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a b s t r a c t

The hydriding kinetic mechanism of LaNi5−xAlx (0 ≤ x ≤ 1.0) is clarified using Chou model, involving the
influence of temperature, pressure and Al content. The results indicate that the rate-controlling step of
the hydriding reaction in LaNi5 and LaNi4.7Al0.3 is diffusion, but in LaNi4Al, it is surface penetration at
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the temperature range of 30–80 C. Moreover, the hydriding reaction rates increase with increasing tem-
perature for the three alloys. Based on the results calculated using the Chou model, the rate-controlling
steps for LaNi5 and LaNi4.7Al0.3 correspond to surface penetration and diffusion under different pressures
ranging from 0.47 to 1.0 MPa, and the hydrogenation rate increases with an increase in pressure. A suit-
able addition of Al can obviously improve the hydrogen absorption reaction rate. For LaNi5−xAlx (x = 0,
0.15, 0.5 and 1.0) under a hydrogen pressure of 1.00 MPa at 30 ◦C, the hydrogen absorption reaction rate

4Al <
inetics is as follows: LaNi5 < LaNi

. Introduction

LaNi5-type hydrogen storage alloys hold an important position
mong hydride-forming alloys owing to its significant hydrogen
torage capacity and favorable absorption/desorption character-
stics [1]. At present, partial replacement of Ni in LaNi5 by a
hird element is usually employed to improve hydriding properties
or practical applications [2]. Some studies have focused on Al-
ubstituted alloys from an engineering viewpoint because suitable
ddition of Al can reduce plateau pressure and enhance reaction
inetics [3].

The kinetics of LaNi5−xAlx has been investigated by many
esearchers and much attention has been devoted to revealing their
ydriding/dehydriding reaction kinetic mechanism [4–6]. Recent
tudies on the absorption kinetic mechanism for LaNi5−xAlx have
een conducted using classical models, such as the first order model
4], the shrinking core model [7], the nucleation and growth model
7], the Jander model [8] and the Johnson–Mehl–Avrami (JMA)

odel [8]. The kinetics of LaNi5−xAlx has also been investigated
sing other models which are derived from different assumptions
o illustrate the kinetic mechanism. Jae et al. [9] have deduced a
odel on the assumption that the LaNi4.5Al0.5 particles are homo-
eneous spheres with a uniform diameter and no density change
n the particles after the hydriding reaction. Dhaou and Askri [10]
ave derived empirical rate equations based on the gas–solid reac-

∗ Corresponding author. Tel.: +86 21 56334045; fax: +86 21 56338065.
E-mail addresses: shuliqian@shu.edu.cn, qian246@hotmail.com (Q. Li).
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LaNi4.5Al0.5 < LaNi4.85Al0.15.
© 2010 Elsevier B.V. All rights reserved.

tion kinetics to study the hydrogen absorption reaction kinetic
behavior of LaNi5, LaNi4.85Al0.15 and LaNi4.75Fe0.25. Martin et al. [11]
have assumed that one of physisorption, chemisorption, surface
penetration, diffusion and hydride formation may be the rate-
controlling step and deduced a series of equations to clarify the
hydriding/dehydriding kinetic mechanism of LaNi4.7Al0.3. Although
a number of kinetic models are well applied to elucidate the kinetic
mechanism of LaNi5−xAlx, there has not been a consistent conclu-
sion about the rate-controlling step for the hydrogenation reaction
of LaNi5−xAlx.

In this paper, the experimental data of LaNi5−xAlx (x = 0, 0.15 and
0.3) have been summarized from literatures [8,10,11]. The absorp-
tion kinetics of LaNi4.5Al0.5 and LaNi4Al was measured in order to
systematically study the effect of Al content on the absorption reac-
tion kinetics of LaNi5. The influence of temperature, pressure and Al
content on the kinetic mechanism of LaNi5−xAlx was investigated
through the Chou model [12,13] using a few programming steps on
a personal computer. All the calculated results have been compared
with the experimental data.

2. Experimental and kinetic model

2.1. Experimental
The LaNi4.5Al0.5 and LaNi4Al alloys were synthesized from pure
components through induction melting under an argon atmo-
sphere. The mass purity of lanthanum, nickel and aluminum was
99.83%, 99.99% and 99.99%, respectively. The final compositions of
the samples were confirmed using chemical analysis. X-ray power

dx.doi.org/10.1016/j.jallcom.2010.07.016
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shuliqian@shu.edu.cn
mailto:qian246@hotmail.com
dx.doi.org/10.1016/j.jallcom.2010.07.016
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Table 1
Kinetic expressions describing the hydriding reaction in LaNi5−xAlx .

