22) and from that to
calculate R in Eq. (23). A general analytical time-dependent
solution is not known. Valuable insight can, however, be
gained from the analysis of representative special cases.

B. Special cases: Time-dependent cases

In Fig. 2 we have sketched the intermediate states before
reaching a steady state in the diffusion layer. We show here
that the time necessary to reach a steady state inside the
diffusion layer is significantly shorter than that of the overall
process. For this it is sufficient to consider the situation
where p, =0, which corresponds to p>p,. The rate of H
absorption is time dependent [Eq. (23)], as the surface is
connected to the underlying metal hydride via the time-
dependent diffusion equation [Eq. (22)]. In the following, we
will give its time dependence for three extreme cases, all
with the assumption that the plateau pressure in the metal
hydride is zero. This assumption is made to simplify the
calculations.

Three cases are discussed:

(A) Dissociation-limited uptake—The dissociation barrier
E, is large and thus §=0=>c(x=0)=0, with s>=1. The
redesorbed hydrogen, bc? exp(—E,/kT), is assumed to be
negligible and the plateau pressure is low. Therefore the rate
of dissociation determines the uptake rate:

dc
— =ae
ox

—EI/kTp at x=0 and C(X=L,t)=cp120'

(B) Equilibrium of the surface with gas phase—The dis-
sociation barrier is small. Here, the concentration of the out-
most layer ¢,(p,T), which is given by Sievert’s law, deter-
mines the rate:

c(x=0,t)=c,= s*=const and c(x=L,7)= cp = 0.

(C) Chemisorption-limited uptake—The chemisorption
enthalpy is large and with it #=1. Thus gc is large:
(1--%%)2=0, but not constant.

l+gc X
For case A one obtains?728
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FIG. 4. (Color online) Time dependence of the hydrogen uptake,
limited by dissociation (case A) and limited by the solubility of the
surface layers (case B). The dotted line refers to the condition ex-
pressed in Eq. (26).

R« 2Ap[erfc &—erfc 3é+erfc 56— ---]. (24)
For simplicity, we wrote £=L/\4Dt. Case B is modeled by?’
™
2c\ND
Rox i [e 4 ey 0 ] (25)
Vit

The equations are numerically solved and the rate is
shown in Fig. 4. For short times and small diffusion lengths,
the rate is indeed time dependent for both cases. However,
the rate saturates quickly. To discuss the relevance of the
time dependence, we calculate the time after which more
than 90% of the rate is reached:

R(t L?
RO 09 for 1> o (26)

max

Typical diffusion parameters are between 107! m?/s (Pd at
300 K) and D=4.0X 10" m?/s (Mg at 300 K).2° With typi-
cal diffusion lengths of around 10 nm= 10~® m, one obtains
diffusion times on the order of milliseconds. The time depen-
dence is therefore negligible, as typical sorption cycles take
several minutes. Therefore, the rate through a thin diffusion
layer is in all cases time independent. In other words. it is
impossible to distinguish between dissociation or diffusion
processes on/in a thin cover layer via the time dependence of
the total kinetics.

To include all possibilities, we have to solve case C. As
considered in cases A and B, reaching a steady state in the
diffusion layer is fast compared to the overall process. We
neglect this time dependence and thus

2
c
ROC(I— 8 )ae—El/kTpxp, (27)
1+gc

as cxcy=const in steady state. The assumed constant con-
centration results from the constant chemical potential of the
metal hydride at the plateau. Before reaching steady state,
i.e., in the @ phase of hydrogen in the metal hydride layer, a
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time dependence is expected, though: c=c(z). This was ex-
perimentally observed in the H uptake in Mg films.>* The
authors report decreasing hydrogen uptake in the « phase,
where the chemical potential increases until the plateau has
been reached. Unfortunately, the corresponding equations
cannot be solved analytically anymore [c(z) < [R(¢)dt]. If a
time dependence is observed, we can conclude that addi-
tional parameters, e.g., pp or L, change during the process. In
this publication, we focus on the sorption kinetics in the
plateau region, where p;, and thus s* are time independent.

C. Stationary case

As estimated in Sec. II B, “steady state” is reached within
short times compared to the time scale of a typical sorption
process. The diffusion process can then be well described by
a linear concentration gradient in the diffusion layer without
time dependence. Thus

—
c(0) — ay

Ap — BE(0) = DLLMPP—] — R, (28)
D aD —

Bc*(0) + ZC(O) - Tw"pp] -Ap=0. (29)

For simplification, we assume the self-blocking factor s° to
be constant and include it in the parameters A =s’ae “*T and
B=s’bg?e™®2*_ The surface is then coupled to the bulk via
a=vA/B [from Eq. (20)]. The concentration under the sur-

face, ¢(0), is
2+ \/(2)2+4B<2\/é +A )
L L L N pPr™aP

c(0) = 2B . (30)

Finally, we obtain the rate

R

P2 vl 2 )
p| "zt N\ TP L NPt \/r
L 2B ~ NP

31)

The role of the various parameters entering Eq. (31) is best
discussed by means of its graphical representation given in
Fig. 5. The left-hand side of Eq. (28) is an inverted parabola
with a maximum at p; the right-hand side is a straight line
with slope D/L. At equilibrium (i.e., R=0 and p=p,), the
two curves intersect the abscissa at cp1=a\fpp1. The concen-
tration and rate R are also determined by the intersection of
the two functions in nonequilibrium, i.e., when p # Ppi- For
applied pressures below the equilibrium pressure py, the
rates become negative (i.e., desorption occurs), and vice
versa. However, the results are not point mirrored (Fig. 5).

