PHYSICAL REVIEW B 66, 144107 (2002

First-principles study of the stability and electronic structure of metal hydrides
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A detailed analysis of the formation energies for alkali, earth-alkali, and transition-metal hydrides is pre-
sented. The hydriding energies are computed for various crystal structures using density functional theory. The
early transition metals are found to have a strong tendency for hydride formation which decreases as one goes
to the right in the transition-metal series. A detailed analysis of the changes in band structure and electron
density upon hydride formation has allowed us to understand the hydriding energy on the basis of three
contributions. The first is the energy to convert the crystal structure of the metal to the structure formed by the
metal ions in the hydridéfcc in most cases In particular, for metals with a strong bcc preference such as V
and Cr, this significantly lowers the driving force for hydride formation. A second contribution, which for some
materials is dominant, is the loss of cohesive energy when the metal structure is expanded to form the hydride.
This expansion lowers the cohesive energy of the metal and is a significant impediment to form stable hydrides
for the middle to late transition metals, as they have high cohesive energies. The final contribution to the
hydride formation energy is the chemical bonding between the hydrogen and metal in which it is inserted. This
is the only contribution that is negative and hence favorable to hydride formation.
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I. INTRODUCTION Il. LITERATURE SURVEY

Table | shows a compilation of hydride stability across the

The absorption of hydrogen in materials is of wide and__ .~ ;
universal importance. In many metals, it can lead to prem periodic table. All the common alkali metals form a mono-
X ' ydride with the rocksalt structure. MgHorms a rutile

ture failure under stressa phenomena referred to as hydro- . . .
gen embrittlement. The mechanism of such embrittlement isstructure though a fluorite Mgthas been claimed at high

believed to be different depending on whether or not Stablgessuré‘. The other earth alkalis form dihydrides in the
i

hydrides can be formed. Metal hydrides are also important a 0,Si-type structure. Among the transition metals, mainly
a potential hydrogen source for small portable fuel celis. e early transition metals form stable hydrides. For these the

Reversible hydriding can be used as a fuel storage mechgyonte structure is the dominant crystal structure. The rare

nism for operation with large fuel cells for stand-alone powerearth.S forf“ the fluorite structure. qurogep can be addgd 0
or for automobiles the dihydrides of La and Y to form a trihydride with the BiF

Hydrides for hydrogen storage need to be able to formstructure. The Bik structure can be derived from the fluorite

hydrides with a high hydrogen-to-metal ratio, but should notStructure by inserting H into the octahedral positions of the

be too stable, so that the hydrogen can easily be releasé(t\fiC metal SUbI.att'Ce' The T.IH Btructure formeq at low tem-
: . . . . erature for Ti, Zr, and Hf is a tetragonally distorted variant
without excessive heating. Magnesium and magnesiu

nickel hydrides contain a relatively high fraction of hydro en(3f the fluorite structure. The bec metals V, Nb, and Ta all
y yhig yarog .form solid solutions of H within the bcc metal above a cer-

by weight, but need to be heated .to at least 250 or 300°C "thin temperature. At higher H concentration, Nb and V form
order to release the hydrogen. Nickel-metal hydrides for regne ihydride with fluorite structure. The mid-to-late transi-
chargeable batteries are even more demanding and requifgn metals do not form stable hydrides under normal condi-
reversible hydrogen exchange at room temperature. Metgons, indicating that their formation energy is positive. How-
stable hydrides, such as AdHcan be useful as a one-time eyer, some are known to form hydrides at high pessure,
hydrogen source for small portable power application. Unyhich suggests that for those cases the formation energies
derstanding the stability of metal hydrides is therefore key taare probably quite small. CuH is metastable and has been
rationally investigate and design potential hydrogen-storagelaimed to have the wurtzite structut&n and Cd hydrides
materials. The central objective of this paper is to explain thecan be synthesized, but are metastable and their structure is
stability of hydrides on the basis of the electronic structureunknown® Only a few main-group elements form stable
Using modern first-principles energy computations, the ensolid hydrides. Al forms a metastable hydride and 4nH
ergy for hydride formation is calculated for a large numberpolymerizes. Hence these main-group elements will not be
of metals. By systematically breaking the hydride formationdiscussed further in this study.