No. Kinetic model Comments Reference

1 � = 1 − (1 − Kt)3 Shrinking core model [7]
2 � = 1 − exp[ − (Kt)n] JMA model [8]

3 � = 1 − (1 −
√

Kt)
3

Jander model [8]
4 � = 1 − n exp − (Kt) Nucleation and growth model [14]

5 � = 1 − exp
[
−K(N − 1) ln(PH /Peq)

(PH /Peq) t
]

Analyzing absorption kinetics [10]

6 � = 1 −

[
1 −

√
2D0

H
K0

sp

√
K0

caK0
pa(

√
PH −

√
Peq) exp(−((Ev(d) )/RT))

R2
0

vm
t

]3

Diffusion is the rate limiting step [12,13]
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7 � = 1 −
[

1 −
K0

sp

√
K0

paK0
ca(

√
PH −

√
Peq) exp(−((Ev(sp) )/RT))

R0vm
t

]3

iffraction (XRD) measurements were performed on both samples
efore the hydriding kinetic measurement. The XRD measurements
ere carried out on a DLMAX-2200 diffractometer (CuK� radia-

ion, 10◦ ≤ 2� ≤ 90◦) operated at 40 kV and 200 mA. The Materials
ata Inc. software Jade 5.0 and a Powder Diffraction File were
sed to analyze the XRD data of both samples. The samples were
rstly activated through absorption/desorption cycles and then the
bsorption kinetic measurement was performed at 30 and 40 ◦C
nder 1.00 MPa. The absorption kinetics was measured using a vol-
metric method with high purity hydrogen (99.999%).

.2. Kinetic model

The model fitting method is extensively used to investigate
he hydriding/dehydriding reaction kinetics of AB5-type hydrogen
torage alloys in a gas–solid reaction. A number of investigators
ave studied the kinetic mechanisms of LaNi5−xAlx using different
odels. Their results are partly summarized and listed in Table 1.
aberman et al. [7] have reported that both the shrinking core
odel and the nucleation and growth model were applicable to the

bsorption reaction mechanism of LaNi4.75Al0.25, and the activation
nergy was equal to 24.1 kJ/mol. Zhang et al. [4] have concluded
hat the addition of Al reduced the absorption and desorption reac-
ion rates of LaNi5−xAlx (0 ≤ x ≤ 0.3) at 40 ◦C based on the first
rder model and that the rate-controlling step changed from the
hemisorption of hydrogen on the surface to the conversion of ˛-
hase to ˇ-phase during hydrogen absorption. Muthukumar et al.
8] have employed the Jander and JMA models simultaneously to
tudy the hydriding reaction kinetics of LaNi5 and LaNi4.7Al0.3. They
ave claimed that the rate-controlling mechanism in the (˛ + ˇ)-
hase region is the diffusion of the hydride atom into the metal
ydride, and they found that the activation energy for LaNi4.7Al0.3
as larger than that of LaNi5. Jae et al. [9] have supposed that

he dissociative chemisorption of the hydrogen molecule on the
urface was the rate-controlling step for the hydriding reaction of
aNi4.5Al0.5, which had an activation energy of 39.73 kJ/mol. Dhaou
nd Askri [10] have assumed that both Fe and Al could improve the
ydriding kinetics of LaNi5 in the temperature range of 0–80 ◦C and
hat the chemical reaction was the rate-controlling step. Martin et
l. [11] have considered chemisorption as the slowest step in the
ydrogen absorption reaction of LaNi4.7Al0.3. Wang and Suda [15]
ave derived a rate equation by taking account of the reversible
ature of the hydriding reaction in LaNi4.7Al0.3–H system. They
ave reported that the reaction rates in the ˛ and ˇ-phases were
uch faster than those in the two-phase (˛ + ˇ) region.
Numerous kinetic functions on the absorption kinetics
f LaNi5−xAlx are available in literatures. However, different
esearchers obtained different results and conclusions. Further-
ore, it is difficult for these models to offer an explicit analytic

xpression and provide an intuitive quantitative discussion. There-
ore, we select the Chou model in this work because it offers an
Surface penetration is the rate limiting step [12,13]

explicit analytic expression including parameters with clear phys-
ical representation. For example, the characteristic reaction time
(tc) in the Chou model can be directly used to identify the reaction
rate quantitatively.