For a given value of %, the desorption rate R; (down point-
ing arrow) corresponds to the lowest applicable pressure
(i.e., perfect vacuum) with p=0. For comparison the curve
for an applied pressure of p=2p, is also drawn (i.e., Ap
=pp in both cases). The absorption rate R, (down pointing
arrow) is under no circumstances equal to that of desorption.
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FIG. 5. (Color online) Graphical solution of Eq. (28) for various
pressures and diffusion parameters D4/L4>Ds/13>D,/L,
>D;/Ly, highlighting the interdependence of the uptake rate and
the concentration at the surface.

Another source of asymmetry between hydrogen absorption
and desorption is also due to the inherent hysteresis of the
p-c isotherms of any metal hydride (see Fig. 1). For the
situation considered in the present paper, this means that p,,
during absorption is necessarily higher than p during de-
sorption and, consequently, that the desorption rate can be
significantly lower than the absorption rate driven by the
same pressure difference |p—p,|. Another important point is
that the surface concentration during absorption is inherently
larger than that for desorption. This implies that a catalyst
that affects the surface coverage will affect the sorption rate
asymmetrically. If it is beneficial for absorption, it will nega-
tively influence desorption and vice versa. Furthermore the
absorption kinetics might be completely different form the
desorption kinetics. This is well illustrated by the numerical
and experimental results of Pasturel et al. 3! who found that a
diffusion layer with a high solubility (i.e., large ) on top of
a metal hydride supports desorption but hinders absorption.
This result is in perfect agreement with Eq. (31), as the term
a\s‘ijl has to be as large as possible for desorption but as
small as possible for absorption. It is noted, however, that the
solubility leads to this result if the applied hydrogen pressure
is p=py or p=py,. For p>p, =0, the behavior is reversed.
Here, a high solubility accelerates the absorption kinetics.??
Hence, the effect of a specific parameter on the kinetics is
relative. Therefore, we estimate Eq. (31) for various pressure
regimes and relevant parameters.
We start with a Taylor series approximation of Eq. (31):

L2
RP)lp=p, =AB(p = pp) = 24°B 557 p —pp)+ -+
(32)

with
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L —— L
B=1+ 41—) VABp; + 4ABEPp1- (33)

For ABp,<D?/L?, the kinetics is “dissociation limited,” and
the prefactor of the quadratic term is much smaller than that
of the linear term. The kinetics can then be well described by

R(p):A,(P_Ppl), (34)

as frequently given in literature.>>3 The prefactor A’ =A
involves an activation energy E,. However, the apparent ac-
tivation energy is different; see below.

The nonlinearity increases with larger pressures and/or
decreasing diffusivity, i.e., Ap>D/L. Eventually, this ends
up in a square-root function,

D~ —
R(P)|apspi = Za[VP —\ppl. (35)

in good agreement with the numerical results of Martin et
al.® and Bloch.?* The surface parameters A and B have been
replaced to demonstrate the similarity to the relation used to
measure the hydrogen diffusion coefficient in permeation
experiments.® Equation (35) might be simplified to

~

, VP

R(P)apspir = (k = 1)- (36)
\"Ppl

Frequently, desorption is measured in or near vacuum condi-
tions. In the very limit, Eq. (35) becomes

R(p=0)=—-—a\p, f ps?2
= = / or P .
L L

For the surface-limited kinetics, Eq. (31) is estimated by a
Taylor series of the square root around Ap==0:

2

R(p=0)= b
== 5p12

2L ——
—1+1+2'y—2y2—BvABppl ,
(37)
with
L — TN oy L r5=—
Y= B\e‘ABppl+ABp =A BD—zppl+25p\e’A B py-

This can be estimated for B<% by using

R(p)|,~0=—Alpy—pl. (38)
and thus
D
R(p=0)=-Ap, for B< I (39)
It is convenient to use the reduced rate
n p
R(p)|p=o°<<k p——l>, P <Dpp- (40)
pl

It is worth mentioning that the parameters k' and k" in
Eqgs. (40) and (35) can be taken as a measure of the applica-
bility of the model on the sorption kinetics. Per definition,
R(p=p,) =0, and therefore k" =1 =k". Deviations of k" and
k" from 1 means that even if the experimental fit was well
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TABLE 1. Overview of the various estimates of the pressure dependence of Eq. (31) and the corresponding apparent activation

energies.