energy down into several pieces, the trend across the transi- There is general agreement that the hydrides of the alkali
tion metals is explained. It is demonstrated that the electroniand earth-alkali metals are ionic with a strongly negatively
structure of the host metal is a key factor in determining thecharged anionic hydrogenThe hydrogen-metal interaction
stability of the hydride. in transition-metal hydrides is less clear, and even the charge
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TABLE I. Compilation of known hydrides for the transition metals and groups IA, lIA, and 1IB. Most data from Refs. 2, 3, and 24.
High-pressure Mgkl from Ref. 4. MoH and FeH information from Ref. 5.

Li Be
BeH:
LiH
(racksalt)
Na Mg
MgH (rutile)
MaH
(racksalty MgH; (fluorite)
at high P
K Ca Sc Ti v Cr Nin [Fe Co Ni Cu [Zn
TiH; (Ruorite) VzH, VoHs, VH (H [CrH (Nids) unstable
KH CaH; ScH; (fluarite) interstitial at high P MnH (Nids) FeH (double CoH, CaH2 NiHy s CuH (wurizite}
(racksal) (CazSi) TiH, (ThHz) solution in bee V) hexagonal) at P > 50 MPa (non- hydrides
at low T [CrH: (fluorite) high P, low T ichi i
VH; (fluorite} rHy
Rb Sr Y Zr Nb Mo Tc |Ru Rh Pd Ag Cd
YH2 (fiuorile) ZH, (fluorite) MbH (H MoH (NiAs) Pd.H,
RbH SrH:z : interstitial in Nb)  Jat high P RbH (CsCly o uns‘_able
(rocksalt) (Ca.Si) YH, (BiFs) ZtH, (ThH:Y at | NbH (struc. at high P PdH, (NiMo,) hydrides
low T unknown}
NbH; (fluarite)
Cs [Ba ) [ar Ta W Re Os Ir Pt Au Hg
Multiple interstial
CsH BaH, LaH; (fluarite} HfHz (ThHZ} ordering phases,
(racksalty (Ca,Si) LaH, (BiF3) H'D; hag ﬁzuorile most below 0°C unst_able
T <600°C structure hydrides

of the hydrogen in these materials has been under disputeal property for most applications. Miedema used empirical
The high mobility of hydrogen in many metals and their correlations to deduce the rule of “reverse stabilit§. He
magnetic behavior have been taken as evidence for a prawrgued that the more stable the metal alloy, the less stable the
tonic (i.e., H") model with the hydrogen electronic states far hydride. This has been interpreted in terms of the breaking of
above the transition-metal state3his viewpoint was cor- metal-metal bonds by the insertion of hydrogen: the more
rected when the first electronic structure computations oRtable the metal alloy, the harder it is to replace some of
hydrides appeareti* While these computations were non- these bonds with metal-H bonds. Understanding the hydride

self-consistent, they clearly showed that hydrogen not onlformation energy through its relation with the electronic
contributes electrons to the system, but also states below thgructure is the focus of this paper.