For surface penetration, the essential limiting rate can be
expressed as Eq. (7) in Table 1. Here, we can define:

tc(sp) = R0vm

K0
sp

√
K0

paK0
ca(

√
PH −

√
Peq) exp(−((Ev(sp))/RT))

(1)

Combining Eq. (1) and Eq. (7) in Table 1, we obtain:

� = 1 −
(

1 − t

tc(sp)

)3

(2)

where tc(sp) is the characteristic time when the rate-controlling step
is surface penetration. When t = tc(sp), � = 1. Therefore, the physical
meaning of the characteristic reaction time is the time required for
the reaction to be completed. A smaller tc value represents a faster
reaction process. When the rate-controlling step is diffusion, the
relation between the fraction (�) and time (t) can be illustrated as
Eq. (6). This is defined as:

tc(d) = R2
0vm

2D0
HK0

sp

√
K0

caK0
pa(

√
PH −

√
Peq) exp(−((Ev(d))/rt))

(3)

Substituting Eq. (3) into Eq. (6) yields:

� = 1 −
(

1 −
√

t

tc(d)

)3

(4)

where tc(d) is the characteristic time when the rate-controlling step
is diffusion. For simplicity, Eqs. (2) and (4) are defined as surface
penetration model and diffusion model, respectively, in the present
work.

where � is the absorbed fraction at any time, K, K0
pa, K0

ca, K0
sp, D, n

are constant. t is the reacted time, tc is the characteristic time. T (K)
is the reaction temperature, Ev(sp) and Ev(d) (J/mol) are the activa-
tion energy of the reaction when the rate-controlling step is surface
penetration and diffusion, respectively. R0 is the radius of the parti-
cle, PH (MPa) is partial pressure of hydrogen in gas phase, Peq (MPa)
is the hydrogen partial pressure in equilibrium with hydride, D0

H
is a constant related to diffusion coefficient of hydrogen, and vm is
coefficient depending on substance and reaction.

The error analysis is used to compare the theoretical data with
the experimental data.

� = 1 ·
∑ ∣∣(�i)mea − (�i)cal

∣∣∣ ∣ × 100% (5)

N ∣(�i)mea

∣
where � is an average relative error, (�i)mea is experimental data,
(�i)cal is the value calculated from the model, and N is the sum of
experimental points.
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Fig. 1. Results of volumetric experiment on hydrogen absorption of LaNi4.7Al0.3

at different temperatures together with calculated curves (a) calculated with Eqs.
(2) and (4) (solid: diffusion model, dash dot: surface penetration model) and (b)
calculated with Eq. (6).

3. Results and discussion

3.1. Effect of temperature on the absorption kinetics of LaNi5,
LaNi4.7Al0.3 and LaNi4Al

Muthukumar et al. [8] used the Jander model and the JMA model
to investigate the hydriding kinetics of LaNi5 and LaNi4.7Al0.3. Their
experiment was carried out at 30, 40, 60 and 80 ◦C by keeping
the pressure ratio at 2. They considered diffusion of the hydrogen
atom into the metal hydride as the rate-controlling mechanism of
LaNi5 and LaNi4.7Al0.3. In the present work, the hydriding kinetic
measurement for LaNi4Al was carried out at 30 and 40 ◦C under
1.00 MPa H2. Moreover, the Chou model is employed to analyze
the experimental data of LaNi5, LaNi4.7Al0.3 and LaNi4Al.

To determine the mechanism of the hydrogenation, the exper-
imental data are processed using Eqs. (2) and (4). The calculated
results, including r2, � (%) and tc (s), are shown in Table 2. For LaNi5,
Table 2 shows that the r2 of the linear regression equations of the
diffusion model is 0.97, while that of the surface penetration model
is 0.94. Moreover, the calculated errors in the diffusion model
are smaller than those in the surface penetration model. Fig. 1(a)
presents the experimental data and calculated results, which illus-
trates that the fitting lines calculated from the diffusion model

show a better agreement with the experimental data than the sur-
face penetration model. Based on these results, we believe that
diffusion is the rate-controlling step. Table 2 also shows that the
characteristic time is 843.08 and 534.19 s at 30 and 40 ◦C, respec-
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tively, which indicates that the hydriding reaction rate increases
with an increment in temperature.

