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Kinetics of hydrogen desorption from the powders of metal hydrides
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Abstract

Desorption of hydrogen from the powders of metal hydrides (MH) is affected by several interplaying processes including hydrogen
desorption from and recombination on the metal surface, diffusion within the bulk metal and different hydride phases, and decomposition of
the hydride phase. In present work, possible mechanisms of hydrogen release from the MH are proposed and discussed. Analytical models are
developed which cover common distributed and confluent cases. The models adequately fit the experimental data of the thermal desorption
s uated on the
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pectroscopy and barometric thermocycling studies. Rate constants of the reactions of hydrogen release from the MH are eval
asis of the fitting of the experimental data by the proposed models. These data are of significant importance in the assessments
f the MH in particular applications.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Kinetics of hydrogen desorption from the metal hydrides
MH) is a complex process which involves gaseous hydro-
en and two (�-solid solution of hydrogen in the metal and
�-hydride) or more solid H-containing phases. Hydrogen
esorption includes processes (elementary stages) proceed-

ng in the bulk (phase transformations and bulk diffusion) and
n the surface layer (recombination of hydrogen molecules).
ince each stage contributes to the overall process, only in
pecific cases the rate-limiting process can be identified.

The most frequently applied model of the kinetics of phase
ransformations relevant to the process of H desorption was
roposed by Avrami[1] and Johnson and Mehl[2]. The model

s based on the approach describing this kinetics as nucleation
nd consequent growth of the nuclei of a new phase within

he bulk of the matrix phase as the rate-limiting step.
Later, Rudman[3] has extended this approach to apply it to

he metal–hydrogen systems considering hydrogen diffusion

∗ Corresponding author. Fax: +7 812 4284449.
E-mail address: E.Evard@paloma.spbu.ru (E.A. Evard).

as the rate-limiting process for the kinetics of dehydrog
tion.

Mintz and Zeeri[4] further developed this approach. Th
analysis extended a consideration of the conventional
of a shrinking core moving with a constant velocity of
interface to include two more complex situations:

(i) shrinking core moving with a decelerating with time
locity; the process is controlled by hydrogen diffus
through the growing layer of the product;

(ii) random multiple nucleation and growth of the new ph
in the bulk material.

In addition, and for the first time, the factors causing d
ation of the kinetic characteristics of the hydrogenated p
ders from a behaviour of a single hydride particle were ta
into account. The influence of the: (i) particle size dis
bution; (ii) particle shape variations; (iii) time delay in t
beginning of the desorption process in the specific pa
compared to the average process in the powder were co
ered.

Recently, Castro and Meyer[5] have studied kinetics o
hydrogen desorption by modelling of the spectra of hydro
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thermal desorption. Here, the dehydrogenation is described in
a most general way. They related four alternative rate-limiting
steps including

(i) bulk diffusion;
(ii) phase transformation;

(iii) bulk to surface transfer;
(iv) H–H recombination on the sample surface.

However, for practical purposes, it is very difficult to apply
general models similar to those described in[4,5] to describe
the experimental thermal desorption spectra for the specific
metal–hydrogen systems. One reason for that is in ambiguity
of the interpretation of the results in the case of the overlap-
ping rate-limiting stages.

We believe that the simplified models allowing to quanti-
tatively describe the experimental thermal desorption spectra,
to determine the mechanisms of H desorption and to evaluate
the rate constants, are of great importance.

The aim of the present paper, is to study kinetics of the
elementary processes contributing to H desorption and to
develop a method for the evaluation of the rate constants
enabling the engineering calculations. The objects of this
study are defined as the powders of the hydride-forming
metals retaining their metallic properties on hydrogenation.
The experimental results were obtained using thermal des-
orption spectrometry and the thermocycling (TC) method (a
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samples. The presence of hydrogen allowed a fine tempera-
ture control over the hydride powder. While the temperature
was lowered, hydrogen was absorbed by the sample. In turn,
when the temperature was raised, hydrogen was released. The
rates of gas desorption and absorption were determined by
monitoring pressure changes in the buffer cylinder. Its vol-
ume was more than three orders higher compared the volume
of the heated crucible. By modifying initial pressure, starting
and final temperatures, one can scan the required areas of
the phase diagrams of the studied metal–hydrogen system. A
more detailed description of the TC method may be found in
[6].