Rate-limiting step condition

Simplified kinetics

Activation energy

Dissociation, p>pp, R=Ap E,
Dissociation, p=p,, R=A(p-pp) Ei+ppi/ p=ppi2AHyy
Diffusion, p>p, R=D/LNA/Bp=D/La\p AH o+ Egigt

Diffusion, p=py,
Diffusion, py,>p=0
Recombination, p,>p=0

Rate-limiting step condition

R=D/La[\p-\py]
R=-D/L\A/B\p,=D/La\p,
R=—A[)p1

Best-fit kinetics

AH 1+ Egige+ \ppi/ \p=\ppi AHyim
AH 1+ E g~ AHyiy

Activation energy

Dissociation
Diffusion

R (K'p/pp—1)
R (k' \p/\py—1)

adapted on a local scale, an interpretation of the values by
physical parameters would be problematic.

The activation energy is a complicated function of pres-
sures and temperature. The activation energy is calculated
from Eq. (1): Exo=kT?d In R/dT. Six extreme cases can be
distinguished: (i) and (ii), where plateau pressure p,<p,
which corresponds to absorption at very high pressures; (iii)
and (iv), sorption near the plateau, where p =p,;; and (v) and
(vi), where p;>p, corresponding to desorption at low pres-
sures (p=0) or high temperatures (p,>p>0). Each pair of
cases has one case where dissociation is dominant and an-
other where diffusion is dominant. We have

(i) Exn=E, for p>p, and ABp,,<D*L?, (41)
p p

.. 1
(ii) Expn= E(El - E;) + Egigy
for p>p, and ABp, > D*L*,  (42)

in agreement with our previous paper.>> With a heat of hy-
dride formation AHyy, the plateau pressure is py
o e?MHwiKTand the apparent activation energies of the rate
become

(lll) EAA =E1 + _pLZAHMH
P = Pp

for p=p, and ABp, < DL,  (43)

. \Ppl
(iv) AH+Egr+ = —AHym
\Np — Vppl
for p=p, and ABp, > D*/L*. (44)

These intermediate solutions diverge at p=p,,. Cases (v) and
(vi) are derived via the Taylor approximation [Eq. (37)]. The
apparent activation energies become

D
(v) Exn=E,;-2AHyy for p,,>p and —> B,
P L

(45)

and

D
(Vl) EAA = AHSOlEdiff_ AHMH for ppl > p and Z <B.

(46)

The equations resemble the Temkin equation’®37 if a re-

action A— B with one single activation barrier E,p is
coupled to an equilibrium state C with stability AH

AHmB\ﬁmC, EAA=EAB—mAHc.

For the diffusion-limited case, atomic hydrogen (H) diffuses
inside the metal hydride MH,, i.e., m=1:

1
<5H2<—)Hchem — Hgig = MH,.

For the surface-limited case, two atomic hydrogen recom-
bine at the surface to H,, i.e., m=2:

Hy  2H hem(<—2H gigg) = 2MH,.

The change in the parameter m corresponds to a transition
from a diffusion-limited to a surface-limited sorption. Thus,
r=m/?2 is also called reaction order.’” This is in special cases
reflected by the pressure dependence of the rates. A linear
pressure dependence corresponds to a surface-limited kinet-
ics; a square-root dependence corresponds to a diffusion-
limited kinetics. This is discussed in detail in Sec. III B. To
highlight the various cases and to simplify the discussion,
Table I gives an overview.

III. EXPERIMENTAL EXAMPLES

Hydrogen-uptake kinetics have been measured for a huge
number of hydride systems. We restrict ourselves to repre-
sentative examples, the H uptake in thin films, the sorption
kinetics of bulk LaNisHg, and Mg-MgH,. The first example
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resembles the geometry of the theoretical model, and is thus
ideal for testing the model. The applicability of the model is
demonstrated by the representative real-world hydrogen stor-
age materials LaNisHy and MgH,. For LaNis, the model is
only approximately valid; the good agreement between an-
ticipated and measured values confirms the usability of the
model in general, though. For the last example, the model is
applied to the Mg-MgH, system, which shows an archetypi-
cal “diffusion-limited” growth.

A. Thin film samples: Kinetics and pressure dependence of the
sorption Kinetics of Mg,Ni;_,

Hydrogen switchable mirrors resemble the setup of the
model perfectly. The hydride material is deposited on a glass
substrate, on which a Pd capping layer is grown. In good
approximation, we can speak of a surface layer, consisting of
the surface-active material (Pd) and a diffusion layer (Pd and
hydride are separated by a thin oxide layer). In this thin-film
system, the sorption kinetics is studied as a function of com-
position, thickness, temperature, and hydrogen pressure (see,
e.g., Ref. 32). The technique can be extended to a combina-
torial screening method by the use of large area thin-film
matrix samples with controlled gradients in local chemical
composition of two or more constituents.?

