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Heat of foIation and band structure of binary and ternary metal hydrides
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(Received 28 March 1984; revised manuscript received 14 June 1984)

The heat of formation, ~, of metal hydrides is empirically found to be linearly related to a
characteristic energy AE of the electronic band structure of the host metal. Independently of the po-
sltlon of thc host metal 1Q thc Perlodlc Table (81mplc metals noble metals tlansltlon metals ac-
tinides, and rare earths) we found ddt =a hE+P, with bZ =E~ Z„a=—29.62 kJ/eVmol H, and

P= —135 kJ/mol H (E~ is the Fermi energy and E, is the center of the lowest band of the host met-

al; ~ is expressed in kJ/mol H and 5E in CV). Assuming that this relation also holds for tcrnax'y

metal hydrides we used the (simple) tight-binding coherent-potential-approximation model of Cyrot
and Cyrot-I. ackmann to evaluate the characteristic energy hE of A~ 8~ alloys where A and S aI'e

both nonsimple. metals. The values of ~ derived fIom the calculated AE are in good agreement

with cxlst1ng experimental data on thc heat of formation of ternary metal hydr1dcs.

I. INTRODUCTION

The heat of formation ~, i.e., the amount of heat ab-
sorbed or liberated during hydrogen uptake by a metal has
been measured for many metal-hydrogen systems. The
knowledge of ~ is of great importance for practical ap-
phcations of metal-hydrogen systems concerning energy
storage since the dissociation pressure pH, for two-phase

metal hydrides is related to ~ via the van t'Hoff relation

lnpH ——

+ 38 kJ/mol H while for MgH„(Ref. 3) it is —37
kJ/mol H. Consequently magnesium readily forms a
dihydride, while Be does not react directly with hydrogen.

Several attempts have been made to derive ~ from a
pnori calculations. Using a pseudopotential formalism
and nonlinear theories for the screening of the protons,
Popovicz et al. calculated the heat of solution of hydro-
gen in Al and Mg. Their theoretical values (~=43
kJ/mol H for Al and —4.8 kJ/mol H for Mg) are in qual-
itative agreement with experimental data.

Svntendick' considered the dectronic band stnIctures

where M is the entropy change for Hz absorption and R
is the gas constant. Metal hydrides with negative heat of
formation dissolve large quantities of hydrogen while sys-
tems with ~&0 dissolve hydrogen only in very small
quantities at moderate pressures.

A summary of experimentally determined heat of for-
mation of binary metal hydrides MH„ is given in Fig. l as
a function of the position of the host metal in the Periodic
Table. As pointed out earlier by Mcl.ellan and Oates' a
certain regularity is observed in the long series (t9K to
326e, 3qRb to soSn, and ssCs to sqPb) of the Periodic Table.
The most negative hH are found for the alkaline earths
while large positive values are observed for metals on the
right of the series. Slightly negative values for MI are
also observed for zsNi and qsPd. Platinum, although be-
longing to the same group as Ni and Pd, has however a
large positive heat of formation and absorbs a negligible
amount of hydrogen. Antonov et a/. have shown that
PtH is not formed at hydrogen pressures below -65 kbar
at IooID teIDperatQre. IQ a recent review article Ponya-
tovskii et al. reported that other late 5d metals
(7sRe,7sOs) do not form hydndes below -70 kbar.

Another marked difference between the thermodynami-
cal properties of two metal hydrides belonging to a same
column of the Periodic Table is found for the alkaline
earths. From the data of Galaktionowa one estimates
that the heat of formation of .BeH„ is approximately
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FIG. 1. Heat of formation of binary metal hydrides MH„.
The data are from McLellan and Gates (Ref. 1), I.ee (Ref. 2),
Mueller, Blackledge, and Libowitz (Ref. 3), Galakti. onowa (Ref.
4), and Buschow, Bouten, and Miedema (Ref. 5). Some data
wcx'c cvaluatcd from h1gh-pIcssulc wox'k (I'cfclcnccs g1vcn by
Ponyatovskii et aL in Ref. 6) using the equation of state for hy-

- drogen at high pressux'es (Refs. 7—9). For systems where the
heat of solution (x~0) differs markedly from that of conccn-
tx'Rtcd alloys» mono-» d1-» ox' tr1hydr1dcs» scvcral values Rrc Indi-
cated for the same metal.
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bH(Ay By H„)=EH(Ay H„y2)+AH(By H„)2)

