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a  b  s  t  r  a  c  t

The  kinetic  mechanisms  of  dehydriding  reaction  in  La0.8M0.2Ni5 and  LaNi4.5T0.5 were  comparatively  inves-
tigated  by  the  Chou  model  and  the  first  order  model,  and  the  former  was  superior  to the  latter  from
the comparison  of  theoretical  calculated  results  and  experimental  data. According  to the  characteristic
time  (tc)  in  the  Chou  model,  substituting  La  (tc =  71.36  s)  with  Ce  (tc =  35.64  s),  Nd  (tc = 30.82  s)  and  Pr
(tc =  28.86  s)  increased  the  dehydriding  reaction  rate,  but  partial  substitution  of Ni  (tc =  71.36  s)  with  Co
eywords:
etal hydrides
as–solid reactions
inetics

(tc =  102.29  s),  Fe  (tc =  116.70  s)  and  Cu  (tc =  120.62  s) decreased  the hydrogen  desorption  reaction  rate.
The  Chou  model  was  also  used  to  discuss  the  effect  of  different  amount  of  Ni  substituted  with  Fe and  Co.
The  dehydriding  reaction  rates  of  La(Ni1−xFex)5 increased  with  x leveling  from  0  to 0.20  but  decreased
with  x  increasing  from  0.20  to  0.30,  while  that of  LaNi5−yCoy decreased  with  increasing  the  amount  of Co
from  0  to  3.00.  In addition,  the  Chou  model  was  successfully  applied  to  predicting  the  kinetic  properties
of  LaNi4.8Sn0.2 at  40 ◦C  and  60 ◦C,  which  exhibited  an  excellent  agreement  with  the  experimental  data.
. Introduction

LaNi5-type hydrogen storage alloys have been extensively stud-
ed for its favorable hydriding/dehydriding (H/D) characteristics
1,2], but its disadvantages are short cycling life, easy pulveriza-
ion and high cost. It is well known that element substitution is an
ffective way to improve thermodynamics and kinetics of hydrogen
torage alloys. Partial substitution of La by Pr, Nd and Ce can obvi-
usly improve the cycling life, decrease the hysteresis and lower the
hermodynamic stability [3,4]. Partial substitution of Ni with Fe, Al,
u and Mn  could enhance the pulverization resistance, increase the
ydrogen storage capacity and reduce the plateau pressure [5,6].

Revealing the H/D kinetic mechanism is significant to the prac-
ical application. The kinetic mechanism of LaNi5-type hydrogen
torage alloys has been extensively investigated by model fitting
ethod, however, different researchers obtained different con-

lusions. For example, Smith and Goudy [7] reported that the
ate-controlling step of dehydriding process was  chemical reac-
ion at the �–� interface of LaNi5−xCox (x = 0, 1.00, 2.00, 3.00)
lloys using the shrinking core model. Muthukumar et al. [8] found
hat the kinetics of LaNi5, LaNi4.7Al0.3 and LaNi4.91Sn0.15 were bet-

er illustrated by the Jander model than the first order model.
ato et al. [9] obtained that diffusion was the rate-controlling
tep for the hydrogen desorption reaction of LaNi4.7Sn0.3 using a
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spherical model. Dhaou et al. [10] concluded that LaNi4.75Fe0.25 had
the slowest dehydriding reaction rate above 303 K among LaNi5,
LaNi4.85Al0.15 and LaNi4.75Fe0.25. In our previous work, the influence
of temperature, pressure and Al content on the hydriding reaction
kinetic mechanism of LaNi5−xAlx (0 ≤ x ≤ 1.00) was  clarified using
the Chou model [11]. Although numerous kinetic models were
applied to elucidate the kinetic mechanism of LaNi5-type hydrogen
storage alloys, some of which do not provide an intuitive expres-
sion for discussion and no consistent conclusion has been obtained
yet.

In the present work, the dehydriding reaction rate of LaNi5 and
its substituted systems were compared, and the experimental data
summarized from literatures [7,12–15]. The influences of substitut-
ing La or Ni with different elements were comparatively studied by
the Chou model and the first order model. Then, the effects of dif-
ferent amounts of Fe and Co substituted for Ni and temperature on
the dehydriding reaction kinetics of the LaNi4.8Sn0.2 were analyzed
using the Chou model.

