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Abstract  

Amorphous La-Ni thin films over a wide range of composition were fabricated by electron beam evaporation in ultra-high 
vacuum. The structure and composition of these films were determined by X-ray diffraction (XRD), transmission electron 
microscopy (TEM) and electron probe microanalysis (EPMA). The reversible hydrogen storage capacity was determined by 
electrochemical cycling. The equilibrium electrochemical potential of these thin-film electrodes was also measured versus the 
change of hydrogen concentration, AH/M, in these films. The smallest value among the maximum AH/M of these amorphous 
films is about 0.38, which is still much larger than the one reported in the literature (~0.1). Harris's model for hydrogen 
absorption in amorphous transition metal alloys is applied to the amorphous La-Ni system. We found that both the La-Ni3 
and the La2-Ni2 type of tetrahedral sites can store hydrogen. 
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1. Introduction 

Many transition metals and their alloys have a high 
reversible hydrogen absorbing capability [1-5]. They 
have been used as hydrogen storage and sensing ma- 
terials [6-8]. Although these metal hydride forming 
materials have been studied extensively for more than 
two decades, the structure dependence of the hydrogen 
absorbing capability is yet to be well understood. While 
many intermetallic compounds can absorb more hy- 
drogen than their amorphous alloy counterparts, several 
amorphous transition metal alloys have been found to 
absorb about the same amount or even more hydrogen 
than the intermetallic compounds [9,10]. Therefore,  
hydrogen storage in amorphous materials is of both 
practical and fundamental interest. 

In this study, we further investigated the hydrogen 
absorbing capability of the amorphous La-Ni system. 
Amorphous La-Ni thin films over a wide range of 
compositions were fabricated by electron beam evap- 
oration in ultra-high vacuum (UHV). The reversible 
hydrogen storage capacity and the equilibrium elec- 
trochemical potential of these thin-film electrodes were 
measured electrochemically. Harris's model for hydro- 
gen absorption in amorphous binary transition metal 
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alloys was applied to the La-Ni system [11]. It is believed 
that only the La-Ni3 tetrahedral site is responsible for 
hydrogen storage in crystalline LaNi5 [12]. We found 
that both the La-Ni3 and the Laz-Ni z type of tetrahedral 
sites can store hydrogen in amorphous La-Ni thin films. 

2. Experimental 

2.1. Thin-film preparation 

Thin films were fabricated with the electron-beam 
evaporation system described previously [13]. Lan- 
thanum (99.9%, Johnson-Matthey) and nickel (99.99%, 
Johnson-Matthey) were simultaneously deposited onto 
gold-coated nickel disks, NaC1 and quartz substrates 
to form LaNix thin films. The deposition rate of each 
material was monitored by a Leybold Inficon XTC 
thickness controller. La-Ni thin films can be fabricated 
over a wide range of compositions by varying the rates. 
The pressure during deposition was between 5 x 10 -9  

and 2 X 10 -8 Torr. The electroplated gold coating layer 
on the Ni disks was about 10 p,m thick, sufficient to 
prevent the detection of the nickel substrate by electron 
probe microanalysis (EPMA) and X-ray diffraction 
(XRD). Substrates were cleaned ultrasonically in ace- 
tone for about 15 min, then in methanol for another 
15 min. They were then transferred into the UHV 
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deposition chamber after the pressure inside the load 
lock decreased below 5× 10 -8 Torr. Substrates were 
at room temperature (max 45 °C) during deposition. 

2.2. Composition and structure determination 

The composition and the mass thickness of the films 
were determined quantitatively by EPMA (25 kV). The 
thickness was then calculated from the mass thickness 
and the composition using the assumption that the 
atomic volume of the f i l l  is the weighted average of 
the atomic volume of the bulk lanthanum and nickel. 
F i l l s  deposited on Au-coated Ni disks were examined 
by XRD in Seemann-Bohlin and 0-20 geometry, both 
with Cu Ka radiation. For transmission electron mi- 
croscopy (TEM) samples were deposited onto NaC1 
substrates and the substrates were then dissolved in 
distilled water. A Surface Science Instruments SSX- 
100 X-ray photoelectron spectroscope (XPS) with a 
sputter ion gun (4 kV, Ar +) was used to measure the 
depth profile and to determine the C and O impurity 
levels in the fills. 

