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A fundamental objective of materials research is to
understand the mechanism of behavior and to predict
the properties of materials. However, it is often difficult
if not impossible to study materials, especially alloy
hydrides, from the first principle approaches, because
of the complex nature of the research. Alternative
methods such as correlation techniques must then be
developed. Structure mapping!2 is one such successful
approach. It correlates the crystal structures of materi-
als that have the same chemical stoichiometry but
different chemistry to their chemical element properties.
Structure maps have, therefore, been widely used to
search for materials with specific crystal structures.

The differences in crystal structures are so large that,
in a structure map, compounds of different structures
are located in distinctively different zones. For com-
pounds having the same crystal structure, they will
cluster but not superimpose because differences in
chemistry will allow each of them a unique position in
the structure map. In our study, all ABs alloys have the
same crystal structure and are made of the same
chemical elements. The traditional structure map tech-
niques are no longer applicable in this case since all
alloys will be superimposed to form a point on the
structure map. A new approach to the construction of a
property map will be developed in this study.

A capacity of an electrode is controlled by a number
of factors such as electrode chemistry and surface
morphology of the electrode materials.>~7 Many of these
factors could be considered when developing a correla-
tion model. However, the set of factors selected in this
study seems to work nicely.

Data regarding ABs hydrogen storage electrodes from
the literature is listed in Table 1. This table has a total
of 44 records, each record has four predictor variables
(mole fraction of La, Ce, Nd, and Pr) and two response
variables (Co, charge discharge capacity; Sxgo; capacity
retention after 200 cycles). The first 30 records are from
Guo et al.,® and the remaining 14 records are from Jin.3

Table 1. Ni—MH Electrode Data from Guo et al.8 and Jin3
Co

no. NLa Nce NNd Npr (mA h/g) S200
1 0.317 0.135 0.223  0.325 239.4 0.750
2 0.176  0.206 0.124  0.494 240.5 0.520
3 0.528 0.029 0.372 0.071 244.7 0.630
4 0.433 0.040 0.433 0.095 246.4 0.560
5 0.270 0.135 0.270 0.325 233.7 0.760
6 0.150 0.206 0.150 0.494 234.3 0.570
7 0.450 0.029 0.450 0.071 226.9 0.530
8 0.649 0.040 0.216  0.095 2442 0.630
9 0.405 0.135 0.135 0.325 243.4 0.710

10 0.225 0.206 0.075 0.494 247.2 0.880
11 0.675 0.029 0.225 0.071 248.1 0.860
12 0.288 0.040 0.577  0.095 228.0 0.560
13 0.180 0.135 0.360 0.325 239.8 0.790
14 0.100 0.206 0.200 0.494 228.8 0.560
15 0.300 0.029 0.600 0.071 220.8 0.700
16 0.794 0.066  0.109 0.031 255.6 0.610
17 0.831 0.069 0.078 0.022 270.7 0.600
18 0.277 0.023 0.545 0.155 218.3 0.690
19 0.272  0.272 0.355 0.101 248.2 0.780
20 0.430 0430 0.109 0.031 258.0 0.560
21 0.450 0.450 0.078 0.022 256.3 0.550
22 0.150 0.150 0.545 0.155 234.1 0.640
23 0.181 0360 0.355 0.101 233.2 0.680
24 0.287 0.573 0.109 0.031 257.7 0.590
25 0.300 0.600 0.078 0.022 259.2 0.650
26 0.100 0.200 0.545 0.155 225.6 0.760
27 0.518 0.026 0.355 0.101 229.5 0.600
28 0.819 0.041 0.109 0.031 247.8 0.640
29 0.857 0.043 0.078 0.022 259.0 0.660
30 0.286  0.014 0545 0.155 223.5 0.560
31 0.360 0.450 0.140 0.050 322.0 0.810
32 0.450 0.050 0.390 0.110 318.0 0.750
33 0.400 0.350 0.050  0.200 312.0 0.730
34 0.400 0.200 0.250  0.150 295.0 0.720
35 0.430 0.430 0.050 0.090 326.0 0.760
36 0.590 0.060 0.290  0.060 312.0 0.780
37 0.430 0300 0.130 0.130 286.0 0.780
38 0.430 0.300 0.150 0.120 317.0 0.790
39 0.740  0.050 0.050 0.160 302.0 0.760
40 0.480 0.240 0.240 0.040 289.0 0.840
41 0.600 0.170 0.140  0.090 296.0 0.780
42 0.600 0.050 0.150 0.200 291.0 0.690
43 0.460 0.270 0.190  0.080 300.0 0.820
44 0.670 0.230 0.050  0.050 311.0 0.800

AB:s alloys have a hexagonal structure® with A atoms
(A = La, Ce, Pr, and Nd) occupying sublattice a and B
atoms (B = Mn, Ni, Co, and Al) occupying sublattice b
or sublattice c. For simplicity, we redefine lattice a as
lattice 1 and combine lattice b and lattice c into lattice
2. In ABs alloys the nearest neighbor of A atoms are B
atoms, and vice versa. The Aj—B;j pairs are the most
important interactions in the solid. We applied a two
sublattice model for the solid.’® The lattice fraction is
defined as:
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where ny, and ng, are the number of moles of A; and B;
in lattices 1 and 2, respectively. In this study, the values
of nni, Nco, NN, @nd Na were kept constant at 3.55, 0.75,
0.40, and 0.30, respectively.