To measure the hydrogen-sorption kinetics in thin films
quantitatively, the optical transmission in Mg,Ni,_, films is
monitored during hydrogen loading. The structural phase
transitions of the system are accompanied by changes in the
electronic structure, affecting the optical properties of the
material.® It is found that the hydride grows from the sub-
strate interface for composition around Mg,Ni, which is hint
for a very fast diffusion of in the metal. As described in
detail in Ref. 38, the hydrogen-uptake kinetics of these films
can be determined from the optical intensity changes.

The hydrogen loading behavior of the samples is moni-
tored by exposing the whole sample to hydrogen gas in an
optical setup. Technical details are described elsewhere.*
Figure 6 shows the pressure dependence of H absorption of
Mg Ni,_, thin films for various compositions y measured at
room temperature. The gradient film is completely covered
with a uniform layer of Pd, making it likely that we are
dealing with the same surface properties.*! An increased
amount of Mg leads in first order to a decrease in the diffu-
sivity of H in Mg Ni,_,. Furthermore, the formed phases
change from a Mg,NiH,/MgH, mixture to a Ni-doped
MgH,.?® This has consequences for the thermodynamical
properties, in particular for the equilibrium pressures. The
plateau pressures are obtained as extrapolation to zero rate
using expression (34) based on the model derived above (see
Fig. 6). The heat of formation is obtained by repeating the
measurements at various temperatures.>® The method holds
also for nonlinear kinetics (Mg-rich samples; see inset of
Fig. 6), although the extrapolation to zero rate becomes more
difficult.

Here, we emphasize that measuring a linear pressure de-
pendence does not mean that the uptake rate is determined
by surface properties only since they are equal for all com-
positions on a given gradient sample: Although the sample is
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FIG. 6. (Color online) (a) Pressure dependence of H absorption
of Mg;_,Ni, thin films for various compositions y measured at
room temperature [y=0.74 (black) open diamonds; 0.79 (green)
stars; 0.84 (red) empty circles; 0.95 (blue) filled circles]. The solid
lines are linear fits, from which the plateau pressures are derived.
The regression coefficient decreases from nearly 1 (0.9997, black
dots) to 0.9011 (blue dots). The inset is an enlargement of the Mg-
rich sample, which clearly shows the nonlinear pressure depen-
dence. The extrapolation to zero rate defines the equilibrium pres-
sure pp. Data were from Ref. 38. (b) The plateau pressures from (a)
are used to plot the rate as a function of p/p,. The solid curves are
linear fits to the experimental data, revealing the same slope for all
curves.

covered with Pd of the same thickness and all compositions
are probed simultaneously under the same conditions, still a
large difference in uptake kinetics is measured. This can be
easily understood as the linear relation [Eq. (34)] is a first-
order approach. Evidently, the rates are determined by one
rate-limiting step only in extreme cases. Most of the rates
can be reasonably fitted by a linear relation, although the
linearity of the data decreases (decreasing of the correlation
coefficient; see Fig. 6), which is an indication of the increas-
ing influence of the bulk. A purely diffusion-limited case is
not found either. To underline the statement, we plot the rates
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as a function of (p/py,—1) [Eq. (40)]. Linear fits to the ex-
perimental data reveal the same slope for all curves. Evi-
dently, the uptake rate can be well described by Eq. (40) with
the same proportionality parameter, i.e., with the same prop-
erties of the surface layer (Pd). It is noted that the deviation
from O for p/p,, of the Mg-richest sample is the smallest of
all samples (see inset of Fig. 6). Thus, the linear approxima-
tion is still very well suited, even if a different behavior is to
be expected at higher supersaturation.

The interdependence of elementary steps solves a contro-
versial debate: How can the change in bulk properties (e.g.,
diffusion) influence the uptake rate, which was considered to
be “surface rate limited” on the basis of a traditional single
step by an evaluation of the time dependence*” or pressure
dependence® of the desorption of MgH,? In our model, this
controversy does not arise. The coverage at the surface 6 is
directly connected to the bulk concentration c(x=0) at the
surface, which depends on the diffusion gradient in the vol-
ume, which further depends on the plateau pressure of the
absorbing material. The surface coverage, however, deter-
mines the hydrogen dissociation (parameters A and B), and
thus a bulk process influences a surface process.