2.3. Electrochemical cycling 

The experimental set-up described in a previous 
report [13] was used for electrochemical cycling. Films 
deposited on the quartz substrates were used in elec- 
trochemical cycling and equilibrium electrochemical 
potential measurements. The contact area between the 
working electrode and the electrolyte (6 M KOH) was 
about 0.34 cm 2 and the charge-discharge current was 
-Y-0.05 mA. These electrodes were charged until hy- 
drogen evolution occurred on the electrode surface. 
The discharge period was terminated when the potential 
increased to - 0.5 V vs. Hg/HgO. The discharge capacity 
was calculated as the product of the discharge time 
and the current. 

The equilibrium potential vs. the reversible hydrogen 
concentration (AH/M) curves of the La-Ni films were 
measured at room temperature (25 +1 °C). After a 
short period (<  1 min) of charging, the potential of 
the La-Ni electrode vs. Hg/HgO became stable and 
was recorded as the equilibrium potential. A known 
amount of charge was then discharged from the working 
electrode at a 0.05 mA rate and the new equilibrium 
potential was recorded when the potential did not 
change vs. time. This procedure was continued until 
the potential reached -0 .5  V vs. Hg/HgO during dis- 
charge. 

3. Results and discussion 

3.1. Structure and composition 

The TEM electron diffraction patterns and plan-view 
images of LaNi3 and LaNi5 films deposited at room 

temperature are shown in Fig. 1. Evidently, neither 
electron diffraction spots nor sharp rings is observed. 
Films on Au-coated Ni substrates were examined by 
Seemann-Bohlin XRD and thicker fi l ls  were subjected 
to 0-20 XRD. No diffraction peaks were found in either 
case. Therefore, films of all compositions deposited at 
room temperature are said to be amorphous. 

The distinct character of amorphous metallic alloys 
is the lack of long-range atomic order, in contrast to 
the crystalline compounds [14,15]. Several quenching 
methods, such as melt-spinning, rapid splat-quenching 
and condensation from the gas phase (see Fig. 2), can 
be used to produce amorphous metallic alloys [16]. 
The key factor is the cooling rate. At high cooling 
rates, atoms quickly lose their kinetic energy and become 
immobilized. Hence, they do not have enough time to 
find the lowest-energy site and can only form a ther- 
modynamically metastable structure [16]. Melt-spinning, 
rapid splat-quenching and vapor condensation tech- 
niques have the cooling rate about 106 , 105-108 and 
101°-1012 K s-1, respectively [16]. Obviously, the vapor 
condensation technique has the largest cooling rate, 
which enhances the probability of forming amorphous 
alloys. It is generally accepted that the amorphous alloy 
film is more likely to form when the temperature of 
the substrate during deposition is low [17]. Moreover, 
the different crystal structures of lanthanum (h.c.p.) 
and nickel (f.c.c.), a negative heat of formation [18] 
and a large difference in atomic sizes of lanthanum 
and nickel facilitate amorphous-phase formation by co- 
deposition [14]. Furthermore, amorphous La-Ni thin 
films at the LaNi5 intermetallic compound composition 
can also be fabricated by electron-beam evaporation 
[13] and by radio-frequency (RF) sputtering [19,20]. 

The composition and mass thickness of the set of 
LaNix (1 <x<5)  thin films determined by EPMA is 
given in Table 1, along with the calculated thickness 
(about 500/~). The results from XPS depth profiling 
show that these films are uniform and impurity levels 
of C and O are below the detection limit of this XPS 
system (2 at.%). 

This study is the first to show that amorphous LaNix 
( l < x < 5 )  can form over a wide composition range. 

