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Microstructural effects in the hydrogenation
kinetics of commercial-type LaNi5 alloy
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Abstract

The influence of amorphous and nanocrystalline microstructures on the H-thermodynamics and kinetics of commercial-type AB5.2 alloys
have been investigated. On thermodynamic properties, amorphous phase exhibits a H-capacity reduction as compared to that of polycrystalline
alloy. As concerns to kinetic properties, amorphous phase leads to slow kinetics which is controlled by hydrogen diffusion. Nanocrystalline alloy
exhibits a slight capacity reduction as compared to polycrystalline which is related to a slopped plateau pressure. H-kinetics of nanocrystalline
alloy is faster than both amorphous and polycrystalline alloys. The rate limiting step for the absorption kinetics in nanocrystalline alloy
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hanges during hydrogen uptake from hydrogen diffusion to�/� phase transformation.
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. Introduction

During last decades, scientific research on batteries for
ortable devices has increased considerably[1]. Among
ther commercialised batteries (Ni–Cd, ion–lithium), the
ickel–metal hydride (Ni–MH) battery is widely present in

he market since the 90’s[2]. It is based on the hydrogen
ransport between a negative electrode (metal hydride-based)
nd a positive electrode (NiOOH-based). The negative elec-

rode is constituted of a polycrystalline alloy with AB5
A = rare earth, B = early transition metal) composition that
bsorbs and desorbs hydrogen easily. However, Ni–MH
atteries exhibit slow hydrogenation kinetics for being used

n high power applications.
Hydrogen kinetics in metal and alloys occurs through

wo main stages[3]: (i) a first step related to surface
eactions (physisorption and chemisorption) and a second
tep concerning bulk phenomena: H-diffusion and phase
ransformation. Therefore, kinetics can be improved by
ifferent methods: (i) enhancement of surface reactivity by
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adding catalysts (Pt, Pd)[4], (ii) diminution of particle size
to reduce long-range diffusion paths, and (iii) produc
of metastables phases, such as nanocrystalline a
amorphous phases, with high H-diffusion coefficients[5].

At present, the influence of non-equilibrium microstr
tures on H-kinetics has been investigated in several i
metallic compounds. For example, recent investigat
about Fe–Ti and Mg–Ni[6] alloys have shown an enhan
ment of H-kinetics when alloys have nanocrystalline an
amorphous phases. As far as we know, the reasons o
effect have not so far been clarified. It is known that H di
sion at high hydrogen concentrations is faster for amorp
than polycrystalline materials[7]. In the case of nanocry
talline compounds, the great density of grain bounda
may have a major effect on long-range diffusion. Never
less, H-diffusion through grain boundaries will depend
the specific inter-grain structure. Also, nanocrystallite-
effects and the presence of defects[8] must influence th
H-thermodynamic and H-kinetic properties of the alloy.

For AB5 alloys, recent investigations[9] have shown tha
nanocrystalline and amorphous microstructures lead to l
H-capacities as compared to polycrystalline ones. As
cerns to kinetics, the influence of these microstructure
hydrogenation rates and rate limiting steps (RLS) has
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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been much investigated. In AB5 polycrystalline alloy, the
RLS depends drastically on the experimental conditions (H-
pressure, temperature, number of activation cycles and alloy
composition). In spite of this, it is commonly accepted that
the RLS is H-diffusion at low pressures, whereas it turns to
be hydride nucleation and growth at high pressures[10,11].

In this work, we study the role played by nanocrystalline
and amorphous phases in commercial AB5-type alloys as
concerns, mainly, to hydrogenation kinetics.