2. Models

2.1. Chou model

Chou and Xu [16] supposed that the particles were hydride

spheres with the same diameter and density, and the H/D reaction
consisted of seven steps, of which diffusion or surface penetration
was  the rate-controlling step in most cases. The derivation of math-
ematical expression for each step was  detailedly described in Ref.

dx.doi.org/10.1016/j.jallcom.2011.09.014
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:qian246@hotmail.com
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16]. It should be noted that the Chou model is expressed as explicit
unctions of the reacted fraction � and time t, which make it easy to
ompare the reaction rates through a specific value of the charac-
eristic time tc. More importantly, the Chou model can be used to
nalyze as well as predict the kinetic mechanism of H/D reaction.

According to the Chou model, when the rate-controlling step is
urface penetration, the expression is written as

 = 1 −

⎡
⎣K0

sp

√
K0

paK0
ca

(√
PH −

√
Peq

)
exp(−Ev(sp))/RT

R2
0vm

⎤
⎦

3

(1)

here Ev(sp) (J/mol) is the activation energy; PH (MPa) is partial
ressure of hydrogen in gas phase; Peq (MPa) is the hydrogen par-
ial pressure in equilibrium with hydride; K0

pa, K0
ca, K0

sp and D are
onstant; vm is coefficient depending on substance and reaction;
0 is the radius of the particle; R is the gas constant; T (K) is the
eaction temperature.

Define tc = 1/(K0
sp

√
K0

paK0
ca(

√
PH −

Peq) exp(−(Ev(sp))/RT)/(R2
0vm)), then Eq. (1) can be expressed as

 = 1 −
(

1 − t

tc

)3
(2)

hen t = tc, � = 1. Obviously, the physical meaning of tc is the
equired time for the H/D reaction to be completed. The smaller
he value of tc is, the faster the reaction processes. Eq. (2) is used to
larify the kinetic mechanism in this work.

.2. First order model

Arvami [17–19],  Johnson and Mehl [20] made great contribu-
ions to analyze the process of nucleation and growth. Johnson and

ehl began their work with discussing the reason why  reactions
n metallic systems were different from chemical reactions. Then,
hey made four assumptions, which are (i) the reaction proceeds by
ucleation and growth; (ii) the rate of nucleation (Nv) and the rate
f radial growth (G) are constant throughout the reaction; (iii) the
ucleation is random and (iv) the reaction product is spheres when
o impingement occurs during growth. The equation is expressed
s

 = 1 − exp
(

−�

3
NvG3t4

)
(3)

Eq. (3) depicts a sigmoid shape curve as � increases from 0 to 1.
owever, Arvami did not totally agree with Johnson and Mehl, and

ater, he proposed a function, expressed as Eq. (4)

 = 1 − exp(−BtK ) (4)

Generally, Eq. (4) is written as

 = 1 − exp(−ktn) or � = 1 − exp((−kt)n) (5)

When n = 1, Eq. (5) become

 = 1 − exp(−kt) (6)

In most cases, Eq. (6) is described as

t = − ln(1 − �) (7)

here K and n is the reaction order and its value identifies the
ature of the rate-controlling process; B and k is the rate constant,
hich depends on temperature.

Eqs. (6) and (7) are the expression of the first order model, how-
ver, Eq. (7) is often used to analyze the kinetic mechanism. Make

lot of −ln(1 − �) vs. t, the rate constant k can be obtained, which

s often used to analyze the thermally activated process described
y Arrhenius relationship. In this paper, Eq. (7) is used to calculate
he experimental data.
Fig. 1. The dehydriding kinetics of La0.8 M0.2Ni5 (M = La, Ce, Pr, Nd) [12] together
with the calculated using the first order model (a) and the Chou model (b).

3. Results and discussion

3.1. The effect of substituting La with Ce, Pr and Nd on the
dehydriding kinetics of LaNi5

Clay et al. [12] investigated the effect of partial substitution of La
with Ce, Pr and Nd (marked as La0.8M0.2Ni5 (M = La, Ce, Pr, Nd)) on
the hydrogen storage properties of LaNi5. The hydrogen desorption
reaction kinetics were measured at 25 ◦C and Peq/Pop = 2 (the ratio
of the equilibrium plateau pressure to the opposing pressure was
equal to 2), which were analyzed by the Chou model and the first
order model.