To build a property map, its coordinates, which will
be functions of element properties and element concen-
trations in the alloy, have to be defined. For an Aj—B;
atomic pair, the difference between atom A; and atom
Bj in terms of element property P (i.e., Pa, for A; and
Pg; for Bj) is

QAiBj = |PAi - PBJ-| 3

Subsequently, in a multicomponent and two sublattice
alloy, a property map coordinate, Op (in respect to
element property P), was defined as

Op = Z ZYAiYBjQAIBj (4)

where YaYg, is proportional to the total number of Ai—
B; pairs and Op is, therefore, the overall element
property difference of all nearest neighbor atomic pairs
in the alloy.

Some properties of the A; and B; elements are listed
in Table 2.1 In the present work, a few element
properties such as atomic number (AN), melting point
(T), valence electron number (V), and pseudopotential
radii (R) were selected to define the property map
coordinates based on egs 1—4. Coordinates Oy, O2, and
O3 based on element properties AN, T, and V/RS,
respectively, were generated as shown in Table 3
together with Cy and Syo0. All records are divided into
two classes based on the values of Cp and Sygo. Class
label C; is assigned to be 1 (good class) if Cp = 250 and
2 (bad class) if Co < 250. Similarly, class label C; is
assigned value 1 (good class) if Syo0 = 0.7 and 2 (bad
class) if Syp0 < 0.7.

A simple correlation between the electrochemical
properties (Cp and S;q0) of ABs hydrogen storage alloys
and the chemical element properties was established.
So00 is strongly correlated to T and AN as shown in
Figure la,b. Cy is strongly correlated to V/R® and AN
as in Figure 2a,b.

Figures 1b and 2b may be used in the performance
prediction of other elements if applied to replace the
elements in ABs alloys. As an example, we only replace
Nd by Sm, Eu, Gd, Tbh, Dy, Ho, Er, Tm, Yb, or Lu,
respectively. We select an alloy which may give both
high cycle life and high charge discharge capacity: 63%
La, 21% Ce, 11% Nd, and 5% Pr.12 By replacing the 11%
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Table 2. Some Basic Chemical Element Properties!!

valence pseudo-
atomic melting electron pontential
number temp (K) factor radii (A)
La 57 1193 3 3.080
Ce 58 1071 3 4.500
Nd 60 1283 3 3.990
Pr 59 1204 3 4.480
Ni 28 1726 10 2.180
Co 27 1768 9 2.020
Mn 25 1518 7 2.220
Al 13 933 3 1.675

Table 3. Property Map Coordinates O1, O, and Os
Co

no (o]} O, 03 (mA h/g) Szoo C1 C,
1 31.744 499.966 0.8801 239.4 0.75
2 31856 513.793 0.8914 240.5 0.52
3 31577 479.243 0.8633 244.7 0.63
4 31849 475.867 0.8700 246.4 0.56
5 31885 496.243 0.8827 233.7. 0.76
6 31934 511.734 0.8928 234.3 0.57
7 31811 473.066 0.8676 226.7 0.53
8 31168 492.547 0.8570 244.2 0.63
9 31480 506.935 0.8752 243.4 0.71