MX(Ay„By ) . — (2)

of stoichiometric compounds such as YH, YHz, and YH3
and found that for di- and trihydrides a new band is
formed below the Fermi energy. The position of this ex-
tra band determines the stability of the higher hydrides.
Since the position of this new band depends mainly on the
hydrogen-hydrogen separation, Switendick' proposed
that dihgdrides are stable when the H—H distance exceeds
-2.1 A. As discussed by Gupta and -Burger, '

Switendick s criterion is, however, not sufficient.
The most comprehensive discussion of the heat of for-

mation of substoichiometric metal-hydrogen systems is
probably that of Gelatt et al. ' According to these au-
thors b,H is determined by four factors: (i) the position of
the metal-hydrogen bonding band which contains approx-
imately 2x electrons' ' in llfH„, (ii) the lowering of the
metal d bands by the attractive proton potential, (iii) the
filling of empty states at the Fermi energy, and (iv) the
Coulomb energy due to the increased charge density in the
vicinity of the protons. Using renorinalized-atom poten-
tials, Gelatt et al. evaluated the four contributions men-
tioned above and found reasonable agreement with the ex-
perimental values for b,H. The agreement was improved
later by carrying out self-consistent calculations's'9 of the
cohesive energies of metal-hydrogen compounds MH.

Since calculations of the heat of formation of more
complicated metal-hydrogen systems (for example, ter-
nary metal hydrides such as LaNi5H„, Mg2NiH„, or
FeTiH ) would require considerable computing efforts,
N@rskov proposed recently to use an effective-medium
theory for the calculation of hH. Although this method
is simpler than a full band-structure calculation, the gen-
eralization to alloy systems is not obvious.

In parallel to these theoretical activities, several
semiempirical models have been proposed to explain the
observed trends in stability and stoichiometry of metal-
hydrogen systems. A review of these models has recently
been given by Westlake. ' One of the most successful
models is that of Bouten and Miedema based on
Miedema's original approach of the heat of formation of
two transition metals. This model can be generalized to
ternary metal hydrides A» B» H„by using the rule of re

versed stabi/ity according to which the heat of formation
of an intermetallic compound Ay By H„ is approximately

given by

model for the heat of formation of metal hydrides. In a
first step we show that the heat of formation of binary
metal hydrides MH„ is simply related to the difference
AE=Ez —E„where Ez is the Fermi energy and E, the
center of the lowest conduction band of the host metal
(Sec. II). In a second step this model is generalized to the
case of ternary transition-metal hydrides by using a
theorem of Cyrot and Cyot-Lackmanni on the density of
electronic states of transition-metal alloys (Sec. III B).

II. MODEL
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To introduce our model let us consider the calculated
energy levels of the Pd6H octahedral cluster shown in Fig.
2. Compared to the levels of a Pd6 cluster one see that the
major effect of adding a hydrogen atom at the center of
the cluster is to lower the lowest level with a&g symmetry
by approximately 4 eV. The other levels are only weakly
perturbed because the amplitude of the corresponding
eigenstates is very small at the interstitial site occupied by
the hydrogen atom. Both in Pd6 and Pd6H the lowest lev-.
el is occupied by 2 electrons. If one assumes that around
each hydrogen dissolved randomly in a host metal M the
electronic states are perturbed in a way similar to that
shown in Fig. 2, then the hydride MH„should have 2x
electrons per metal atom in the low-lying states around
—13.6 eV.

This has been shown explicitly by Bansil et al. ' for the
case of substoichiometric PdH„alloys. However, since
exchange and correlation as well as charge-transfer effects
are important the total energy and consequently the heat
of formation of a metal hydride MH„cannot be calculat-

The last term on the right of Eq. (2) is the heat of forma-
tion of the metallic alloy. From a comparison of experi-
mental AH's with predictions of Miedema's model, one
finds that this model tends on the average to overestimate
the heat of formation of metal hydrides. This leads to
substantial errors in the equilibrium plateau pressures
since the hydrogen equilibrium pressure varies exponen-
tially with bH [see Eq. (I)]. Furthermore, the validity of
the physical basis of the model has been criticized by Wil-
liams, Gelatt, and Moruzzi.