The experimental data of La0.8M0.2Ni5 are presented in Fig. 1.
Curves in Fig. 1(a) are calculated using the first order model, i.e.
Eq.(7),  while the curves calculated from the Chou model are shown
in Fig. 1(b), which shows the plot of percent hydrogen desorbed
vs. time. As clearly seen from Fig. 1(a), the theoretical calculated
curves show a large deviation from the experimental data. Clay
et al. [12] declaimed that none of the plots calculated from the first
order model are strictly linear and this might be caused by dif-
ferent rate-controlling steps throughout reaction. However, from
Fig. 1(b), it can be seen that the calculated curves show an excel-
lent agreement with experimental data. The parameters calculated

from these two  models are listed in Table 1. The r2 of the linear
regression equations of the first order model is 0.96, 0.98, 0.95
and 0.95 for La0.8Ce0.2Ni5, La0.8Nd0.2Ni5, La0.8Pr0.2Ni5 and LaNi5,
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Table 1
The parameters (tc, r2 or k) calculated using the Chou model and the first order
model.

Sample Chou model First order model

tc(s) r2 k (×10−2) r2

La0.8Ce0.2Ni5 35.64 0.99 14.84 0.96
La0.8Nd0.2Ni5 30.82 0.99 14.63 0.98
La0.8Pr0.2Ni5 28.86 0.99 16.56 0.95
LaNi5 71.36 0.99 7.59 0.95
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Fig. 2. The dehydriding kinetics of LaNi4.5T0.5 (T = Ni, Fe, Co, Cu) [13] together with
LaNi4.5Co0.5 102.29 0.99 4.86 0.94
LaNi4.5Fe0.5 116.70 0.99 4.17 0.95
LaNi4.5Cu0.5 120.62 0.99 4.12 0.94

espectively. However, all the r2 of La0.8M0.2Ni5 calculated using the
hou model is more than 0.99. Therefore, the Chou model is supe-
ior to the first order model in analyzing the dehydriding reaction
inetic mechanism, and surface penetration is the rate-controlling
tep.

As listed in Table 1, the rate constant k is increased,
.e. the reaction rate is increased, as La is substituted by
e, Pr and Nd. The same conclusion is obtained from the
hou model. The characteristic times of LaNi5, La0.8Ce0.2Ni5,
a0.8Nd0.2Ni5 and La0.8Pr0.2Ni5 are 71.36 s, 35.64 s, 30.82 s and
8.86 s, respectively, indicating that the dehydriding reaction rate
f LaNi5 is doubled after partial substitution, and the order is
aNi5 < La0.8Ce0.2Ni5 < La0.8Nd0.2Ni5 < La0.8Pr0.2Ni5. The reason why
ubstitutions on La made the reaction rate increased is that the
ehydriding reaction rate is inversely proportional to hydride sta-
ility. Partial substitution of La by Pr, Nd and Ce can obviously

ncrease the plateau pressure [3,4], and thus lower the thermody-
amic stability, so the dehydriding reaction rate becomes larger. In
ef. [12], the author also reported that LaNi5 has the lower plateau
ressure than any other alloys, therefore, the kinetics is slowest.

.2. The effect of substituting Ni with Cu, Co and Fe on the
ehydriding kinetics of LaNi5

Zarynow et al. [13] investigated the effect of partial substitution
f Ni with Cu, Co and Fe on the hydrogen storage properties of LaNi5
t 25 ◦C and Peq/Pop = 2. They reported that the dehydriding reac-
ion kinetics of LaNi4.5T0.5 (T = Ni, Cu, Co, Fe) was better analyzed
y the first order model than the zero and second order models,
ven though the first order model cannot well describe the experi-
ental data. It should be noted that their goal was not to reveal the

inetic mechanism, but to discuss the effect of partial substitution
f Ni with Cu, Co and Fe on hydrogen storage properties of LaNi5.
herefore, the kinetic mechanism was clarified in the present work.

Fig. 2(a) presents the calculated curves from the first order
odel, which shows that a large deviation exists between the cal-

ulated results and the experimental data. However, the curves
alculated using the Chou model exhibit an excellent accordance
ith the experimental data, as shown in Fig. 2(b), which presents
lots of percent hydrogen desorbed vs. time. In Table 1, the r2 of
aNi5, LaNi4.5Co0.5, LaNi4.5Fe0.5 and LaNi4.5Cu0.5 is 0.95, 0.94, 0.95
nd 0.94 for the first order model, respectively. However, the r2

f LaNi4.5T0.5 calculated from the Chou model is more than 0.99.
herefore, we can conclude that the Chou model is better than the
rst order model in analyzing the hydrogen desorption reaction
inetic mechanism. Surface penetration is the rate-controlling step.