2. Experimental

An alloy with nominal composition La0.57Pr0.27Nd0.18
Ce0.04Ni3.95Mn0.4Al0.3Co0.55 (AB5.2-stoichiometry) was
prepared by induction-melting of pure metals (99.9%). This
alloy is denoted as IM. It was then mechanically milled (ini-
tial particle size<75�m) in a Fritsch P7 planetary device.
Milling was done under argon atmosphere at a vial rotation
speed of 740 rpm for 48 h. Stainless steel balls of 7 mm in
diameter were used with a ball to powder mass ratio 10:1.
The obtained sample was denoted as MM. The milled pow-
ders were cold pressed at 80 MPa and subsequently annealed
under argon atmosphere at 325◦C (A1 sample) and 475◦C
(A2 sample) during 1 h.

ves-
t ing
a u
K the
R -
c
S etic
c r a
q MPa,
r

ning
c uns
w
5

3

3

ted
s m-

Fig. 1. XRD patterns of (a) IM sample, (b) milled sample (MM), (c) sample
annealed at 325◦C (A1), (d) sample annealed at 475◦C (A2). All diffraction
peaks were fitted with a CaCu5-type structure.

ples subsequently annealed at 325◦C (A1) and 475◦C (A2).
All patterns can be well fitted with a CaCu5-type structure.
In addition, MM and A1 samples exhibit a broad diffraction
bump between 30◦ and 50◦ denoting the existence of an
amorphous phase. The amount of this phase can be roughly
estimated from the ratio of the integrated intensity of the
diffraction bump to that of the whole diffraction pattern (Table
1). On the contrary, IM and A2 samples exhibit a flat diffrac-
tion background. Good Rietveld fittings are obtained for all
samples (Rwp< 12%). Microstructural properties for the
four samples as obtained by Rietveld analysis are summarised
in Table 1. IM is single-phase and polycrystalline with a crys-
tallite size of∼2000Å. MM and A1 are biphasic (nanocrys-
talline + amorphous). The amount of amorphous phase in A1
as compared to MM is reduced by the annealing treatment.
After the high temperature annealing treatment (A2 sam-
ple) amorphous phase is eliminated and the crystallite size
increases slightly (from 80 to 90̊A). As concerns to the lattice

T
M

Å) ε (%) a (Å) c (Å) V (Å3)

0(50) 0.05 (1) 4.999 (1) 4.0569 (1) 87.80 (1)
50(20) 0.5 (2) 4.983 (4) 4.1467 (5) 89.2 (2)
80(10) 0.60 (3) 4.956 (9) 4.0818 (9) 86.83 (4)
0(10) 0.42 (3) 4.9746 (7) 4.062 (7) 87.05 (1)

D unit ce
Structural properties of the four samples were in
igated at room temperature by X-ray diffraction us

Bruker AXD D8 θ–θ diffractometer equipped with C
� radiation. Diffraction patterns were analysed by
ietveld method using the FullProf software[12]. Pressure
omposition isotherms (PCI) were obtained at 55◦C in a
ievert’s-type device. H-absorption and desorption kin
urves were performed at 55◦C in the same device unde
uasi-constant hydrogen pressure of 0.9 MPa and 0.01
espectively.

Thermal analyses were done in a differential scan
alorimeter (DSC-Q100) from TA instruments. Heating r
ere carried out under He flow at 20◦C/min from 40 to
00◦C.

. Results and discussion

.1. Microstructural analysis

Fig. 1 shows the XRD patterns of the induction-mel
ample (IM), the sample milled for 48 h (MM) and the sa

able 1
icrostructural parameters for all studied samples

Sample Microstructure DV (

IM Polycrystalline 200
MM Amorphous (60%) + nanocrystalline (40%)
A1 Amorphous (15%) + nanocrystalline (85%)
A2 Nanocrystalline 9

V: crystallite size;ε: lattice strain;a andc andV: lattice parameters and
 ll volume, respectively—obtained by Rietveld analysis.
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Fig. 2. DSC measurements of milled sample (MM), sample annealed at
325◦C (A1) and sample annealed at 475◦C (A2).

parameters, a significant diminution of thec parameter occurs
while milling and is recovered after the annealing treatment.
This effect has been attributed to atomic-site interchange
between A-type and B-type atoms as reported elsewhere
[13].

To obtain more information about the content and stability
of the amorphous phase, DSC measurements have been car-
ried out and are shown inFig. 2. MM exhibits an exothermic
peak at 354± 1◦C with an energy of 30± 1 J/g related to the
crystallization of the amorphous phase. Besides, a wide band
from 150 to 400◦C is detected. This band could be attributed
to amorphous relaxation[14] as well as to the enthalpy stored
in crystallite boundaries[15].