3.2. Electrochemical measurement 

The amorphous LaNix (1~<x~<5.5) thin films were 
first cycled electrochemically for about 10 cycles for 
activation. A typical potential (vs. Hg/HgO) versus 
charge-discharge time curve of an amorphous La-Ni 
is presented in Fig. 3. Evidently, no plateau exists which 
is consistent with other reported studies on amorphous 
metal hydrogen systems [19,21-23]. The measurement 
of the equilibrium electrochemical potential vs. the 
reversible hydrogen concentration was conducted when 
the films reached their maximum discharge capacity. 
The reversible hydrogen concentrations, AH/M, deter- 
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Fig. 1. Amorphous LaNi 3 thin film: (a) electron diffraction pattern and (b) corresponding plan-view image. Amorphous LaNi5 thin film: (c) 
electron diffraction pattern and (d) corresponding plan-view image. 

mined from this measurement are also given in Table 
1. These amorphous thin films have at least three times 
or more the discharge capacity of the ones fabricated 
by RF sputtering that were reported in the literature 
[20]. 

3.3. Model of hydrogen site in amorphous transition 
metal alloys 

Harris et al. have presented a comprehensive hy- 
drogen-site statistical model for the total and electro- 
chemically reversible hydrogen storage in binary amor- 
phous transition metal alloys AI_~Bx (where A (B) is 
a late (early) transition metal) [11]. The alloy is con- 
sidered structurally isomorphic and chemically random. 
Hydrogen atoms are stored in tetrahedral interstitial 
sites A4_,B,, where n = l  to 4 [11]. The probability 
f,(x) of four neighboring atoms in Al_xBx being an 
A4_,,Bn site is proportional to C4"x'(1-x) 4-', where 
C4"=4!/n!(4-n)!. The energy of each type of site (n) 
is a continuous distribution g, (E). Therefore, the density 
of states (DOS) of each site is proportional tofn(x).g, (E) 
and the change of hydrogen concentration AH/M due 
to this particular site n is 

AH/M =N~ff-f.(x). f g.(E) dE (1) 

where Neff is a proportionality factor [11]. Harris et al. 
determined the chemical potential p. of the absorbed 
hydrogen in the transition metal electrode by measuring 
the equilibrium potential difference between the tran- 
sition metal electrode and the reversible hydrogen 
electrode at different hydrogen concentrations. They 
demonstrated that a universal curve can be used to fit 
/~ (from -100 to -38.5 kJ mol-I of H2) v e r s u s  nor- 
malized changes of hydrogen concentration (AH/M[exp)/ 
(AH/M[ma×) for amorphous Nil_,Zrx over the compo- 
sition x=0.37 to 0.70 (see Fig. 4), where -100 kJ 
mol -~ of H 2 is the /~m~n due to their experimental 
limitation and -38.5 kJ mol-I of H2 is the P'max at 
hydrogen evolution [11]. This universal curve was con- 
structed using a normalized Gaussian distribution func- 
tion, 

2 ] 
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Fig. 2. Schematic representation of several methods of forming 
amorphous solids: (a) melt-spinning; (b) rapid splat-quenching; (c) 
vapor condensation. 

to approximate the gz(E) between/x,,i, and t~,,~. Fur- 
thermore, they determined Neff to be 1.9 from two 
amorphous Ni-Zr and Pd-Ti systems, assuming that 
only the NizZrz and PdTi3 tetrahedral sites are re- 
sponsible for reversible hydrogen storage in Nil_xZrx 
and Pda_xTi~, respectively [11]. A schematic represen- 
tation of the density of states versus the chemical 
potential/x is shown in Fig. 5. The center Eo and width 
~r or the Gaussian distribution was -58.5 and 25.0 kJ 
mol -~ of H2, respectively, determined from their ex- 
perimental data. Hence, for the Ni-Zr system, Eq. (1) 
becomes 

~trn~× 

AH/MI~xp = 1.9C42 .x2(1 -x )  2 f g2(E) dE 
/.t, min 

(3) 

Thus, the change of hydrogen concentration versus film 
composition should follow the x2(1-x) 2 binomial func- 
tion. Harris et al. demonstrated experimentally that 

Eq. (3) was indeed valid [11]. The total hydrogen 
concentration at a certain chemical potential /z is the 
summation of all the possible sites that lie below /z. 
In the case of Ni-Zr, 

H/M(/~) = 1.9[x 4 + 4x3(1 --X) 

t~ ~ t  

+ 6xz(1 -x) z J g(E) dE] (4) 
/~rnin 

since the integrals of g4(E) and g3(E) from -oo to 
/zmi, are approximately 1. 