According to Table 1, the rate constant of LaNi5, LaNi4.5Co0.5,
aNi4.5Fe0.5 and LaNi4.5Cu0.5 are 7.59, 4.86, 4.17 and 4.12, respec-
ively, denoting that partial substitution of Ni with Co, Fe and

u reduces the dehydriding reaction rate. This conclusion is also
btained from the Chou model. The characteristic times of LaNi5,
aNi4.5Co0.5, LaNi4.5Fe0.5 and LaNi4.5Cu0.5 are corresponding to
1.36 s, 102.29 s, 116.70 s and 120.62 s, indicating that the reaction
calculated results using the first order model (a) and the Chou model (b).

rate order follows LaNi4.5Cu0.5 < LaNi4.5Fe0.5 < LaNi4.5Co0.5 < LaNi5.
Substitution of Ni with other elements lowers the plateau pressure
[5–7] and increases the thermodynamic stability, which makes the
reaction rate decreased, therefore, LaNi5 has the largest dehydrid-
ing reaction rate.

3.3. The effect of substituting Ni with different amounts of Fe and
Co on the dehydriding kinetics of LaNi5

Partial substitution of Ni with some third transition elements
was  extensively studied because it can reduce the plateau pres-
sure, and thus affect the kinetics. However, the influence on kinetic
mechanism is different among different elements. The effect of dif-
ferent substituted elements with equal amount has been discussed
in the Section 3.2 as well as Ref. [6],  therefore, it is significant to
clarify of the effect of different substituted amounts with the same
element.

Pandey et al. [14] studied the hydrogen storage properties
of La(Ni1−xFex)5 (x = 0, 0.05, 0.10, 0.20, 0.25, 0.30) alloys. They
reported that the dehydriding reaction rate of La(Ni0.8Fe0.2)5 is
larger than any other alloys, but no model was used to analyze
their kinetic mechanisms. The hydrogen desorption kinetic curves

were obtained using a Sievert’s type apparatus with the volume
displacement method, as shown in Fig. 3(a), which presents plot of
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ig. 3. The dehydriding kinetics of the La(Ni1−xFex)5 [14] (a) and LaNi5−yCoy [7] (b)
lloys together with calculated results using the Chou model.

he hydrogen amount vs. time. The relationship between reacted
raction and hydrogen amount can be written as

 = �m

�mmax
= �m/m0

�mmax/m0
(8)

here �m  is the reacted amount, �m0 is the initial weight of the
ample, �m/�m0 is the percentage of the reacted amount, and
mmax is the maximum reacted amount.
The calculated curves of La(Ni1−xFex)5 using the Chou model

re shown in Fig. 3(a), which agreed well with the experimen-
al data. The r2 of the linear regression equations is calculated to
e 0.98, suggesting that the kinetic mechanisms of La(Ni1−xFex)5
an be well clarified by the Chou model and the rate-controlling
tep is surface penetration. For La(Ni1−xFex)5, when x takes values
f 0, 0.05, 0.10, 0.20, 0.25 and 0.30, the characteristic times are
022.06 s, 1518.69 s, 1305.61 s, 1184.12 s, 1769.99 s and 1802.67 s,
espectively, which indicate that the hydrogen desorption reaction
ates initially increase with increasing x at the range of 0–0.20 and
hen decrease with further increasing x from 0.20 to 0.30, but the
ehydriding reaction rate of LaNi5 is the smallest among the alloys,
hich maybe ascribed to the crystal structure. The unit cell volume

f La(Ni0.8Fe0.2)5 is larger than any other alloys, so the hydrogen

esorption reaction rate is the largest [14].