The partial pressure of hydrogen in the gas phase is assumed
to be fixed during the whole experimental process. When the
rate-controlling step is diffusion, we can define Bt as a coefficient
expressed by Bt = R2

0vm/2D0
HK0

sp

√
K0

caK0
pa(

√
PH −

√
Peq). Combin-

ing Bt, Eqs. (3) and (4) yields:

� = 1 −
[

1 − exp

(
−Ev(d)

2RTv

)
·
√

t

Bt

]3

(6)

When the surface penetration is the rate-controlling step, Bt can
be defined as Bt = R0vm/K0

sp

√
K0

paK0
ca(

√
PH −

√
Peq). Combining Bt,

Eqs. (1) and (2) yields:

� = 1 −
[

1 − exp

(
−Ev(sp)

RTv

)
· t

Bt

]3

(7)

Eqs. (6) or (7) is used to calculate the activation energy when
diffusion or surface penetration is the rate-controlling step. For
LaNi5, the rate-controlling step is treated as diffusion. Thus, Eq.
(6) is employed to calculate the activation energy (25.47 kJ/mol)
and coefficient (3.08 × 10−2). The calculated curves are shown in
Fig. 1(b), from which it can be seen that the experimental data can
be well described with Eq. (6).

The same method is used to analyze the experimental data
of LaNi4.7Al0.3 and LaNi4Al. The calculated curves are shown in
Figs. 2 and 3. Figs 2(a) and 3(a) show the calculated results using
Eqs. (2) and (4). Figs. 2(b) and 3(b) present the results calculated
from Eqs. (6) and (7), respectively. The r2, � (%) and tc (s), calcu-
lated from both the diffusion and surface penetration models, are
also listed in Table 2. The results indicate that the rate-controlling
step for the hydrogen absorption reaction in LaNi4.7Al0.3 is diffusion
at 60 and 80 ◦C. In addition, the characteristic time reduces from
87.79 s at 60 ◦C to 27.40 s at 80 ◦C, which suggests that the hydriding
reaction rate increases with an increase in temperature. The acti-
vation energy is calculated to be 48.23 kJ/mol and Bt = 2.22 × 10−6.
For LaNi4Al, surface penetration is the rate-controlling step, which
can be obtained in view of Fig. 3(a) and Table 2. The characteristic
time reduces from 96.50 to 48.61 s. The activation energy and Bt are
calculated to be 44.06 kJ/mol and 2.42 × 10−6, respectively.

Based on the results, we can conclude that the hydriding
reaction rates increase with an increase in temperature for
LaNi5, LaNi4.7Al0.3 and LaNi4Al. However, the rate-controlling step
changes for different alloys, which may be attributed to the differ-
ent experimental conditions.

3.2. Effect of pressure on the hydriding kinetics of LaNi5 and
LaNi4.7Al0.3

The experimental data of LaNi5 and LaNi4.7Al0.3 are summarized
from the references [10,11]. Dhaou and Askri [10] measured and
analyzed the absorption kinetics of LaNi5 at 30 ◦C and under the
pressure range of 0.60–1.00 MPa. The absorption reaction kinet-
ics data of LaNi4.7Al0.3 was also measured at 60 ◦C under different
pressures (0.47, 0.62 and 0.78 MPa) by Martin et al. [11]. The hydro-
genation kinetic behavior is shown in Figs. 4 and 5, which show
plots of the hydrogen amount vs. time. Next, it is necessary to elu-
cidate the relation between the hydrogenation amount and the
reacted fraction, which can be expressed by:

�m (�m/m )

� =

�mmax
= 0

(�mmax/m0)
(8)

where m is the reacted amount, m0 is the initial weight of the sam-
ple, m/m0 is the percentage of the reacted amount, and mmax is the
maximum reacted amount.
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Fig. 2. Results of volumetric experiment on hydrogen absorption of LaNi5 at differ-
e
(
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s
0

respectively, which show that the required time for the LaNi4.7Al0.3
alloy to completely hydride gradually decreases as the initial pres-
sure increased. Alternatively, the hydrogenation rate increases with
an increase in initial pressure.
nt temperatures together with calculated curves (a) calculated with Eqs. (2) and
4) (solid: diffusion model, dash dot: surface penetration model) and (b) calculated
ith Eq. (6).