bottom of the metab-band. Wallace and Maltk used the
electronic structure calculations of Switendick to explain the
stability of_the monohydrides by the hybridiz_ation of the H IIl. COMPUTATIONAL DETAILS
1s state with thes andp states of the metal, with no particu-
lar role for the metadl states. In the dihydrides, on the other  All computations were performed in the local density ap-
hand, it was argued that the two hydrogen atoms per unit ceffroximation (LDA) to density functional theory. Atomic
would form both their bonding and antibonding band belowcores are represented with ultrasoft pseudopotentials as
the bottom of thed band™? Hence, by contributing states implemented in the Vienna Ab Initio Simulation Package
below the Fermi level, the electrons of the host can lowervasp).’®?° An energy cutoff of 300 eV was used for all
their energy by transferring to these new levels. As the hyhydride calculations anki-point sampling was performed on
dride contracts, the antibonding band moves up. It was suga 12x 12X 12 grid for all structures with the exception of the
gested that when this band moves above the top ofdthe Co,Si structure, for which a 86X 6 grid was used. All
band the dihydride is not stable anymore. This has been useddructures were fully relaxettell parameters as well as in-
to explain why hydrides with small lattice parameter, such agernal geometrigsso as to obtain the minimum of the total
PdH, are not stable as dihydrides. energy. All the calculations performed here were non-spin-
Since these early calculations, hydrides have continued tpolarized, even for cases known to be magnetic. We per-
be fertile ground for first-principles electronic structure com-formed ferromagnetic spin-polarized calculatidosing the
putations. Papaconstantopoulos and Switertdigkdicated  local spin density approximatigrior the first-row transition
the importance of self-consistency in charge density and pometals(from Sc to Nj and their hydrides in the NaCl and
tential for first-principles computations. More recently MgH fluorite structures to estimate the importance of spin polar-
has been investigated with the Hartree-F8and the local ization on the hydride formation energies. With the exception
density approximation(LDA) pseudopotential approa¢h. of Fe, Co, and Ni, inclusion of spin polarization has no effect
One of the most detailed recent investigations into the elecen the hydride formation energies. While the hydride forma-
tronic structure of cubic and tetragonal hydrides was pertion energies of Fe, Co, and Ni are quantitatively affected by
formed by Wolf and Herzid® Gupta has investigated hy- spin polarization(the largest change was for Feldf about
drides of intermetallic compoundé.Most of these studies 250 meV per Cagunit cell) the qualitative trends predicted
have focused on the electronic structure of the hydrides withby the spin-polarized calculations do not differ from those
out relating it to their energy of formation, which is the criti- predicted with the non-spin-polarized calculations. The alkali
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FIG. 1. Formation energy for the monohydride@s and dihy-
drides(b) of the 3 transition metals in various crystal structures
(reaction energy per Jimolecule.

FIG. 2. Formation energy for the monohydrides and dihy-
drides (b) of the 4d transition metals in various crystal structures
(reaction energy per Hmoleculs.

and alkali-earth metals are nonmagnetic and therefore do ntite metal and hydride. The energy of the metal and metal

require spin-polarized calculations. hydride can be calculated with the density functional theory
methods outlined in Sec. lll. Determining the energy of H

IV. ELECTRONIC STRUCTURE AND EORMATION gas is more difficult as it contains important entropy terms,

ENERGY OF TRANSITION-METAL HYDRIDES and the LDA is known to make significant errors in the bind-

ing energy of small molecules. We therefore approximated
The transition-metal hydride@nd Zn and Cd hydrid¢s the energy of H by calculating the energy of an,Hnolecule
are studied as a group in this section since they have conin vacuum at zero K. The fact that this is only a rough ap-
mon features in their bonding and electronic structures. Th@roximation to the energy of real Hyas is not an impedi-
alkali and alkali-earth hydrides will be discussed separatelynent to our work, as we are main|y interested in relative

in Sec. VI. energy differences between hydrides. Any shift in the energy
of H, cancels out from such comparisons. However, because
A. Hydride formation energies and lattice parameters of the potential error on the Henergy, the “zero” of forma-

o ; . - ion energy in Figs. 1 and 2 should only be taken as approxi-
thrcT)Sghs;ﬁtélI:’g/a(():{iinhydrlde depends on its formation energytmate. Another approximation in this work is that we neglect

zero-point energies within the metal hydrides, a contribution
XYM+ Hp— XM, Ha, . (1 o the total energy that can be large in hydrogen containing
compounds due to the low mass of the hydrogen atom. In
To compare the relative stabilities of hydrides, it is mostfact, first-principles calculatioRs have indicated that the
useful to normalize all coefficients in the formation reactionszero-point energy contribution can be as large as 250 meV
per one molecule of i On this basis, the reaction energy is per hydrogen atom in the fluorite structure. Nevertheless, the
a measure of the Hchemical potential in equilibrium with same first-principles studysuggested that the value of the