The objective of the present work is to incorporate elec-
tronic band-structure information in a semiempirical

a

Pd6H

FIG. 2. Energy levels of an octahedral Pd6 cluster {a)without
and {b) with a hydrogen at the center of the octahedron. The
method of calculation is the SCF-Xa-SW method, where the
Schrodinger equation is solved self-consistently by means of the
scattered-wave technique. The Xa approximation is used for
exchange and correlation effects. The potentials are of the
muffin-tin type.
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ed directly from these one-electron energies. For the early
transition-metal hydrides the correction due to these ef-
fects may represent as much as -80% of hH calculated
from one-electron energies only (see Fig. 9 in Ref. 15).
This means that the large energy gained by lowering 2x
electrons from the lowest host-metal band to the low-lying
band in thc hydride MH„ is to a large extent compensated
by the increase in Coulomb energy due to the increased
charge density around the protons. ' Despite these com-
plications, the overall effect of the lowering of 2x elec-
trons is to favor hydride formation.

From the results shown in Fig. 2 one sees also that the
extra (hydrogen) electron in P16H is accommodated in a
level just above the Fermi energy of P16. This increases
the total energy of the cluster and is therefore a factor op-
posing hydride formation. A similar conclusion was
reached by Wicke and Brodowsky from an extensive
analysis of the pressure-composition isotherms of
paHadium-based hydrides.

In an attempt to find a correlation between ~ and the
smallest possible number of band-structure parameters of
the host metal we found that the experimental values for
the heat of formation of binary hydrides MH„could be
reproduced reasonably well by the following simple rela-
tion:
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FIG. 3. Electronic density of states ( ) and integrated
density states ( ———) for four 4d metals. Shadowed lines

give the position of E, (right-hand shadowing) and EF (left-
hand shadowing).

hH = (ahE+P)
2

with

(3)

80-
b,E=EF E, , —
a=29.62 kJ/eVmol H,
P= —135.0 kJ/mol H .

(4)

In Eq. (3) n, represents the number of electrons per atom
in the lowest s-like conduction band of the host metal. E,
is the energy for which the integrated density of states of
the host metal is equal to —,n, electron per atom. Except
for the alkali metals (for which n, =l) we have n, =2,
and E, is then the center of the lowest conduction band
since even for transition metals this band has a predom-
inantly s character with respect to the interstitial sites oc-
cupied by the hydrogen atoms. [In the tight-binding
approach this band results from the hybridization of the
(3z —r ) d orbital with the free-electron dispersion curve
fi kz/2m. ]

In Fig. 3 we indicate schematically the electron density
of states and integrated density of states for the transition
metals Y, Ru, Pd, and Ag (according to Ref. 30). For
thcsc 111ctals E, 1s thc cncrgy corresponding to an integrat-
ed density of states of 1 electron per atom. The Fermi en-

ergy is taken as the zero of energy.
The heat of formation XH determined from solubility

measurements and/or from the plateau dissociation pres-
sure in the pressure-composition isotherms of metal hy-
drogen systems are shown in Fig. 4 as a function of hE.
For the metals from 3l.i to 49In, &J: is determined from
the density-of-states curves of Moruzzi et al. For the
transition metals 49Ru, 7sOs, 7zHf, and 4oZr, we used the
band-structure calculations of Jepsen et al. ,

' for 75Re
those of Mattheiss, for 4&Rh and 7&Pt those of Ander-
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FIG. 4. Correlation beteen measured values of the heat of
formation of binary hydrides hlH„and the band-structure ener-

gy AE=, E~—E,. For the alkali metals the plotted values are
twice as large as the measured values because n, =1 (see text).
For all other metals n„ the number of electrons per metal atom
in the lowest band with, s symmetry at the interstitial site occu-
pied by hydrogen is equal to 2 [see Eq. (3)].
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sen, for 9QTh and 760s the results of Iyakutti et al., for
Ir both the results of Arbman and Hornfeldt and van
der Veen et al. , for 74W the calculations of Christensen
and Feuerbacher, for 4iNb and 73Ta those of
Mattheiss, for a- and co-32Ti and 4QZr those .of Vohra
et al. , and for 39Y the results of Loucks.

For the lanthanides we use the results of Glotzel and
Fritsche ' for 57La and y-5&Ce, those of Pickett et al.
for a- and y-5&Ce and those of Fleming et al. for 57La.
For 63Eu we averaged the results of Matsumoto et al. ,
Andersen and Loucks, and Kobayasi et aI. For 64Gd,
b.E was determined from the calculations of Harmon and
Freeman. For 64Gd, 68Er e6Dy, and 7~Lu we also used
the early calculated density of states of Keeton and
Loucks. An estimate of bE for 65Tb was obtained from
the results of Mackintosh and Mailler et al. while the
results of Johansen and Mackintosh ' and Koelling were
used for 7QYb. For 7iLu we used the relativistic energy
bands of Keeton and Loucks. For the actinides bE was
obtained from Koelling and Freenian for y-92U, from
Keeton and Loucks for 9QTh and 59Ac, from Iyakutti
et al. for 59Ac, and Skriver and Jan for 9QTh.