We can also discuss the validity of the simplifications of
the two-step model along this experimental example. It is not
expected that the absolute value of # changes significantly in
the used pressure range (between 1 and 4 mbar), and thus the
simplification in Eq. (28) is plausible. Furthermore, the re-
sults are in good agreement with literature data. The hydro-
gen uptake of Mg thin films in the « regime shows a time-
dependent behavior, while the absorption in the plateau
regime is time constant.>

An important outcome of the two-step model is that the
apparent activation energy depends on the exact thermody-
namic regime, in which this property is measured. To vali-
date this experimentally, we measured optically the
hydrogen-uptake rate of a Pd-capped Mg,Ni film at various
temperatures and pressures. The uptake rate is plotted as a
function of the applied pressure in Fig. 7. The linear behavior
as already discussed above is a hint for a dissociation-limited
rate. The extrapolated onset pressures represent the equilib-
rium pressures. From the temperature dependence, a heat of
hydride formation of —44 kJ/mol H, is obtained as shown
by the corresponding van’t Hoff plot in Fig. 8. The linear
extrapolation to higher temperatures of the thin-film values
matches exactly the equilibrium pressures obtained from
bulk pcT measurements.*** This underlines the applicability
of the method. Without considering any models, the apparent
activation energy is calculated according to Eq. (1) from the
change in the rate at two different temperatures:

21n Rz— In Rl

1
Espa=k—-(T\+ T,
AA 4( 1+ 1) T,—T,

(47)

At a given pressure, e.g., 40 mbar [marked with (1) in Fig.
7], the rate decreases with increasing temperature. The cor-
responding apparent activation energy is thus negative. At
higher pressures, though, the activation energy is positive
[point (2)]. The reason for this is obvious due to the different
thermodynamic ~ driving  forces (p—pe,). Assuming
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FIG. 7. (Color online) H-uptake rate of Mg,Ni at various pres-
sures and temperatures measured optically. Points marked (1) and
(2) indicate pressure regimes, where a negative and a positive ap-
parent activation energy, respectively, are found (see text for
details).

dissociation-limiting kinetics, the apparent activation energy
is zero at

_—EI:L“]_‘ (48)
2AI—IMH p _peq

The intercepts of the curves in Fig. 7 correspond to zero
apparent activation energy and are found around p/p. =4.
The surface-barrier height £,=0.16 eV is obtained from an
Arrhenius plot of the parameter A’ [from Eq. (32)], shown in
Fig. 9. Using this value, a zero apparent activation energy is
expected at p/p.,=4 and is indeed found.

The experimental surface-barrier height of 0.16 eV is in
good agreement with the value for hydrogen dissociation on

Temperature T (K)
600 550 500 450 400 350 300
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c : 3
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FIG. 8. van’t Hoff plots of Mg,Ni. Equilibrium pressures were
from Fig. 7 (thin films) and Ref. 44 (bulk).
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FIG. 9. (Color online) Surface activation energy E; of Pd-
capped Mg, Ni thin films as obtained from an Arrhenius plot of the
parameter A'=R/(p—py) [Eq. (32)].

Pd as derived from surface science results. Hydrogen disso-
ciation on Pd surfaces is nonactivated, i.e., E4,=0. How-
ever, at higher coverage, the chemisorbed hydrogen changes
the electronic structure (poisoning),* which shifts the energy
potential by around 0.2 eV. The experimental activation en-
ergy of hydrogen absorption in pure Pd was found to be 0.2
eV, but the authors did not distinguish between surface and
diffusion activation energy.’

B. Thin film samples: Activation energy of hydrogen
absorption in metal-coated thin films

Metal coatings on metal hydrides are frequently used to
improve hydrogen-uptake kinetics in thin films. These are
optimum model systems to validate the presented continuum
model. Two data sets are described in detail: (i) hydrogen
uptake in metal-coated Ta wires (from Ref. 46) and (ii) hy-
drogen uptake in metal-coated surface-oxidized yttrium films
(from Ref. 32). Hydrogen diffusion is very fast in Ta with a
low diffusion barrier (Eg=0.136 e€V) at high solubility
(AH,,;=—0.4 eV/H).* The main barrier is thus the surface
layer (dissociation and diffusion in the metal coating). Hy-
drogen diffusion is comparably fast in yttrium.*® Here the
main diffusion barrier is the surface oxide layer separating
metal coating and yttrium [Eg=1.3 eV, estimated from the
related systems TiO,, E4=0.59-1.3 eV,* and AlLO;,
Egir=1.0 eV (Ref. 50)]. Coating of these materials with d
metals can increase the H uptake significantly as shown in
Fig. 10. Interestingly, the apparent activation energy of yt-
trium films decreases with decreasing rate, i.e., it shows the
compensation effect, while that of Ta wires increases with
decreasing rate. The compensation effect is a hint of a
change in rate-limiting process. We will demonstrate this
quantitatively on the yttrium thin-film results, as the bound-
ary conditions are well suited for simplifying the reaction
kinetics. We will show that the results on Ta wires also con-
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FIG. 10. Bottom panel: Hydrogen-uptake rates of d metal—
coated Ta wires (hollow dots) and of surface-oxidized yttrium films
(full dots). Middle panel: Corresponding apparent activation ener-
gies and the dissociation barrier heights and activation energies for
permeation through the metal coating. Top panel: rate limiting pa-
rameter r as derived from Eq. (51).

firm the model qualitatively. Yttrium dihydride is very stable,
and with an applied hydrogen pressure of 2 bars, p>p,
=0.013 bar at T=250 °C.>!