144107-3



H. SMITHSON et al. PHYSICAL REVIEW B 66, 144107 (2002

TABLE II. Calculated lattice parameters for thel 3ransition- ScH
metal hydrides in the rocksaNaCl) and fluorite (Cak) structures. o
Experimental values are indicated in brackets where available. ExA

perimental data on ScH TiH,, and VH, from Ref. 23. NiH and Or—
. 3| TiH
CrH, lattice parameters are from Ref. 22. 2
1
i 0
Metal Rocksalt Fluorite 3| VH
Sc 4.43 4.694.79 2 //K\
Ti 4.10 4.34(4.44) 0 _ A
v 3.87 4.13(4.27 3CcrH 5
Cr 3.71 4.01(3.86 1 \
Mn 3.62 3.95 0 i R T ‘J&\
3{MnH i
Fe 3.59 3.92 5 .\
Co 3.60 3.92 1 NI N
Ni 3.64(3.72 3.98 OIFen ) :
Cu 3.79 4.20 2
Zn 4.15 4.48 é S
3/CoH
2

zero-point energy depends more on the crystallographic site

occupied by hydrogeKe.g., whether it is tetrahedral or oc- 3{NiH

tahedral than on the transition metal. Hence the neglect of2

zero-point energies is not expected to modify predictedé

qualitative trends across the periodic table. 3{CuH W
The monohydride$Fig. 1(a)] and dihydridedFig. 1(b)] 2 _—A g

of the 3d and 4d [Figs. 2a) and 2b)] transition metals are é A L > | A

calculated in several different structures, whether these strucs{ZnH

tures have been observed experimentally or not, allowing forf A

a systematic study of the independent effect of structure ang d =

metal chemistry. Most of the structures used in Figs. 1 and z1°

have been observed experimentally as stable structures for

some hydrides. The trends in Figs. 1 and 2 are quite similar FIG. 3. Density of states for hydrides in the rocksalt structure.

and common to most of the structures. For the early transithe solid line is the total DOS, the dotted line is the hydrogen 1

tion metals the stability of the hydride rapidly decreases asontribution, and the dashed line is the metdl @ntribution.

one moves to the right in the transition-metal series. From o

the middle of the transition-metal series this trends levels offStructures are quite similar. The hydrogepart of the den--

with even a slight increase in stability upon further increaseSity of states is mainly concentrated in the low-energy region

in d-electron count. Finally, the late transition metals, such a$approximately—8 eV below the Fermi levgl In the mono-

Cu and Ag, and the nontransition metals, such as Zn and Cdlydrides, the hydrogen character is isolated within the lowest

have quite positive formation energy for their hydrides, im-Peak, which is a single occupied band holding two electrons.

plying that they are not likely to be stable. As shown, this lowest band possesses significant hydrogen
Table Il contains calculated lattice parameter data for th&haracter, in addition to a characteristic free electron tail and

hydride rocksalt and fluorite structures. Whenever availableS0me metal character. The metal character arises from the

experimental data are given in parentheses. Given that confermation of bonding and antibonding orbitals between the

puted lattice parameters are usually slightly underestimatefietale, states and the hydrogenThe hydrogers character

by the local density approximation, the result for Cr is sur-Of the lowest band does begin to decrease later in the

prising and may hint at either an experimental or computalransition-metal series. For aII.the metals, except for Ni, Cu,
tional prob'em in this material. and Zn, the Fermi IeVeI I|es n the metdl states. As we