Eqs. (2) and (4), together with Eq. (8), are used to interpret the
xperimental data of LaNi5. The values of r2, � (%) and tc (s) are
isted in Table 3. The r2 for the diffusion model (0.90) is smaller than
hat for the surface penetration model (0.99). The error calculated
y the diffusion model is larger than that of the surface penetration
odel. The calculated curves from surface penetration model dis-

lay a better agreement with the experimental data than that from
iffusion model (Fig. 4). Therefore, based on these results, surface
enetration is the rate-controlling step. In addition, the characteris-
ic times under 0.60, 0.80 and 1.00 MPa are calculated to be 272.04,
50.27 and 239.66 s, respectively, which indicates that the required
ime for LaNi5 to completely hydride decreases with an increase in
ressure. Namely, the hydrogenation reaction rate increases with
n increase in pressure.

The experimental data of LaNi4.7Al0.3 is analyzed with the same
ethod as mentioned above. The calculated results are also listed

n Table 3. The r2 for the diffusion model is 0.98, while that for
he surface penetration model is only 0.92. Error calculated with
he diffusion model is smaller than that with the surface penetra-
ion model. Fig. 5(a) presents the results calculated using Eqs. (2)
nd (4), which illustrate that the experimental data can be fitted

ith better accuracy by Eq. (4) than Eq. (2). Therefore, the rate-

ontrolling step should be the diffusion of hydrogen atoms through
he hydride product layer to the hydride/metal interface for this
ystem from 0.47 to 0.78 MPa. The characteristic times under 0.47,
.62 and 0.78 MPa are calculated to be 35.80, 32.07 and 25.87 s,
Fig. 3. Results of volumetric experiment on hydrogen absorption of LaNi4Al at 30
and 40 ◦C under 1.00 MPa H2 together with calculated curves (a) calculated with
Eqs. (2) and (4) (solid: surface penetration model, dash dot: diffusion model) and
(b) calculated with Eq. (7).
Fig. 4. Kinetic data of LaNi4.7Al0.3 alloys under different initial pressures at 70 ◦C
together with calculated hydrogen absorption curves (solid: diffusion model, dash
dot: surface penetration model).
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Fig. 5. Results of volumetric experiment on hydrogen absorption of LaNi5 at differ-
e
(
p
w

t
w

t

R
(

�

k
p
t
a
T

T
T

nt temperatures together with calculated curves (a) calculated with Eqs. (2) and (4)
solid: diffusion model, dash dot: surface penetration model) and (b) calculated and
redicted curves with Chou model (solid: calculated with Eq. (9), dash dot: predicted
ith Eq. (10)).

The calculated results indicate that the rate-controlling step for
he hydriding reaction in LaNi4.7Al0.3 is different from that in LaNi5,
hich might be attributed to the different experimental conditions.

When the experiment is carried out at a constant
emperature, we define another coefficient, Bp, as Bp =
2
0vm/[2K0

sp

√
K0

paK0
caD0

H exp(−Ev(d)/RT)]. Combining Bp and Eqs.
3) and (4), the relationship of � and Peq can be described as:

= 1 −

⎡
⎣1 −

√
(
√

PH −
√

Peq) · t

Bp

⎤
⎦

3

(9)

The Chou model can be used to not only calculate but also predict

inetic behavior at a specific pressure. Fig. 5(b) presents an exam-
le, which shows both the calculated and predicted curves using
he Chou model. Eq. (9) is used to calculate the experimental data
t 0.47 and 0.78 MPa, which are shown as solid curves in Fig. 5(b).
he specific value of Peq and Bp are found to be 2.96 × 10−2 MPa

able 4
he values of r2, � (%) and tc (s) of LaNi5−xAlx (x = 0, 0.15, 0.5 and 1.0) at 30 ◦C under 1.00

tc(s)

LaNi5 LaNi4.85Al0.15

Surface penetration 240.59 27.23
Diffusion 680.36 93.13
Fig. 6. XRD patterns for LaNi5, LaNi4.5Al0.5 and LaNi4Al.

and 18.39, respectively. By substituting these two values into Eq.
(9), Eq. (10) can be obtained. Using Eq. (10), the absorption kinetics
of LaNi4.7Al0.3 at 0.62 MPa is predicted, as denoted by the dash dot-
ted curve in Fig. 5(b), which suggests that both the calculated and
predicted curves agree well with the experimental data.