With p>p,,, the apparent activation energy is given by

Epn = 2E i~ Ey + k121 ( LI 1)
AA = 2Lqiff — £2 dTn D2 .
(49)
With {=*2L2 we obtain
3¢
Epn=2Egg—Ey+ (E| + Ey— 2Eg) ———————.
AA diff 2 1 2 diff. (1 +§): [ +§
(50)

The factor rzém defines the regime of the system. It varies
between % for diffusion-limited rate (D2<4AL2Bp, ie., (
—o0) and 1 for {=0, i.e., for a surface-limited rate. The
energy parameters are E,=F,;—2AH, and E,=E. The ap-

parent activation energies become
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Ezp=2E g — Egigs + 20H o + 1{2E s — 2AH ) — 2E gy .
(51)

This delivers the activation energy of permeation in the
diffusion-limited case,

1
r=5 Epp=Egigr+ AHg,, (52)

and the activation energy of dissociation in the dissociation-
limited case,

r=1: Exp = Egigss (53)

as calculated in Eq. (41). Figure 10 compares the measured
apparent  activation energies with Egiss and
E 4+ AH  —apparently without good agreement. Thus we
use Eq. (50) to evaluate r (see Fig. 10, top). The parameter
varies from around 0.75 to 1, clearly demonstrating the
change from a diffusion-limited to a dissociation-limited re-
gime.
We can calculate the pressure dependence by using

dlnR dInR di 1

= =—r. (54)
dpy, dg de2 Pu,
Thus
dInR
po SR8 (55)
dinp

That means that the reaction order r can also be determined
by the pressure dependence of the absorption rate. The reac-
tion rate r of Pd obtained by this method is r=0.8, in good
agreement with the value derived from the temperature de-
pendence of the rate.’

A similar treatment of the data on Ta wires is difficult.
The plateau of tantalum hydride is not very pronounced and
pyp lies in the same range of the applied hydrogen pressure at
the used temperatures. The above used assumptions do not
hold; thus a calculation of the reaction order according to Eq.
(51) is not possible. The authors measure a square-root de-
pendence of the pressure dependence of the uptake of Pd-
covered Ta wires and a diffusion-limited rate is thus likely.
The measured apparent activation energies follow roughly
the activation energy of permeation. This is in agreement
with the measured dependence on the layer thickness R
«1/L, though a Cu-covered Ta-wire shows a different be-
havior. Furthermore, the authors measured an activation en-
ergy, which depends on L. The apparent activation energy of
Ni-coated Ta wires decreases with increasing thickness L.
Simultaneously the rate decreases, which is clear evidence
for the compensation effect. The disagreement of measured
and estimated activation energies is therefore due to a change
in reaction order.

It is useful to calculate the effect of L on r. From Eq. (51)
it follows that

%
p=1-S=1-
4

1 for {—0, (56)
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FIG. 11. (Color online) Pressure dependence of the H absorption
of activated and unactivated LaNisH, at various temperatures. Data
were from Refs. 53 and 54. The data are fitted to Eq. (31) (dashed
curves) and to Eq. (58) (full curves).
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k; and k; are constants. Clearly, the rate is limited by diffu-

. Ty - .
sion (r=3) in the overlayer only if L— . Conversely, for
zero-layer thickness, only the surface barrier limits the up-
take (r=1). It is noted, though, that the reaction order con-
cept holds only for negligible thermodynamic influence (i.e.,
p/pu>1). In the following, we apply this model on bulk
results.

C. Powder samples: LaNisH,

LaNis is well known to form an oxide layer on top of each
grain. This oxide layer hinders hydrogen dissociation as well
as hydrogen diffusion, whereas diffusion in LaNis is very
fast.5? This system can thus well be described by the two-
step model. Experimentally, the initial absorption rates for
activated LaNis at 195 K and for unactivated LaNis at two
different temperatures are shown in Fig. 11 (data from Refs.
53 and 54). The rates for activated LaNis were found to be
dependent upon Ap=p—p,. The rates were found to be in-
dependent of the total H:LaNis, the ratio along the two-
phase coexistence region, provided that they were compared
at the same value of Ap. The pressure dependence is differ-
ent from that for unactivated LaNis, in the region of primary
solubility, for which it was experimentally found to be ap-
proximately p'? (here, the plateau pressure is set to be =0).
The striking contradiction between these two results is that
activated LaNis is expected to have better surface properties
(i.e., diffusion-limited kinetics) than the unactivated
material.>> Ergo the pressure for the activated sample should
be p” 2 rather than linear as observed, which raised a contro-
versial debate on the effect.>* Our explanation is relatively
straightforward. Absorption in unactivated LaNis is hindered
by the thin oxide layer on the metal grains.’> The observed
pressure dependence can be explained if the rate-limiting
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step is diffusion in this layer.® After activation, this oxide
layer has been removed, and the dissociation/recombination
of hydrogen is rate limiting. We would like to emphasize that
in no case an exponent of 1 or 1/2, respectively, is found.
“Rate limiting” has thus to be understood in the sense of
“dominating the kinetics.”