move across the transition-metal series these nuekslnds
contract as the increased nuclear charge reduces the extent
and overlap of thal orbitals, and the Fermi level moves up
The electronic densities of statd®0S) for the 3d in thed band. In all figures, the Fermi level is referenced to
transition-metal hydrides are shown for the NaCl structure irzero.
Fig. 3 and for the Cafstructure in Fig. 4. The total DOS More information can be gained by comparing the band
(solid line) is divided into a hydroges part(dotted ling and  structure of the metal and the hydride. Figure 5 shows the
a metald part (dashed ling by projection of the wave func- bands for titanium metal in the expanded fcc lattice., at
tions onto spheres surrounding the atoms. For both the met#ie lattice parameter of TiHand titanium hydride in the
and hydrogen, the sphere radius was chosen to be half thhecksalt structure. Similar band structures have been ob-
metal-hydrogen bond length. The characteristics for bothained for the other transition metals, but are not shown. The

O —

i
0

-10 5 10

-5
Energy (eV)

B. Electronic structure of the hydrides
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FIG. 5. Band structure of TiHheavy ling in the rocksalt struc-
ture and fcc Ti(narrow line with the same lattice parameter as the
hydride.

structure, but at a lattice parameter larger than what would be
observed if the metal alone were present. Hence we refer to
this rocksalt structure without the hydrogen as the “ex-
panded” metal structure. Using structures in which the metal
atoms have exactly the same positions before and after hy-
drogen insertion allows us to subtract the charge density be-
tween the hydride and the metal point by point in space,
thereby directly observing the charge density variations due
to the hydrogen insertion. Figure 6 shows such charge den-
sity difference maps in thé001) plane of the rocksalt struc-
ture for several different metal hydrides. The light colored
5 ) 70 areas indicate electron gain, whereas the darker areas indi-
Energy (eV) cate electron loss. Because the electron gain on hydrogen is
so much greater than on the transition metal, the minimum
FIG..4. _Density of states for hydrides in_ thg fluorite structure. gnd maximum values of electron gain and loss were trun-
The solid line is the total DOS, the dotted line is the hydrogen 1 cateq at the values shown in the legend of Fig. 6 in order to
contribution, and the dashed line is the metdl ®ntribution. keep enough resolution around the transition metals. Elec-
tron gain on the hydrogen position is substantial, indicating
that the hydrogen does not insert as a bare proton. Near the
transition metal there are both regions of positive and nega-
tive charge difference, corresponding to the loss or gaid of

1O=NWOoO=-NWOoO=-NWO=-NWO=NWOoO=NWO=-NWO=2NWOo=-NMNWo =N w

bands near the Fermi level are ttibands of the metdboth

in the pure metal and in the hydridélthough there is some
difference between the, andt,, bands at thd’ point, there

is no significant crystal field splitting. As can be inferred ccupation. Significant loss off occupation is only seen in
from the figure, these bands are quite similar in the metal an :

in the metal hydride. The lowest band in the metal shows th%1 neti(l:e)%r?élijrlltalsélivrvrlygtr\]/v E’e?]u;]éo dti?eecaong\?gﬁg ofina t;}orﬁglgén
characteristic free-electron-like behavior nearhgoint and gp y pping hydrog

crosses into thal bands. In the hydride, the free electron \?vrirc]:ﬂ (;n;giiltzifsorg;;afc'cﬁ r;]t(i)cr)i gae:]aggdogtg?fégt%nd'?g.e%ft_
band from the metal hybridizes with the hydrogearbital, 9 P Y Proj
forming a bonding band which has shifted down in energy.

Although these bands look similar, the character of the banc 020

has changed. In the hydride, this band possesses substant s
hydrogens character as can be seen in the projected density o
of states in Fig. 3, which is clearly not the case in the metal. 0.00

The changes in electron density upon hydriding can be -0.05
visualized. First-principles computations result in single- .

particle wave functions for the system, which makes it pos-
sible to directly observe charge transfer and charge rear- -

rangements upon hydrogen insertion into the metal. To FG, 6. Electron density change in t6@01) plane as hydrogen
separate the effect of H insertion from other changes to the inserted into the metal with fcc structure. Difference is obtained
structure, the difference in charge density between the hyby subtracting from the hydride density the electron density of
dride and the system of metal atoms in exactly the samenetal with the same atomic positions. Light areas indicate where
position as in the hydride was calculated. For a hydride irelectron density is increased on adding hydrogen into the metal
the rocksalt or fluorite structure, the metal atoms form a fcdattice.