Sample annealed at lower temperature (A1) also exhibits
a crystallization peak but with less intensity as compared to
MM in agreement with its lower amorphous content (Table 1).
The crystallization peak is atT = 450± 10◦C what seems to
indicate different short-range order for the amorphous phase
in A1 as compared to MM. Also, a wide band (from 200 to
450◦C) is here detected. On the contrary, A2 sample does
not show any peak which indicates a complete amorphous
crystallization after annealing at 475◦C.

Finally, Scanning Electron Microscopy observations show
that the annealing treatment does not modify the sample par-
ticle size obtained after milling. Milled and annealed samples
exhibit a particle size of 25± 5�m [9].
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Fig. 3. PCI absorption curves at 55◦C of induction-melted sample (IM),
milled sample (MM), sample annealed at 325◦C (A1) and sampled annealed
at 475◦C (A2).

amorphous phase on annealing[13]. These trapped sites have
been previously characterised by thermal desorption[9]. The
fact that nanocrystalline alloys do not display a flat plateau
pressure may be related to different potential energies for
hydrogen atoms inside the nanocrystallites and in the vicin-
ity of grain boundaries. This would cause a certain energy
distribution hydrogen sites around that corresponding to the
plateau energy[17]. As a consequence, H-capacity at high
pressures (>0.1 MPa) is reduced in nanocrystalline as com-
pared to polycrystalline alloy. It should be noted that the
plateau pressure of A2 alloy is higher than that of IM alloy.
This may be related to the bigger cell volume exhibited by
IM alloy (87.80Å3) as compared to A2 alloy (87.05̊A3). It is
well known that in AB5-type alloys there is a linear relation
between the intermetallic cell volume and the logarithm of
the plateau pressure[18].

3.3. Kinetic analysis

Hydrogenation curves for MM, A1 and A2 samples
are shown inFig. 4. In all cases, absorption reactions are
observed to be faster than desorption ones. InTable 2absorp-
tion/desorption time to reach a reacted fraction of 0.8 (tF=0.8)
is given. The fastest kinetics is obtained for the sample
annealed at the highest temperature (A2). For example, dur-
i le,
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.2. PCI isotherms

Fig. 3 shows the PCI absorption curves at 55◦C for the
our samples. IM sample exhibits a wide plateau pressu
.1 MPa which extends from 0.8 to 3.2 hydrogen atoms
lloy formula unit (H/f.u.). On the contrary, MM sample do
ot exhibit any plateau pressure and has a high solubil

ow pressure. On annealing, H-solubility at low pressu
educed (A1 and A2) and a slopping plateau appears
nnealing at 475◦C (A2). It has been reported that am
hous materials possess a continuous distribution of trap
ites for hydrogen atoms[16]. Thus, the observed decrea
n solubility at low H-concentration for A1 and A2 sa
les could be explained by the reduction of the amoun
ng absorptiontF=0.8 is reached in 80 s for A2 samp
hereas it takes 2600 s for MM. sample. As concerns IM s
le (not shown inFig. 4for a better comparison between
ther samples) much slower kinetics have been determ
tF=0.8 = 4000 s for absorption andtF=0.8 = 15000 s). Thi
esult agrees with previous reports on the improveme
ydrogenation kinetics after milling treatments[6]. However
significant reduction of the alloy particle-size on mill

ather than the induced modifications in the alloy microst
ure may be at the basis of this effect. In our case, the pa
ize for the IM sample was∼70�m, i.e. three times high
han that obtained after mechanical milling (25�m). A mean
ngful kinetic comparison between IM and milled sample
oncerns the influence of the alloy microstructure is, th
ore, difficult to provide. Thus, no further comparison will
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Fig. 4. Time evolution of the reacted fraction (F) in MM, A1 and A2
samples during, (a) H-absorption and (b) H-desorption. Hydrogenation pres-
sures during absorption and desorption experiments were 0.9 and 0.01 MPa,
respectively.

here made between IM and milled samples. Nevertheless, an
exhaustive kinetic study of the RLS for AB5-type polycrys-
talline alloys is presented in an accompanying publication
[19].