Smith and Goudy [7] investigated the kinetics of LaNi5−yCoy

y = 0, 1.00, 2.00, 3.00) hydride system at 60 ◦C and Peq/Pop = 3
sing the shrinking core model. They reported that the dehydriding
Fig. 4. The dehydriding kinetics of LaNi4.8Sn0.2 [15] at different temperatures
together with results calculated (a) and predicted (b) by the Chou model.

reaction rate is reduced by the substitution, and their experimental
results are shown in Fig. 3(b), which gives the plot of percent hydro-
gen desorbed vs. time. The hydrogen desorption reaction kinetics
of LaNi5−yCoy was  interpreted using the Chou model, as curves
shown in Fig. 3(b), which shows a good agreement with the exper-
imental data. The r2 is calculated to be 0.99, which means that the
kinetic mechanisms of LaNi5−yCoy can be well described by the
Chou model and surface penetration is the rate-controlling step.
The characteristic times of LaNi5, LaNi4Co, LaNi3Co2 and LaNi2Co3
are corresponding to 13.08 s, 16.60 s, 26.77 s and 32.73 s, indicating
that the dehydriding reaction rate is decreased by the substitution
of Ni with Co and the reaction rate becomes smaller and smaller
with y increasing from 0 to 3.00. The reason is that the more content
of Ni substituted by Co, the hydride becomes more stable [7].

3.4. The effect of temperature on dehydriding kinetics of
LaNi4.8Sn0.2

The H/D kinetics of LaNi4.8Sn0.2 at different temperatures (23 ◦C,
40 ◦C, 60 ◦C, 80 ◦C) were investigated by Laurencelle et al. [15].
In this paper, the experimental data are analyzed, the activation
energy is calculated and the kinetic behaviors at 40 ◦C and 60 ◦C
are predicted using the Chou model. The experimental data and

the calculated results are shown in Fig. 4, which presents plots of
the hydrogen amount vs. time.

Fig. 4(a) exhibits the results calculated by the Chou model,
which agree well with the experimental data. The r2 of the linear
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egression equation is 0.99, and the rate-controlling step is sur-
ace penetration. When the temperatures are 23 ◦C, 40 ◦C, 60 ◦C
nd 80 ◦C, the characteristic times are 514.88 s, 370.52 s, 187.16 s
nd 137.61 s, respectively, suggesting that the dehydriding reaction
ate becomes faster with increasing the temperature.

As mentioned in Section 2.1,  the Chou model can be used not
nly to analyze but to predict the H/D reaction process. During the
hole experimental process, the partial pressure of hydrogen is

ssumed to be fixed. Define Bt as a coefficient, which is expressed
y Bt = (R2

0vm)/(K0
sp

√
K0

paK0
ca(

√
PH −

√
Peq)). Substituting Bt into

q. (1),  yields

 = 1 −
[

1 − exp

(
−Ev(sp)

RT

)
· t

Bt

]3

(9)

To predict the kinetic behavior, it is necessary to calculate the
ctivation energy (Ev(sp)) and the coefficient (Bt) first. Then, sub-
tituting the specific values of Ev(sp) and Bt into Eq. (9),  the kinetic
urves can be predicted. Take LaNi4.8Sn0.2 for example, using Eq. (9),
he Ev(sp) and Bt are calculated to be 20.88 kJ/mol and 11.22 × 10−2,
espectively, at 23 ◦C and 80 ◦C. The value of Ev(sp) is close to that
eported in literature [15], 23.50 kJ/mol. Substituting the values of
v(sp) and Bt into Eq. (9),  the dehydriding kinetics of LaNi4.8Sn0.2 at
0 ◦C and 60 ◦C are predicted, as shown in Fig. 4(b), from which it
an be seen that the predicted curves are in well accordance with
he experimental data.

. Conclusions

In this work, the dehydriding reaction rate of LaNi5 and its sub-
ystems were compared by the method of kinetic modeling. The
ehydriding kinetics of La0.8M0.2Ni5 and LaNi4.5T0.5 were better

llustrated by the Chou model than by the first order model. When
a was substituted with Ce, Nd and Pr, the dehydriding reaction rate

f LaNi5 is smallest. However, for partial substitution of Ni with Co,
e and Cu, LaNi5 has the largest hydrogen desorption reaction rate.
he hydrogen desorption kinetics of LaNi4.8Sn0.2 was  increased
ith increasing the temperature, and the predicted kinetic curves

[
[
[
[

ompounds 511 (2012) 154– 158

at 40 ◦C and 60 ◦C were well agreed with the experimental data.
For the LaNi5-based hydrogen storage alloys studied in this work,
surface penetration is the rate-controlling step.
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