-0.20
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4.0 . Although it is difficult to discern the exact nature of the
35 i bonding, the evidence suggests that H behaves as an electron
' | promoter, adding a small amount of charge to the metal
3.0 ! Fermi surface. In the NaCl hydrides a small increase in the
55 | i charge on the metal ions is seen upon hydriding, and this

‘ increase is found primarily in thé orbitals. In fact, the
2.0 1 charge increases in exactly thaderbitals with the greatest
15 E density at the Fermi surface, strongly suggesting the H has
' ! increased occupation of states at the Fermi surface. The im-
1.0 | \: ,\ pact of these promoted electrons on the formation energy
05 4 &I:‘r,({!'“?@f._ | will be discussed further in Sec. V. Furthermore, projected
‘ A i \\M/ DOS generally show at least somestand metakey charac-
0.0 . ‘ 7 . . R ter well above the Fermi level and the original megg|
10 8 6 4 2 0 2 4 6 8 10 states. The high-energy $land metak, states are antibond-
Energy (eV) ing orbitals of the H and metal and their presence demon-

_ o strates that at least some of the antibonding states are above
FIG. 7. Symmetry decomposed density of states for TiH in theyhe Fermi evel. This is consistent with the fact that for H to
rocksalt structure. The totdbolid line) and projected,, (dashed promote electrons to the Fermi surface some antibonding
line) andey (dotted ling density of states are shown. states must be above the Fermi level.
Although hydriding causes electron promotion to the
ing the density of states onto thg, and e, orbitals of the Fermi surface of the metal, the H itself also seems to gain

metal. This analysis will be critical to understanding the for-SOme electrons, becoming at least somewhat anionic. In a

; ; ; ; ‘number of different NaCl structure metal hydrid€BiH,
mation energy of the hydrides in Sec. V. For TiH the decom MnH, CoH) we find that H has about 1electrons in a 1-A

posed DO$ is shown in Fig. 7, gnd thestates have be_en sphere around the atom. This is clearly more than would be
separated intd,y ande, symmetries. T,he29 states 9‘0””"' expected in the isolated H atom, suggesting anionic charac-
nate the top and bottom of trieband withey states in the o

center of the band. This trend is consistent across the The extra electrons needed to increase charge upon hy-
transition-metal series. The trend seen in the charge densittiding on both the H and the metal come from the intersti-
plots can easily be explained if some amount of charge wergal charge density. The rearrangement of the interstitial
being promoted to the Fermi surface. For the early transitiotharge is not surprising given that the hybridization between
metals, such as Sc, Ti, and V, hydriding puts extra charge imetals and H seem primarily to involve the free electron
d states witht,, character, as can be clearly seen in Fig. 6.band of the metal.

Thet,y orbitals point away from the hydrogen. For Mn and

Fe hydrides the Fermi level is near the center ofdHeand V. HYDRIDE FORMATION ENERGY:

and the extra electron goes ingg states. CrH is in between RELATION TO THE ELECTRONIC STRUCTURE