For 79Au we averaged the two density-of-states curves
calculated by Christensen and Seraphin. For 568a, we
estimated bE from the band structure of Johansen and
for 32Ge we used both the results of Herman et al. and
of Joannopoulos and Cohen.

For all metals, n, =2 except for the alkali metals where
n, =1. For these metals the experimental AH have been
multiplied by 2 to correlate them with the heat of forma-
tion of all other metals in Fig. 4. The most remarkable
feature of the correlation shown in Fig. 4 is that irrespec-
tive of the "type" of the host metal (noble, simple, or tran-
sition metals, rare earths or actinides) the heats of forma-
tion of hydrides are reasonably well described by the same
relation [Eqs. (3) and (4)]. Even the large positive value
for the heat of formation of GeH„ is fairly well repro-
duced. (For GeH„, b.E= 10 eV.)

Regarding the large differences mentioned earlier in the
heat of formation of hydrides of metals belonging to cer-
tain columns of the Periodic Table, one can make the fol-
lowing comments.

(i) 4Be,72Mg. As a result of the small atomic volume
the value of bE for Be is larger than -4.5 eV and this
metal dissolves hydrogen endothermically. The atomic
volume of Mg on the other hand is almost 3 times larger
than that of Be and consequently AE is rather small. The
difference between Mg and Be is furthermore slightly am-
plified by the non-free-electron character of the density-
of-states curve of Be.

(ii) 46Pd, 7sPt. The large difference in the heat of for-
mation of these two metals is due to a significant differ-
ence in the width of the 4d and 5d bands. The same is
true for Rh and Ir. Very recently Welch and Pick ' pro-
posed that the dependence of the heat of formation of
binary transition-metal hydrides is mainly determined by
the ratio p/Q of the shear modulus p to atomic volume 0
of the metal host. For Pd we find p/Q=0. 35 and for Pt
p/Q=0. 41. This small difference is unlikely to lead to a
significant difference for the hydrides formation of Pd
and Pt.

(iii) 77Ir, 45Rh, 78Pt, 35Mn. This series of materials has
been measured by McLellan and Oates' using the same ex-
perimental technique for all metals. The large variation
in bH is therefore very unlikely due to systematic errors.
Here again one finds good agreement between measured
values and the predictions of our simple model.

III. APPLICATIONS

In this section we shall discuss several applications of
the model presented in Sec. II.

A. Binary hydrides

The analytical expression [Eqs. (3) and (4)] can be used
to predict the heat of formation of binary hydrides MH„
of metals which have not been investigated yet. In Table I
we indicate the heat of formation for hydrides of 75Re,
76OS 3QZI1 4sCd, 8QHg, 31Ga, 49In, siTl, 5QSn, s2Pb, 33AS,
51Sb, s3Bi, and s9Ac calculated with b,E values derived
from band structure or density-of-states calculations.

TABLE I. Heat of formation of binary hydrides which have
not been synthesized yet. The values for hE=E~ —E, needed
to predict the heat of formation ~ are evaluated from the
band-structure calculations indicated in the fourth column.

Element

&4Si

3&Zn'

3)Ga
33As
4sCd'
49In

5oSn

siSb
75Re
760$
soHg'

s)Tl
s2pb
s38i
s9Ac

aE (eV)

—10
-6.7
-6.0
14.7

-5.1

4.8
6.8

12.0
5.4
6.8

-5.5
7.4
8.7

-8.8
1.9

ddt (kJ/mol H)

-161
-63
-43
300

—16
—7
66

220
25
66

-28
84

123
125

—79

Reference

60
30,62

61
30
30
30
63
64
32
31
65
66
67
76
53

'For these metals the d bands are relatively narrow and near the
bottom of the nearly-free-electron conduction band. In this case
E, is not the center of gravity of the band originating at the
lowest I ~ level. Contribution of the nearly-free-electron conduc-
tion band above the d-band complex must also be taken into ac-
count.