� = 0.54 ×

⎧⎨
⎩1 −

[
1 −

√
(
√

0.62 −
√

2.96 × 10−2) · t

10.39

]3
⎫⎬
⎭ (10)

3.3. Effect of Al amount substituting Ni on the hydriding kinetics
rate of LaNi5−xAlx

Fig. 6 shows XRD patterns of the LaNi4.5Al0.5 and LaNi4Al alloys
and the XRD pattern of LaNi5 (PDF No. 17-0126). It can be seen that
XRD patterns of the investigated alloys have homogeneous sin-
gle phase corresponding to CaCu5 type hexagonal structure with
P6/mmm space group. The addition of Al causes the XRD peak
to move left, which indicates that the cell volume of LaNi4.5Al0.5
and LaNi4Al alloys increases with increasing Al content, since the
atomic radius of Al (1.43 å) is larger than that of Ni (1.24 å). The lat-
tice gap becomes bigger as the cell volume increases, which may
lead to an increase in the absorption reaction rate.

Dhaou and Askri [10] measured and analyzed the absorption
kinetics of LaNi5 and LaNi4.85Al0.15 at 30 ◦C and 1.00 MPa. In our
work, in order to systematically investigate the effect of Al con-
tent on the absorption reaction kinetics of LaNi5, we measured
the kinetic behaviors of LaNi4.5Al0.5 and LaNi4Al according to the
experimental conditions cited in Ref. [10]. The hydrogen absorption
kinetics of LaNi5−xAlx (x = 0, 0.15, 0.5 and 1.0) at 30 ◦C and 1.00 MPa

is given in Fig. 7.

To determine which process is the slowest hydriding reaction
step, both the diffusion and surface penetration models [Eqs. (2)
and (4)] are applied to calculate the experimental data using the
least square methods. The r2, � (%) and tc (s) calculated using dif-

MPa.

r2 � (%)

LaNi4.5Al0.5 LaNi4Al

81.28 96.50 0.99 4.95
217.32 269.96 0.90 14.01
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Fig. 7. Kinetic data of hydrogen absorption at 40 ◦C for LaNi5−xAlx together with cal-
culated curves (solid curves: surface penetration model, dash dot curves: diffusion
m
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r
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[
[

odel).

erent models are listed in Table 4. The calculated curves are shown
n Fig. 7, which indicate that the solid curves agree better with the
xperimental data than the dash dotted curves. This means that the
ate-controlling step may be surface penetration.

According to Table 4, the corresponding r2 of the linear regres-
ion equations is 0.99, and the average error is 4.95% for the
urface penetration model. The r2 and average error are 0.90 and
4.01% for the diffusion model, correspondingly, which indicates
he rate–controlling step for absorption process is surface pen-
tration. In addition, when x takes the value of 0, 0.15, 0.5 and
.0, the characteristic times are 240.59, 27.23, 81.28 and 96.50 s,
espectively. These calculated results suggest that the addition of
l increases the hydrogen absorption reaction rate which follows:
aNi5 < LaNi4Al < LaNi4.5Al0.5 < LaNi4.85Al0.15. Based on these calcu-
ated results, the addition of Al increases the hydrogen absorption
eaction rate, and there is an optimum value of Al addition for the

melioration of the kinetic property of LaNi5. In other words, a suit-
ble addition of Al can obviously improve the hydrogen absorption
ate of LaNi5−xAlx (0 ≤ x ≤ 1.0) alloys. Moreover, the rate-controlling
tep cannot be changed by increasing Al content at 30 ◦C and
.00 MPa.

[
[
[

[

ompounds 506 (2010) 63–69 69

4. Conclusions

We used Chou model to investigate the hydriding mechanism
of LaNi5−xAlx (0 ≤ x ≤ 1.0) with focus on the influence of tempera-
ture, pressure and Al content. The results indicate that diffusion
is the rate-controlling step for the hydriding reaction of LaNi5
and LaNi4.7Al0.3, while surface penetration is the rate–controlling
step for LaNi4Al. The hydrogenation reaction rate increases with
an increment in the operating temperatures from 30 to 80 ◦C.
Under different pressures, the rate-controlling step for LaNi5 is
surface penetration, while, for LaNi4.7Al0.3, it is diffusion. The
hydrogenation rate increases with an increase in pressure. For
the hydrogen absorption process of LaNi5−xAlx (x = 0, 0.15, 0.5
and 1.0), the corresponding r2 of the linear regression equation
is 0.99 and the error is 4.95% calculated with surface penetration
model, and the order for the absorption reaction rate is as follows:
LaNi5 < LaNi4Al < LaNi4.5Al0.5 < LaNi4.85Al0.15.
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