3. Results and discussion

3.1. Description of the models

The models used are based on the following assumptions:

1. The studied samples are fine powders. Their pow-
dering from the initially mechanically crushed metal
samples has been accomplished by the hydrogenation–
dehydrogenation cycling. Spherical approximation is the
most acceptable for the particles of such powders, as
follows from the scanning electron microscopy studies.
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odified barometric method (BM)). Special attention
aid to the control of the temperature of samples, s
ydrogen desorption from the hydrides is associated
bsorption and transfer of the heat. Our approach in d
ining the most probable mechanisms of hydrogen ab

ion and desorption and evaluating the rate constants is
n analytical modelling. Adequacy of the suggested m
ls is verified by their ability to describe the experime
esults.

Since the approaches applied in literature, e.g. those
he paper[5] are too general, we were aimed to overco
his disadvantage. The following goals were defined fo
resent study. Since both TDS and the BM techniques
ide rather simple experimental dependences we wish
unctionally relate these dependences to the evaluate
ameters. At the same time, we wish to develop the sim
ossible model allowing to fit the family of the experimen
urves measured at similar conditions with the same fi
arameters.

. Experimentals details

The samples were heated in a stainless steel crucib
he TDS experiments, the desorption flux of hydrogen
easured by a mass-spectrometer. In the TC experimen

ample was heated and cooled in cycles under the press
ydrogen gas being in equilibrium with H2 in a buffer cylin-
er with a known volume,Vb. Our setup allows to ensure
trictly linear with respect to time heating and cooling of
f

In the paper[7], we have presented experimental pro
that the shrinking core model more correctly descr
the H absorption–desorption compared to the nucle
and growth model[8]. Thus, in the model we conside
spherical powder particle of radiusL with a hydride core
of radiusρ ∈ [0, L].

. Hydride phase and�-solid solution form an interface.
is generally accepted that local equilibrium of hydro
concentrations in the lattices of the metal and hydr
takes place because of the high mobility of hydro
atoms dissolved by the metals. We assume that the
centration,c�(t, ρ) = ccrit

� , in the solution correspon
to the left bound of the two-phase area of the ph
diagram; the concentrationc�(t, ρ) = ccrit

� in the hydride
corresponds to its right bound.

When two phases coexist, hydrogen desorption by a
icle is described by a diffusion boundary-value problem
he Stefan type with a moving bound between the hyd
nd the solution. Diffusion in both phases obeys the F

aw (the equations are in spherical coordinates):

∂c�
∂t

= D�

(
∂2c�

∂r2 + 2
r

∂c�
∂r

)
, r ∈ (ρ, L),

∂c�

∂t
= D�

(
∂2c�

∂r2 + 2
r

∂c�

∂r

)
, r ∈ (0, ρ).

(1)

Here,D� andD� are for the diffusion coefficients in th
ydride and the solution phases.

On the surface boundary of the particle hydrogen con
ration is determined by the balance of absorption, desor
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and diffusion fluxes:

bc2
�(t, L) = k�p − D�

∂c�

∂r
(t, L) (2)

Here,b and k� are the rate constants of hydrogen des-
orption and absorption. The Eq.(2) is based on the fact
that the desorption proceeds from the layer of the�-
solid solution where H content is low and Sieverts’ law is
applicable.

Due to the spherical symmetry there is no flux in the centre
of the particle:

∂c�

∂r
(t, 0) = 0 (3)

At the hydride-solution boundary the decomposing hy-
dride maintains the critical concentration in the�-hydride;
the concentration in the�-solution satisfies the conditions of
local equilibrium:

c�(t, ρ(t)) = ccrit
� , c�(t, ρ(t)) = ccrit

� (4)

The velocity of hydride-solution boundary (the Stefan
condition) is determined by the balance of diffusion fluxes
and the flux of hydrogen that appears due to the decomposi-
tion of the hydride:

[
dρ ∂c� ∂c�
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cess lasts until the critical concentrationccrit
� is reached at

the phase boundary.
2. Decomposition of hydride. The hydride core is shrinking.