B. Absorption of hydrogen in liquid simple metals

In agreement with the predicted values of bH given in
Table I all the listed simple metals dissolve negligible
amounts of hydrogen. Although some of the experimen-
tal data are still doubtful it seems that molten Pb and Sn
absorb small amounts of hydrogen. Opie and Grant
found a heat of formation of 47 kJ/mol H for molten Pb.
The results of Iwase lead to bH —= 14 kJ/mol H for mol-
ten Sn. The enhanced hydrogen solubility in molten Pb
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and Sn can be understood qualitatively by assuming that
in the liquid state the electronic structure of a simple met-
al is well described by the free-electron model. The free-
electron values &Ftr~,i~„,„ for Pb and Sn are 5.72 and
6.15 eV, respectively. As a result of the absence of large
band gaps these values are significantly smaller than the
values listed in Table I for the corresponding crystalline
metals and therefore lead to smaller EII values for the
molten metals (34 kJ/mol H for Pb and 47 kJ/mol H for
Sn as compared to 123 and 66 kJ/mol H for the solid
metals).

In molten Al however, the ineasurements of Ramsley
and Neufeld, Opie and Grant, ' and Sharov indicate
that the heat of formation of A1H„ in the liquid state is
higher than in the crystalline state. This is again in quali-
tative agreement with our interpretation since
h&~, ,~ „,„——6.05 eV in liquid aluminum is higher than
5.69 eV derived from the band-structure calculations of
Moruzzi et al. for solid Al.

.For other metals the difference between the heat of for-
mation of a solid hydride and that of a liquid hydride is
not large. This is in sharp contrast with the model of
Welch and Pick ' from which it would follow that all
liquid metals are excellent hydrogen absorbers (with heat
of formation of ——80 kJ/mol H) since liquids have a
vanishingly small shear modulus.

QEA

h, EB

WB

QEA

p"= IE"n(E;y„,ys)dE (5)

for v=0, 1, and 2 (and even v=3 in the case of two metals
with equal bandwidths) as the "simple" density of states
n*(E) given by

n*(E;yw, ya)=[yon~(E)+yung(E)]/(ya+ya), (6)

where n (E) is a scaled density-of-states function of metal
i. The various steps involved in this-scaling are schemati-
cally indicated in Fig. 5 for the special case of an alloy
AB (yz ——ys ——1) when the d-band width W~ of metal A
is larger than that of metal B, i.e., 8'~ & 8'~.

In the first step the widths of the d bands of both met-
als are set equal to their weighted average

C. Ternary metal hydrides

The most interesting use of the empirically found linear
relation between the heat of formation and the band-
structure characteristic energy parameter hE is of course
to predict ~ for ternary hydrides A» B„H„. Since

band-structure calculations are available only for a limited
number of alloys we shall use the model of Cyrot and
Cyrot-Lackmann to evaluate &F. for alloys of transition
metals. The case of alloys with simple metals, rare earths,
or actinides shall be discussed elsewhere.

Within the tight-binding approximation Cyrot and
Cyrot-Lackmann show that the exact density of states
n (E;yz,ys) calculated by means of the coherent-potential
approximation formalism for an alloy A„B» has the

&a

same moments

the d band is constant, a change in bandwidth implies a
change in height of the density of states curve so that

+I
I 2

ling

=n; (8)

with
8'*E' e=(E —e )—

In Eqs. (8) and (9), e; is the center of the density-of-states
curve of metal i (i =, A or B) measured with respect to the
vacuum zero. For the individual metals

hE+
B
w~

FIG. 5. Illustration of the construction of the density of
states function n*(E) which has the same first three moments
as the exact (within the tight-binding coherent-potential approx-
imation) density-of-states function n (E) of an alloy AB. For an
alloy A~ B~ the partial density-of-states curves are weighted by&a

the corresponding atomic fractions.

~*=(y~ ~~+ya~a)/(y~+ys) (7)

Since the number of available Bloch states contained in

8;.
e =(E~ E).——(10)



30 HEAT OF FORMATION AND BAND STRUCTURE OF BINARY. . . 4377

TABLE II. Optimized values of 4E used. for the calculation of the heat of formation of ternary
transition-metal hydrides. When inserted into Eq. (3), the optimized bE reproduce the experimental
values for the heat of formation of binary metal hydrides.