The center E, of the distribution of each site was 
considered as the enthalpy of formation of the hydride, 
which was estimated based on the Rudman and Sandrock 
"rule of simple averaging" model [24], 

E, = [nHo(BH2) + (4 -n)Ho(AH)]/4 (5) 

Here Ho is denoted as the enthalpy of formation of 
elemental hydrides such as BH2 and AH. This model 
differs from the "rule of reversed stability" proposed 
by Buschow et al. [25], 

AH(AB.Hz~) 

= AH(AHm) + AH(B,H,,)-  AH(AB,) (6) 

by the enthalpy of formation of the alloy term, AH(AB,). 
Since the effect of H-atom insertion on AB bonding 
strengths is not well understood, the rule of simple 
averaging is considered as good as the rule of reversed 
stability, especially for the purpose of estimating the 
distance of two adjacent distribution centers [24]. 

The separation between adjacent E,  is about 44 kJ 
tool-1 of H 2 for the Ni-Zr system, which is almost 
twice the value of tr. Therefore, it is justifiable to make 
the assumption that only NizZr= is the hydrogen storage 
site within the gmi, and izm,x experimental window. 

The equilibrium electrochemical potentials E of the 
amorphous Ni~ _xLa~ thin films were converted to chem- 
ical potential /~ (expressed as kJ (tool H2)-5) by 

g =  - 2F(0.932 +E) (7) 

where F is the Faraday constant and 0.932 is the potential 
difference between Hg/HgO and the reversible hydrogen 

Table 1 
Hydride formation versus composition for a set of amorphous LaNi~ thin films 

Amorphous La Ni Mass 
alloy (at.%) (at.%) thickness 

(ttg cm -2) 

Thickness 
(k) 

Maximum discharge 
capacity 
(mA h g-') 

AH/M 

LaNi 50.3 49.7 33.3 490 108 
LaNil.7 37.0 63.0 32.8 460 144 
LaNiz~ 26.5 73.5 35.7 480 126 
LaNi3. 5 22.0 78.0 35.2 460 174 
LaNi4.~ 17.2 82.8 38.5 490 170 

0.40 
0.48 
0.38 
0.50 
0.46 



l0 Y. Li, E-T Cheng 1 Journal of Alloys and Compounds 223 (1995) 6-12 

-500  

E -600  

o 
-700  

- 8 0 0  

-900 

C 
~ -1000 
0 

- 1 1 0 0  
0 

Amorphous La-Ni  Thin F i l /  

~ C h a r g e  fDischarge 
. 

iii 
A A 

200 400 600 

Time (see.) 

800 

Fig. 3. A typical electrode potential (vs. Hg/HgO) vs. charge-discharge 
time curve of  amorphous La-Ni thin films. 
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Fig. 4. Chemical potential p. of  hydrogen in Ni~_+Zr+ vs. total 
normalized hydrogen concentration (AH/MI..p)/(AH/MIm..) at dif- 
ferent compositions (x=0.37, 0.40, and 0.70) [11]. 
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Fig. 5. Density of statesf .(x)  .g(E) vs. chemical potential/x of hydrogen 
in various tetrafiedral interstitial sites. 

electrode (RHE) [25]. The chemical potential of the 
absorbed hydrogen versus AH/M was then calculated 
for all the films. It has been demonstrated that La-Ni3 
is the primary hydrogen storage site in crystalline LaNi5 
[12]. Assuming that this tetrahedral site is the only 
hydrogen storage site in the La-Ni system, the change 
of hydrogen concentration vs./z based on Harris's model 
should be 

AH/M0x ) = 1.9[4x3(1 -x) f g~(E) dE] 
~min 

(8) 

However, we have difficulty in fitting the Iz vs. AH/M 
curves for all the compositions. 