This process lasts either until the critical temperature is
reached or until all the hydride is decomposed (i.e. until
ρ(t) = 0).

3. Final degassing. Initial distribution is determined by the
previous stage. The particle is diffusionally degassed:

∂c�

∂t
= D�

(
∂2c�

∂r2 + 2

r

∂c�

∂r

)
, r ∈ (0, L) (6)

bc2
�(t, L) = k�p − D�

∂c�

∂r
(t, L) (7)

∂c�

∂r
(t, 0) = 0 (8)

The presented model involves significantly less parame-
ters than the model proposed in[5]. However, the number of
the parameters is still too large to solve the inverse problem.
At present, we do not possess the experimental data that are
the functions of such number of varying constants.

3.2. Confluent models and their comparison with the
experiment
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c�(t, ρ) − c�(t, ρ)]
dt

= D�
∂r

(t, ρ) − D�
∂r

(t, ρ) (5)

Please, note that the dependences(1)–(5)are derived from
he conservation law (the total amount of hydrogen is
tant) and are based on a description of the desorption
ess by known physical laws and equations. All param
re assumed to be dependent from the Arrhenius tempe
ith certain individual pre-exponential factors and act

ion energies. For example, desorption coefficient is de
sb = b0 exp(−Eb/RT ).

At the beginning of desorption almost all hydride partic
onsist of the� phase and are covered by a thin layer of th�
hase. Starting temperature is so low that the desorptio

s very small, while inside the particle H diffusion and ph
ransformations on the boundary cause the initial distribu
f concentrations. From the mathematical point of view

nitial H distribution in the� phase is rather arbitrary: the on
imiting condition is a spherical symmetry∂c�/∂r (0, 0) = 0.
t is expedient to considerc�(0, r) = A + B/r as an initia
istribution in the� phase. This distribution is stationary

he diffusion equation(1). The constantsA and B are de
ermined from the boundary condition(2) and condition o
quilibrium in H content(4).

On heating, hydrogen desorption from a particle of m
ydride involves three consecutive stages:

. Initial degassing. A flow of hydrogen diffuses from the�
phase to the� phase. The phase boundary does not m
i.e.ρ̇ = 0; the hydride does not decompose. From the
fan condition(5), we get the condition of a continuity
diffusion flux on the phase boundary. The described
When the hydride powder particles are small enough,
ven at moderate temperatures the diffusion is rather
herefore, the gradients of concentration in the�-solution
nd in the hydride are close to zero. This is the conflu
f the model. The limitD�,� → ∞ leads to vanishing o

he gradients, the models consist of the ordinary diffe
ial equations. In theconfluent model, the velocity of the
ydride-solution boundary is determined by the total
nce of hydrogen in the sample and the gas that has le
ample:

c�(t) − c�(t)] ρ2(t)ρ̇(t)

= −b(T (t))c2
�(t)L2 − ċ�(t)

L3 − ρ3

3
− ċ�(t)

ρ3

3
(9)

The flux of re-adsorption is here neglected. Here,c�(t)
s for the critical concentration in� phase,c�(t) is for the
quilibrium concentration in� phase. The functionsc�(t)
ndc�(t) are obtained from the phase diagram. In partic

f c�(t) = constant,c�(t) = constant, then Eq.(9) become
impler:

c�(t) − c�(t)] ρ2(t)ρ̇(t) = −b(T (t))c2
�(t)L2 (10)

An example of the TDS curve for this problem is giv
n Fig. 1a, curve 1. We suggest that the content of hy
en in the sample corresponds to the two-phase ar

he phase diagram. Then the temperature rise leads
rowth of the desorption flux; the desorption flux increa
ntil the hydride is decomposed, i.e. until the hydride c
hrinks to zero radius. The experimental curves obtaine
s do not have such typical sharp form: as an examp
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Fig. 1. (a) Experimental TDS curve of hydrogen desorption from erbium
hydride powder (circles). Modelling results (solid lines): (1) confluent curve
corresponding to Eq.(10), (2) an optimised fit by the model of desorption
from a group of particles with a size distribution presented in plot (b).