Metal

2)Sc
2gT1

V
4Cr

2sMn

27Co
2gNi

LZ (eV)

1.25
2.55
3.55
4.35
4.30
5.40
5.10
4.40

Metal

Y
40Zr

4)Nb
42Mo

43Tc
44Ru

45Rh
46Pd

aE (eV)

0.85
1.90
3.4
5.0
4.61
6.0
5.4
3.9

Metal '

57La
72Hf
73Ta
74W

7gRe

760$
77Ir
78Pt

aE (eV)

1.25
2.50
3.30
5.40
5.44
6.80
7.1

5.7

(P —Pg )ygng(EF„) =(Pe —P')yJtne(EJ' ), (13)

where EF is the "scaled" Fermi energy of metal i oh-
'

tained by setting E =EF in Eq. (9) and P' is the work

function of the alloy A» B» under consideration. As seen
from Eqs. (7)—(13), P' depends on the bandwidths 8;.,
the density of states n;(E» ), and. the work functions P; of
the pure metals A and B and, of course, on the concentra-
tion yz and ytt of A and B atoms.

Since according to the results of Cyrot and Cy'rot-
Lackmann a good approximate density of states
n'(E;yz, ytt) can be obtained by taking a weighted aver-
age of the scaled density of states n;(E) of the pure con-
stituents, one expects that for the heat of formation of the
hydride,

y~ AF.„' +3' AEz

Pa +3'a
(14)

where P; is the work function of metal i Aft. er having
brought the densities of states curves n;(E) to the com-
mon width 8'* the band energy parameters E and work
functions P'; are given by

8'*
E' =E.

l

and

P,' =$; +hE; hE + —,
' —( W —W; ), (12)

since e~ and ez are assumed to be constant. In both Eqs.
(11) and (12), b,E; = (E» E, ); and —b,E = (E» E, ),' . On-
an absolute energy scale the Fermi energy E~ and E+
are different. This leads to an electron transfer until the
Fermi energy is constant throughout the alloy.

In the second step of the construction of n*(E;yz,ytt)
one equilibrates the Fermi energies by requiring that

(14) we used the experimental values for P given in Ref. 73
and the density-of-states curves given in Ref. 30 for the
metals between 3Li and 49In. For the other metals the
sources are the same as those used for the b,E data given
in Fig. 4. For metals for which the total width of the d
band has not been calculated we estimated 8; by means
of the approximation relation

10 ';
Z; —1

(16)

TABLE III. Heat of formation of ternary hydrides

Ay By H which have been reported not to exist at room tem-~a

perature under moderate hydrogen pressure (p & 100 bars).

where Z; is the number of valence electrons per atom of
metal i.

In order to check the predicting power of the present
model for the heat of formation of ternary metal hydrides
we used the optimized hE values given in Table II. These
values are such that when inserted in Eq. (1) the experi-
mental values for the heats of formation of the binary hy-
drides are reproduced [using the values for a and P given
in Eq. (4)]. In most of the cases the optimized hE differ
by no more than a few tenths of electron volts from the
values derived from band-structure calculations.

The first check of the validity of the present model is
shown in Table III. The alloys listed therein have been re-
ported to absorb only negligible amounts of hydrogen at

- moderate pressures around room temperature. Knowing
that an equilibrium plateau pressure of 1 bar at 300 K
corresponds to a heat of formation of approximately —19
kJ/mol H [if one assumes that the entropy of formation is
—65 J/mol HK for all metals since M is mainly deter-
mined by the loss of the entropy of hydrogen in the gase-
ous phase] we expect for all materials listed in Table III

Metal bA (kJ/mol H) Metal ~ (kJ/mol H)

hE '=E' +P' -P' . . (15)

As indicated in Fig. 5 ~A;* corresponds to the band-
structure energy parameter of the scaled density of states
of metal i after allowing a transfer of electrons to bring
E~, to a common level.

For the evaluation of hH(A» B» H ) by means of Eq.

ScRu2
TiMn2
TiFe2
T&Co2

TiNi3
YNi5
ZrPd2

—11.1
—22.4
—1.8
—1.8
+0.1

—22.4
—26.1

LaPtp
LaIr2
HfFe2
HfRh
HfPd
HfPt

—1.9
—2.5
—6.0

—14.3
—21.6
+0.3



4378 R. GRIESSEN AND A. DRIESSEN 30

that b.IJ. is larger than —19 kJ/mol H. This is indeed the
case except for TiMn2, YNi5, and HfPd, but even then the
predicted heats of formation are only slightly more nega-
tive than —19 kJ/mol H. Quite remarkable in this list of
materials are HfPd and ZrPd2 since Hf, Pd, and Zr are
known to be good hydrogen absorbers. In the next section
we shall show that this is due to the transfer of electrons
from Zr (or Hf) to Pd. A similar behavior can be expect-
ed for the "nonforming" hydrides of other Pd-based al-
loys (for example, Pd-La, Pd-Ti, Pd-U, Pd-V).