This was investigated in detail by Uchida.’” At pressures
well above the plateau pressure (see table), the reaction ki-
netics can be modeled by>’

R=Ryp’, (58)

where R is a proportional constant and r is an exponent of
pressure (Temkin equation m=2r), and can be interpreted as
the reaction order defined in Eq. (50). Uchida®’ measured the
reaction kinetics of initial hydrogen absorption in LaNi al-
loys. He found values for r to be between 0.5 and 1. r be-
comes close to 0.5 (H permeation through the surface layers)
with Ex, > 15 kJ/mol, which were measured for the heavily
oxidized samples with grown oxide layers at temperatures
lower than 300 K. r becomes close to 1 (H, dissociation)
with Eqp <5 kJ/mol, which were measured for the samples
with thin oxide layers at temperatures higher than 700 K.
These results indicate the shift of the rate-controlling step of
the H,-absorption rate between H permeation and H, disso-
ciation, depending upon the surface conditions. Moreover,
the results obey the Constable-Cremer relation (high rate at
high apparent activation energies)—in good agreement with
the results from Andreasen et al.'> The data points in Fig. 11
have been fitted to the two-step model [Eq. (31)] with em-
pirical parameters. The change in the parameters underlines
the above given explanation: The change in the diffusion
parameters is D,/L,/D,/L,=1/860 (the indices « and a cor-
respond to unactivated and activated) and that of the surface

parameters 2—:/ 2—:: slﬁ~ Even though both processes are im-
proved, the increase in the surface parameters is less than
those in the diffusion parameters, leading to a “surface-
dominated” kinetics.

Furthermore, Boser? proposed that the slow step for both
absorption and desorption of hydrogen in the two-phase re-
gion is the phase transition. The reported energy of activation
was found to be similar to the enthalpy change for the tran-
sition from the hydrogen-saturated metal to the hydride
phase. This explanation cannot explain the observed kinetics
nor the pressure dependence. Interestingly, the value of Ep,
is in very good agreement with our model. For diffusion-
limited kinetics (and similarly for dissociation-limited one),
the heat of hydride formation enters the activation energy
(see Table I). Because the dissociation barrier and the diffu-
sion barrier heights are very small in LaNis, the activation
energy resembles mainly the heat of hydride formation

D. Powder samples: Oxide-catalyzed Mg-MgH,

The mathematical description implies that the rate of ab-
sorption and desorption should be time constant irrespective
of the particular rate-limiting step. However, most experi-
mentally measured kinetics do show a time-dependent rate.
In this case, the given parameters change during the sorption
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mass change (100% = MgH,)

time (min)

FIG. 12. (Color online) Absorption and desorption kinetics of
ball-milled MgH,. For desorption into vacuum and absorption at 5
bar H,, the temperature is in both cases 300 °C. The absorption
behavior is best described by a three-dimensional controlled con-
tracting volume (L — L*) model with decreasing interface velocity
(i.e., dL/dt # const).

process. The corresponding kinetics of an archetypical ex-
ample of ball-milled Mg-MgH, sorption are shown in Fig.
12.

While the desorption curve can be fitted with a linear
function and therefore shows a nearly constant rate, the ab-
sorption behavior is clearly nonlinear. The absorption behav-
ior is best described by the three-dimensional diffusion-
controlled contracting volume model with decreasing
interface velocity,*>> which is sketched in Fig. 12. After a
an initial nucleation state, a dense MgH, is formed at the
surface of a Mg grain.?%° MgH, has very low diffusional
properties and is therefore a major barrier for hydrogen
transport (H permeation in Mg is faster by a factor of 1000 at
room temperature).?>®! H uptake in Mg corresponds to the
growth of the hydride layer, which means that the diffusion
path length is increasing, too. Thus, the uptake rate is time
dependent (“decreasing interface velocity”). During desorp-
tion, hydrogen has to diffuse through Mg with relatively high
hydrogen diffusivity. Desorption kinetics is thus mainly con-
trolled by the surface (i.e., linear kinetics).®>-% Liang et al.¥
found a linear pressure dependence of desorption in the form
of Eq. (40) with k”+# 1 without being able to assign this
behavior to a specific mechanism. Our model suggests that in
this case the kinetics is not purely limited by a single step
(i.e., dissociation).