the same figure there are presented experimental data of the
rate of hydrogen desorption from the powder of erbium hy-
dride at a heating rate 0.1 K/s. Smooth form of the exper-
imental curve may be explained by size distribution of the
powder particles. The dependence 2 in theFig. 1a is the
fitting curve. It is the result of desorption from a group of
particles with a certain size distribution (presented at the
Fig. 1b). Activation energy of hydrogen desorption from
the erbium powder that provides the best fitting equals to
Eb = 160± 20 kJ/mol. Evaluation of the pre-exponent fac-
tor for the desorption yieldsb0 = 10−19 to 10−17 cm6/(mg s)
(10−25 to 10−23 m6/(kg s)).

An alternative model that provides smooth curves even for
a single particle takes into account a finite rate of decompo-
sition from the hydride. It is described in our paper[4].

The TC method provides a possibility to evaluate the con-
stants of desorption and absorption in case the temperatures
and pressures correspond to the single-phase area. As exam-
ple, we present the experimental results for vanadium (see
Fig. 2), for the case when the temperatures are above the crit-
ical temperature. We again assume that the diffusion transport
is quick.

Prior to the measurements the vanadium powder was
sieved (40�m sieve) in order to make it possible an applica-
tion of a single-particle approximation for the interpretation
of the data. Cycling was done in the temperature range 200–
5 oling
r

Fig. 2. Thermocycling of vanadium. (a) Temperature of the sample; (b)
circles—experimental points of the measured pressure in the experimental
setup, solid line—model fit.

The total amount of hydrogen in the sample and in the
buffer cylinder is described by the balance equation:

c(t)Vsample= 2Vbq(p0 − p(t)) (11)

Here,Vsampleis the volume of the sample,q the number of
hydrogen molecules in the unit volume at unit pressure,p0
andp(t) are initial and current pressure in the system. On the
other hand, the change of hydrogen amount in the sample is
determined by the rates of absorption and desorption:

ċ(t)Vsample= k�pSsample− Ssamplebc2(t) (12)

Here,Ssample is the surface of the sample that is rather
difficult to measure correctly for the powders. Let us trans-
form the last equation taking into consideration a mass of the
samplemsample:

ċ(t)msample= (k∗
ap − b∗c2(t))msample (13)

Eliminating the concentrationc(t) we obtain the following
differential equation for the pressure. This equation was used
for fitting of the experimental curves.

− 2Vbq

msample
ṗ = k∗

ap − 4b∗
(

qVb
p0 − p(t)

Vsample

)2

(14)

In the Fig. 2b, the solid line shows a fitting curve.
T orp-
t
1
2
1 atis-
f ting
00◦C, the pressure range 200–400 Pa and heating/co
ates 0.1, 0.2 and 0.3 K/s.
he following parameters characterize hydrogen s
ion and desorption by vanadium:Eb = 96 kJ/mol, b0 =
0−18 to 10−17 cm6/(mg s) (10−24 to 10−23 m6/(kg s));Ea =
2± 4 kJ/mol;ka0 = (1–2)× 1019 (Torr s mg)−1 ((7–15)×
023(Pa s kg)−1). We emphasize that this set provides a s

actory fitting of the experimental data for the various hea
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rates. Furthermore, we note a reasonably good agreement be-
tween our data and the value of the activation energy of H
desorption from the vanadium hydride, 127 kJ/mol, reported
in [9]. Some discrepancy in the data can be caused by the fact
that the samples were studied in different forms, as powders
(this work) or as thin films as in[9].

In conclusion, a general model describing hydrogen
desorption from a hydride of metal powder’s particle is
developed in present work. This model has a reasonably low
number of the parameters employed. Furthermore, confluent
models for a “quick” diffusion were also considered. These
models are valid even for moderate temperatures if the
powder particles are small. Rather satisfactory fitting of the
experimental results by these models shows that when the
desorption rate is a limiting step, then a choice of the correct
function of the particles distribution size allows to achieve a
good agreement with the experimental data. Finally, the ther-
mocycling method for a single particle of a sieved hydride
powder in a single-phase area was considered. The model
proposed allows to obtain a rather good fitting of the experi-
mental curves and to evaluate the desorption and absorption
rates.
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