10 31.709 517.674 0.8886 247.2 0.88
11 31.136 490.886 0.8550 248.1 0.86
12 32.251 463.956 0.8772 228.0 0.56
13 32155 489.115 0.8878 239.8 0.79
14  32.084 507.774 0.8956 228.8 0.56
15 32.261 461.186 0.8760 220.8 0.70
16 30.745 504.432 0.8483 255.6 0.61
17 30.637 507.297 0.8462 270.7 0.60
18 32.258 464.084 0.8784 218.3 0.69
19 31.829 506.388 0.8814 248.2 0.78
20 31.109 543512 0.8738 258.0 0.56
21 31.018 548.201 0.8728 256.3 0.55
22 32385 477.719 0.8873 234.1 0.64
23 31920 516.158 0.8878 233.2 0.68
24 31.252 558.864 0.8838 257.7 0.59
25 31.168 564.305 0.8833 259.2 0.65
26 32435 483.087 0.8908 225.6 0.76
27 31583 479.977 0.8642 229.5 0.60
28 30.720 501.748 0.8466 247.8 0.64
29 30.611 504.505 0.8443 259.0 0.66
30 32249 463.118 0.8778 2235 0.56
31 31.260 543.020 0.8783 322.0 0.81
32 31.730 479.695 0.8685 318.0 0.75
33 31.190 537.960 0.8767 312.0 0.73
34 31540 506.500 0.8739 295.0 0.72
35 31.050 547.613 0.8746 326.0 0.76
36 31.340 489.172 0.8601 312.0 0.78
37 30937 521.870 0.8645 286.0 0.78
38 31.280 525.446 0.8732 317.0 0.79
39 30.810 506.139 0.8529 302.0 0.76
40 31.330 512.651 0.8685 289.0 0.84
41 31.060 512.572 0.8615 296.0 0.78
42 31190 497.832 0.8613 291.0 0.69
43 31.290 519.444 0.8706 300.0 0.82
44  30.770 526.528 0.8578 311.0 0.80
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Nd by equal moles of Sm, Eu, Gd, Th, Dy, Ho, Er, Tm,
Yb, or Lu, respectively, the model-predicted performance
of these 10 alloys are shown in Figures 3 and 4. In
Figure 3, new alloys corresponding to Sm, Eu, Er ,and
Tm may have high life cycle. In Figure 4, new alloys
corresponding to Sm and Eu may have satisfactory
charge—discharge capacities. Overall, only Sm and Eu
are recommended to replace Nd when the stoichiometry
of the aIon is Lage3Cep21X0.11Progs, X = Nd, Sm, and
Eu. New replacement rules may be possible if different
chemical stoichiometries are used in the design.

To predict Co and Sz from the chemical properties,
a neural network model was developed for each of the
bulk properties. In our case study, a random validation



860

580
560
540
8 520

500

Chem. Mater., Vol. 11, No. 4, 1999

o Class 1
+ Class 2

Communications

5200 05 305 o1

580 T T T T T T T T T
N
N
~o O Class 1
S + + Class 2
~
560 ~. +
~
~
+ S
o+ R
O\\
540 ° ~ 1
~
~
N
o o S
~
Q520 _ o ° ~ |
~ o o~y 4
S o o hapes
< <
++ +© T~ oo o \\+
+ ~ o ~
5001 ~o [} ~ ,
+ ~_ ° AN
+ N >
o o S~ o T~
< <
- [N
L ~ <
480 £ 0 LT .
+ S~
ool ok e
306 308 31 312 314 316 818 32 322 324 326

03]

Figure 1. (a) Classification of cycle life using O1, O,, and Szgo.
(b) Projection of Figure 1a onto a two-dimensional space (O;—
0,).

set containing 10% of the samples (4 records) was held
out to implement early stopping® for both the bulk
properties. The values of charge—discharge capacity and
cycle life from experiments versus those predicted by
the neural networks are shown in Figures 5—8. The
results of predicted values were in good agreement with
the experimental values.

Discussion. In this study, a simple correlation
between bulk properties of hydrogen storage alloys and
a few properties of their constituent chemical elements
was obtained. The correlation may be used in the
optimal design of chemistry for hydrogen storage alloys.
The correlation may also bring insights to the physics
governing Szoo and Co.

The melting point and atomic number of the constitu-
ent elements were identified to be significant in re-
sponse to Sygp. A close relationship between the process
of diffusion and melting of metals has been shown by
Rice and Nachtrieb.1* A relation between the activation
energy for self-diffusion (Q) and the melting point (Ty)
was shown?®

Q= KT
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Figure 3. Performance prediction of 10 alloys with respect
to cycle life.

where K is a constant and its value is expected to vary
from one system to another. Furthermore, Tiwaril®
showed that this correlation between the parameters
of self-diffusion and melting is valid for normal metals
as well as the metals showing anomalies in their
diffusion behavior. Since the element melting point,

(16) Tiwari, G. P. Z. Metallkd. 1981, 72, 211.
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Figure 4. Performance prediction of 10 alloys with respect
to charge discharge capacity.
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which is strongly related to its self-diffusion parameter,
has been identified as one of the most important factors
correlating with the value of Syq, it may indicate that
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the diffusion during the sintering process plays an
important role in determining the cycle life of the
electrodes. A thermodynamic study of these alloys may
be useful in order to enhance the sintering process.

The V/R® term is proportional to the mean volume
valence-electron density. The strong correlation ob-
served between Cy, V/R3, and AN may suggest that the
charge—discharge capacity of electrodes relies on the
average valence-electron volume density, which sup-
ports the conclusion of Iwakura et al.,1” who found that
charge transfer at the electrodes is responsible for the
discharge efficiency.
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