Assuming that the Laz-Ni2 tetrahedral site can also 
store some hydrogen, two Gaussian distribution func- 
tions are used to fit the AH/M vs. IZ curves for all 
compositions (see Fig. 6). The center of the distribution 
function for the La-Ni3 site, El, is estimated to be 
-43_+1 kJ (mol He) -1 with a width (h of 16+1 kJ 
(mol He)-1 while E 2 (for the Laz-Ni 2 site) is -84_+ 1 
kJ (tool H2)-1 with a width tr2 of 15 -+ 1 kJ (tool H2)- 1 
in order to have the best fit for the AH/M vs. Iz curves 
for different compositions. These AH/M vs. /z curves 
are shown in Fig. 7. The enthalpies of formation of 
La-H and Ni-H bonds are given in Table 2 [24,27], 
along with E1 and E2, obtained from both fitting the 
AH/M vs. ~ curves and calculation based on Eq. (5). 
Comparing the results listed in Table 2, E1 and E2 
obtained from curve fitting are not unreasonable. The 
solid line is obtained by 
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Fig. 6. Normalized density of  states g(E) for LaNi3 and LazNi2 
tetrahedral sites vs. chemical potential Iz of  hydrogen. 
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Fig. 7. Change of hydrogen concentration AH/M vs. chemical potential 
/~ of hydrogen in amorphous La-Ni thin films. 
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Table 2 
Enthalpy of formation ((kJ (tool H2) -~) of ternary hydride based upon "rule of simple averaging" and El, E2 obtained from curve fitting 

LaH2 NiH El E2 
(LaNi3 site) (La2Ni 2 site) 

- 207.75 16.62 
[24] [24] 

- 1 3 4  - 2 

[261 [26] 

- 39.5 - 95.6 

- 3 5  - 6 8  

- 4 3  - 8 4  
(curve fitting) (curve fitting) 

AH/MOz ) = 1.914x3(1 -x) ~f gl(E) dE 
//-rain 

+6x2(1-x) 2 g2(e) dEl 
M-rain 

(9) 

where gl(E) and g2(E) are the normalized Gaussian 
distribution functions for the La-Ni3 site and La2-Niz 
site, respectively, and/~ml, = - 100 kJ (tool H2)- 1. The 
AH/M value at the lowest /~ value of each film was 
determined by Eq. (9), and the rest of the points were 
from the potential composition isotherm measurements. 
The lower and upper limits (~min and /~max) in this 
experiment are about - 7 7  and - 4 0  kJ (mol 1-12)-1, 
respectively. Evidently, the chemical potential of several 
films did not reach either /~mi, or ~m~,, or both. These 
films were not charged to their full hydrogen storage 
capacity. Some of the hydrogen atoms are evolved as 
gas instead of being absorbed by the film during the 
charging period. Fig. 7 suggests that this model can be 
used to predict the hydrogen concentration in La-Ni 
amorphous alloys. Moreover, it also suggests that if the 
width (2tr) of the DOS (Gaussian distribution) lies 
within the electrochemical potential window, from the 
oxidation potential to the hydrogen evolution potential, 
amorphous material could store as much hydrogen as 
the crystalline counterpart. Furthermore, it is possible 
for amorphous alloys with overlapping DOS distributions 
within the electrochemical potential window to store 
more hydrogen than the crystalline compounds. This 
model can provide a new guideline in the search for 
novel metal hydride materials. 

4. Conclusions 

Amorphous LaNix (1<x<5.5) thin films have been 
prepared by electron-beam evaporation in UHV. Their 
composition and structure were determined by EPMA, 
XRD and TEM. Electrochemical experiments showed 
that (a) the amorphous LaNix (3 ~<x ~< 5) thin films have 

a maximum reversible hydrogen storage capacity of 
about 160 mA h g- i  (H/M~0.43) and cycle life of 
about 500 cycles; (b) both the La-Ni3 and La2-Ni2 
tetrahedral sites contribute to hydrogen storage and 
Harris's model can be used to predict hydrogen storage 
capacity. 
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