A second check of'the validity of our model is shown in
Fig. 6, where the experimental values for EH are com-
pared to the values obtained from Eq. (14). Considering
the simplicity of the model, the agreement between experi-
lnental and calculated values is remarkably good, the
average mean square deviation being significantly better
than that of other semiempirical models ' " for the heat
of formation of hydrides. From a practical point of view
this means that the predicting power of the present model
is sufficiently high for a meaningful search of potential
hydrogen storage alloys. A list of alloys expected to react
with hydrogen with a heat of formation between —12 and
—25 kJ/mol H is given in Ref. 74.

IV. DISCUSSIGN

The heat of formation hH of a hydride A»„8» H„de-
pends on the work functions P;, the bandwidths. W; the
density of states n;(Ez, ) and on the concentration y; of
metals A and 8. To get some insight in the role of these
parameters it is useful to consider some special situations
for which relation (14) takes a particularly simple form.

The first model we want to discuss is the square
density-of-states model for which n; is independent of en-
ergy in the interval [e;—8; /2, e;+ W;/2]. For this
model

(17)

and the heat of formation is given by the following rela-
tion:

hH =(1—c)B'AV&+c~z

AEg
( Wg —Wg )c(1—c), (18)

8'g

where 1 —c =yq, c =yq, and 68~ are the heats of forma-

-80 —60
I

6H
( ( t d( kJ/lYlOI H )

—40
I

0

LQCos

TiCrl s
TiCr TiCo

2
TiMn2

0TiNi AN's T'F~
LQNi s

Zr Nt y y Nbos«os
ZrMO~ T F s LaCos

2s ~ YCQ 0
0 Y Ni2 7~
ZrMn YCo3 yggFg2

ZrCr ' .gLQRi 2& YN(3 0Zr Mn&8 Zr7Ni&o ~

VosC"o2 Y2Co7 g TiMn, s
Zr Mn& 0 . Hf Ni

LQNi2
3 I

NboeMoo 2
T jCo

~Ti2Pd
~ TiCr

Nb o.BTQ o.7 ~ Z r Ni
0 ~ Tip 2Vo 8

~ Ta V2

Nbo. 7s T' o.2s ~~ e ZrCr2
~zrV2 g Ti2Pd

LaNi
Nbo 2sTI p7s

~ »o.s T~ o,s

~TQV2

~ Z ro9s Sco os

~ La&Ni&

~ ZrV2

Ti Zf

FIG. 6. Comparison of experimental heat of formation ddt, „~, with the values ~ ~, predicted by our model (using the optimized
AE values given in Table II). For alloys for which the heat of formation has not been measured directly we estimated EH,„~t froxn

the equilibrium plateau pressures listed in Ref. 5 by means of Eq. (1) with AS =—65 J/K mol H.



30 HEAT OF FORMATION AND BAND STRUCTURE OF BINARY. . . 4379

80

0

Rh
Mo
Tc

tion of the AH„and BH„binary hydrides. The third
term in Eq. (18) is responsible for a nonlinear variation of
b,H with the concentration of B atoms. The curvature
can be positive or negative (depending on the sign of the
c term). It vanishes when the two metals A and B have
the same bandwidth or when the two metals have the
same number of conduction electrons [since in this case
EEL/W„=b, Ett/Ws, according to Eq. (16)]. For alloys
of an early d metal A with a late d metal B, Z~ & Zii and
Wz & Wz. The nonlinear term in Eq. (18) is then posi-
tive. It renders hydride formation more difficult. On the
other hand a slight increase in the tendency to form hy-
drides is expected in alloys of an early transition metal
(Sc) with a metal in the middle of a series (Nb) because
W~ & W~. A peculiarity of Eq. (18) is that b,H does not
depend on the work functions P~ and Ps. This indicates
that, in our model, a transfer of electrons from one metal
to the other is not necessarily influencing b,H, in contrad-
iction with the situation discussed by Cyrot and Cyrot-
Lackmann, where electron transfer always stabilizes the
alloy A, ,B,. A direct consequence of this fact is that
the rule of reversed stability proposed by Miedema and
co-workers is not necessarily a general rule.