To determinate which mechanism controls the H-kinetics
in milled samples, a method described in[20] was used. This
method compares the hydrogenation curves with solid-state
rate equations related to different rate limiting steps (RLS):
diffusion and phase transformation mechanisms. The method
produces linear plots ((ln− ln(1 − F )) versus lnt) with
constant slopem. As summarized inTable 3, the resulting
m-value gives information on the controlling reaction
mechanism according to different theoretical equations.

Fig. 5shows the result of this analysis as concerns to MM,
A1 and A2 samples for both hydrogen absorption and desorp-
tion kinetics. The obtainedm-values are summarized inTable
2. In samples with amorphous phase (MM and A1),m-values
for both absorption and desorption reactions are within the
range 0.7–0.8. Then, according toTable 3, the RLS seems
to be a mixed control between phase transformation (either
�/� nucleation at the surface (F1) or�/� inter-phase dis-
placement (R3)) and diffusion (D3). This fact may be related
to the existence of two phases in the alloys (amorphous and
nanocrystalline phases) whose kinetics are controlled by dif-
ferent mechanisms: H-diffusion for the amorphous phase

Table 2
Absorption/Desorption time to reach a reaction fraction ofF = 0.8 in MM, A1 and

Sample tF=0.8 (s) Absorption tF=0.8 (s) Desorption n

MM 2600 6000
A1 800 1000
A2 80 400

a Two m-values are observed during H-absorption in A2.

Fig. 5. Plots of ln(− ln(1 − F )) vs. lnt for MM, A1 and A2 samples for (a) H-ab
by continuous lines.
A2 samples and determinedm-values

m-values Absorption m-values Desorptio

0.80± 0.02 0.71± 0.02
0.71± 0.02 0.72± 0.02
0.55± 0.20/1.45± 0.05a 0.90± 0.02
sorption and (b) H-desorption. Linear fits to the data with slopem are shown
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Table 3
Rate equations related to different RLS and the correspondingm-values of the linear relationship ln(− ln(1 − F )) = constant+ m ln t

Function Equation m-Values RLS

D3(F) [1− (1 − F )1/3]2 = kt 0.54 H-Diffusion
F1(F) − ln(1 − F ) = kt 1 Nucleation at the surface
R3(F) 1− (1 − F )1/3 = kt 1.07 Interphase displacement
A2(F) [− ln(1 − F )]1/2 = kt 2 Bulk nucleation and Growth in 2D
A3(F) [− ln(1 − F )]1/3 = kt 3 Bulk nucleation and growth in 3D

F = reacted fraction,t = time.

and�/� phase transformation for the nanocrystalline phase.
Kinetic rates in A1 are faster than in MM (Fig. 4) which indi-
cates slower kinetics for the amorphous phase as compared
to the nanocrystalline one. This could be explained by a low
hydrogen diffusion coefficient in amorphous AB5.2 alloy at
the studied H-concentrations.

For the sample without amorphous phase (A2), kinet-
ics is more complex. During absorption, twom-values were
obtained:m = 0.55 (at short time,t < 20 s) andm = 1.45
(at long time,t > 20 s). Accordingly, H-diffusion is assigned
to be the RLS at small reacted fraction (F < 0.1), whereas
an �/� phase transformation mechanism governs hydro-
gen absorption at higher reacted fraction (F > 0.1). First
reaction stage may be tentatively ascribed to H-diffusion in
nanocrystalline grain boundaries, whereas the second one is
attributed to two-dimensional nucleation and growth of�-
hydride inside of the nanocrystallites. During desorption, a
mechanism of phase transformation seems to be predominant
(m = 0.90), which may be related either to the nucleation of
the� phase at the surface or to the displacement of the�/�
inter-phase.

4. Conclusions

Microstructural effects on thermodynamic and kinetic
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