Additives attached to the surface can enhance the sorption
kinetics, interestingly with the same effect both for absorp-
tion and desorption.*>%> This is in sharp contrast to a single
rate-limiting step, while this situation can be perfectly de-
scribed by the (one-dimensional) two-layer model. The sur-
face of MgH, consists of a thin MgO layer, which has a high
dissociation barrier. Moreover, the hydrogen coverage can be
assumed to be low. The chemical potential is different from
those in the previously discussed cases. Here, diffusion takes
place in the solubility range of the hydride (previously of the
oxide layer), and the chemical potential in the metal layer,
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FIG. 13. (Color online) Impact R/ R, of additives on the absorp-
tion properties of metal hydrides. (a) Dependence of the impact on
the diffusion path length L as simulated by the two-step model with
model parameters for diffusion and surface parameters A and B. (b)
The effect of various additives on the absorption kinetics relative to
that of as-milled MgH, is plotted as a function of the filling factor.
Data were taken from Ref. 65.

here Mg, remains constant as does the concentration, because
the H uptake is connected to the growth of the diffusion layer
(i.e., MgH,, with thickness L; diffusion in the oxide is ne-
glected). The concentration at the (moving) interface is con-
stant (=cy). Therefore the mathematics of the two-step
model can be used to describe this completely different hy-
dride growth mode. However, the rate is not constant any-
more, because L=L(¢), and with a change in L the relevance
of the surface to bulk changes. The last piece of information
gives us a hint to test the assumption of a multistep situation:
The impact of the additives on diffusion is negligible at ini-
tial state and increases with increasing L; the impact on the
surface properties is strongest at initial state. This is plotted
for model parameters in Fig. 13 (top panel).
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In three-dimensional (3D) structures, the rate is not
strictly proportional to the growth speed of the diffusion
layer. Still, the filling factor of a grain (0=Mg, 1=MgH,) is
an approximate measure of the diffusion layer thickness L.
The effect of various additives on the absorption kinetics
relative to that of as-milled MgH, is plotted as a function of
the filling factor in Fig. 13 (bottom panel). Obviously, the
additive affects absorption mainly at initial states. Even the
effect of SiO,, which slows down the absorption kinetics, is
reproduced by our model. All additives affect mainly the
surface parameter A, although a mainly diffusion-controlled
kinetics is observed.

IV. SUMMARY AND CONCLUSIONS

Recent measurements of activation energies of various
hydrogen storage materials posed intriguing questions about
their physical meaning. In order to rationalize the experimen-
tal results, a one-dimensional model is set up to estimate the
time, temperature, and pressure dependences of sorption ki-
netics and the relevance of several materials parameters in-
volved in the process. The model, which incorporates explic-
itly surface and diffusion processes, results in three main
conclusions:

(1) It is impossible to distinguish between dissociation
and diffusion processes on/in a thin cover layer via the time
dependence of the total kinetics.

(2) In most cases, a single rate-limiting step does not
exist.

(3) The apparent activation energy and the pressure de-
pendence of the rate are functions of the relative importance
of the elementary processes involved in H sorption and Ex»
is thus not an intrinsic materials property.

The conclusions are in good agreement with published
experimental results. For example, the time dependence of
diffusion as investigated in Ref. 27 agrees well with our
results as do the pressure relations of the rates. The pressure
dependence of the activation energy was also reported in
Refs. 66 and 67, which is hint that the apparent activation
energy is not a materials property in general. Our model
considers the interdependence of surface and diffusion pro-
cesses and can thereby calculate the apparent activation en-
ergy from intrinsic materials properties. However, the esti-
mates of the pressure and temperature dependencies for
extreme cases are the same as those obtained by assuming
single rate-limiting steps (see, e.g., Refs. 33 and 34).

The model is successfully tested for several experimental
cases, ranging from model systems (thin films) to practical
systems (LaNisH, and MgH, powder samples). Thin films
have the advantage of having the same geometry as our one-
dimensional model and having well-defined surface proper-
ties. With thin films it is possible to demonstrate experimen-
tally the interdependence of surface and bulk processes. The
mathematical description of practical hydrogen storage ma-
terials is complicated by their 3D morphology. Nevertheless,
the main results from the present one-dimensional model re-
main valid, as for example demonstrated by the good de-
scription for the pressure dependence of the H-absorption
kinetics of LaNis bulk. We showed the applicability of the
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model to the sorption kinetics of Mg-MgH,.?’ Here, the ge-
ometry is a function of time change. However the principles
of this paper can be applied, e.g., pressure dependence. The
model sheds light on the functioning of additives in MgH,,
which are found to enhance the surface properties also for a
diffusion-limited kinetics.

Can we make use of these findings to, e.g., optimize hy-
drogen storage materials? One interesting fact is that a
change in many parameters (except E, and D) improving
absorption or desorption can worsen the reversed reaction.
One example described by Pasturel et al.3! is the increase in
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the solubility of the diffusion layer, which improves desorp-
tion but worsens absorption. The same holds for the surface
coverage, which in the presented model is described by the
parameters a and b.

The present model is applicable to the sorption kinetics of
“classical” metal hydrides, which is mainly determined by
dissociation and diffusion of hydrogen. In complex hydrides,
additional elementary steps have to be included. Still, there is
experimental evidence that also their thermodynamics and
kinetics are strongly interdependent.® We are planning to
extend our model to include these cases.
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