The independence of hH from P; is, however, a pecu-
liarity of the square density-of-states model. To illustrate
this point we consider an alloy A, ,B, of two metals A

and B with a same bandwidth W„=Wz but with dif-
ferent densities of states, i.e., nz(EF )&nz(Ez ). In this

case P,' =P; and n =n;, and

b,H =(1 c)b—,H„+eh'
nz —n~—ac (1—c)(P~ —P~ )

(1—c)nz + en'
(19)

80-

Since the denominator (1—c)nz+cnz is always positive,
the nonlinearity in the concentration dependence of rUX is
mainly determined by the numerator of the third term in
Eq. (19). The product (P„—Pz)(nz —nz) determines the
magnitude and the sign of the nonlinear contribution to
hH. As an illustration it is interesting to consider the
case of palladium-based alloys since for almost all metals
B, Pii & Pp~. Furthermore, for the purpose of this qualita-
tive discussion we shall only consider situations where the
d band of Pd has just been filled up so that npg 0 5.
st tae/seV atom. This means that npz &nz and that the
third term in Eq. (19) is positive. One expects then that
for most of the Pd-based alloys the hydride heat of forma-
tion will be larger than that of pure Pd.

This qualitative conclusion is confirmed by the results
shown in Fig. 7. The positive nonlinear term is clearly
present for Pd-Y, Pd-Zr, and Pd-Nb alloys. For the other
alloys of Pd with 4d elements, AH varies almost linearly
with concentration. A similar behavior is shown in Fig. 8
for alloys of Ni with early 3d, 4d, and 51 transition ele-
ments.

From Eq. (19) one expects that for alloys based on a
transition element A in the middle of a long series of the
Periodic Table, both Pz —Pz and n„n~ will —be small
(except of course for B =7sPt, 46Pd, or 2sNi) and that con-

-40 Nb 0

—80 i Zf

t I

0 C

PcI B
FIG. 7. Calculated heat of formation for the hydrides of al-

loys of Pd with other 4d transition metals. It is important to
point out that the heats of formation shown in this figure have
been calculated by means of Eq. (14) in which it is implicitly as-
sumed that each hydrogen is surrounded by a fraction
y~/(y~+y~) of A atoms and a fraction y~l(y~+y~) of B
atoms. The results presented here are thus not applicable to low
hydrogen concentrations since then K will occupy sites coordi-
nated by A atoms only (provided AH„ is more stable than
BH„). A treatment of. heat of solution of Inetal-hydrogen sys-
tems is given in Ref. 74.

—40

—80

V
-Nb
Ta

T)
Hf

Zl

—120
0
Ni

Sc
Lo
Y

FIG. 8. Calculated heat of formation for the hydrides of al-
loys of Ni with carly 3d, 4d, and 5d transition metals (see com-
ment in Fig. 6).
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80

0 40 Ru

0
Cl

Rh
Mo
Tc

Pd

-40

—80 Zr

—120
0
Nb

C

FIG. 9. Calculated heat of formation for the hydrides of al-

loys of Nb with other 4d elements (see comment in Fig. 6).

sequently AH will vary almost linearly with concentra-
tion. This is illustrated in Fig. 9 by means of Nb-based
alloys.

V. CONCLUSIONS

We empirically found that the heat of formation of
binary hydrides MH„ is related linearly to the characteris-
tic band energy parameter hE =Ez —E„where EF is the
Fermi energy and E, the center of the host metal electron-
ic band with a strong s character at the interstitial sites

occupied by hydrogen. For most metals E, can be taken
as the energy which corresponds to one electron per atom
on the integrated density-of-states curve.

Assuming that EF—E, is also the parameter determin-
ing the heat of formation of ternary hydrides, we derived
an expression for EH for the hydrides of alloys of arbi-
trary composition A~ B~ . For this we used an approxi-&a'

mate density-of-states function which has the same first
three moments as the exact density-of-states function ob-
tained by means of the coherent-potential approximation
within a tight-binding model for electronic states. The
predictions of our model are in fair agreement with exist-
ing experimental values for hH although the crystallo-
graphic structure of the alloys is not explicitly taken into
account.

For most of the ternary hydrides Az Bz H», b,H varies
&a

approximately linearly between the heat of formation of
AH and that of B'H . For alloys of an early transition
metal with a late transition metal, however, large positive
nonlinearities occur. This explains, for example, the diffi-
culty of Pd —transition-metal alloys to form hydrides.
For such alloys our model leads to a behavior which is
qualitatively similar to the rule of reversed stability pro-
posed by Miedema and co-workers.

We are presently refining our model to incorporate (i)
structural information about the sites occupied by hydro-
gen in compounds and dilute alloys and (ii) lattice spacing
changes in alloys.
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