and has a weak gain in tteg states. With Co and Nithe top  Haying analyzed the electronic structure we are now in a
of thed band is reached and filling occurs agairtjg orbit-  position to explain the trends in the hydride formation energy
als. Cu and Zn are somewhat different. In both the metal anéh Figs. 1 and 2. The total hydride formation reaction will be
hydride thed states are filled so that very little electron broken down in three hypothetical, consecutive reactions, the
change occurs on the metal, and the electron gain is largelgnergy of each of which can be directly related to the elec-
on hydrogen. One should keep in mind that in reality the Curonic structure. The sum of these three reaction energies will
and Zn hydrides are very unstable, and if they form at all, itbe the hydride formation energy. Since most of the structures
is likely to be in a structure different from the rocksalt. Meta- show the same trend across the transition metal series in
stable CuH has been synthesizeahd forms the wurtzite Figs. 1 and 2, we focused on the fluorite (GrENd rocksalt
structure. (NaCl) structures. Both of these structures can be described
It is interesting to consider how H causes promotion in terms of an fcc metal lattice with hydrogen atoms occu-
demotion of electrons tafrom) the Fermi level of the met- pying either all of the octahedral sitéslaCl) or all of the
als. This will depend on whether H adds new states belowetrahedral sites (Caf The three reactions are the follow-
the Fermi level, which is complicated to determine becauséng.
of the hybridization between the metal and H. If the metal (i) Conversion of the metal from its equilibrium structure
states involved in hybridization come from above the Fermi(e.g., bcc, fce, hopto fcc, the arrangement of the metal ions
level or the antibonding states are added below the Fermn the fluorite and rocksalt structure. This is referred to as the
level, then two new states are added. On the other hand, #tructural effect as it is determined by the topology of the
the metal states involved in hybridization come from belowmetal ions in the hydride structure.
the Fermi level and the antibonding states are added above (ii) Expansion of the metal fcc structure to the lattice pa-
the Fermi level, then no new states are added. In fact, interameter of the hydride. This is referred to as the elastic ef-
mediate cases are possible, for example, where antibondirfgct.
states are split around the Fermi level, and in these interme- (iii ) Introducing the hydrogen atoms into the interstices of
diate cases H can be a partial electron donor or acceptor. the fcc lattice so as to form the hydride. This is the chemical
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2 hydride insertion decreases when moving through the
_ . transition-metal series, in agreement with much of the trend
14 Te— observed in Figs. 1 and 2. With our calibration for the H
O—0— s g energy(which might be somewhat inaccura@nly in Zn is
> o A—a the chemical interaction energy with hydrogen not favorable.
[ o . .
= In Cu it is marginal. It cannot be excluded that in structural
D 4] arrangements not considered here, the interaction is more
- e favorable.
2 o il Of the three contributions to the hydriding energy the
2 s . . :
o—0o structural effect is the smallest. Given how much emphasis
= has been put in the past on the chemical-electronic interac-
2 Sc Ti V Gr Mn Fe Co Ni Cu Zn tion of hydrogen with the transition metal, it is surprising

that a large effect for the trend in the formation energy actu-

FIG. 8. Energy of the metal in the fcc structure relative to theally arises from the expansion of the metal lattice to adopt
stable structurétriangles. Energy for expanding the metal from its the hydride lattice parameter. In particular, for the dihydrides
(metastable fcc lattice parameter to the lattice parameter of thehijs contribution is essential to understanding the variation of
hydrlde (CirCleS. Energy of metal hydnde relative to the metal in the formation energy among the various metals.
the expanded fcc structufgquares Solid symbols correspond to The different components of the hydride formation energy
the Cak structure, while open symbols correspond to the NaClean pe understood in terms of the band structure and charge
structure(all energies given per Hmoleculs. transfer. Since the structural effect is small, we will focus

here on the elastic and chemical contributions to the forma-

effect and is a measure of the bonding between the hydrogdion energy of the hydrides. The elastic energy penalty for
and the metal. hydride insertion is largely determined by the cohesive en-

(After submission of this paper, the work of Miwa and ergy of the metal. For transition metals the cohesive energy
Fukumotd* was published, in which a similar but indepen- is dominated by thel electrons. For early transition metals,
dently derived decomposition of the hydride formation en-the Fermi level lies in strongly bonding levels near the bot-
ergy was performed. Similar conclusions were drdwas  tom of thed band. However, there are few electrons in
will be presented below, though here the complete transitionthese early transition metals so that the cohesive energy is
metal series is consideregd. rather low. This translates in a high formation energy for the

Figure 8 shows the energy of the first reaction for all thehydride, as there is only a small elastic penalty to pay for
metals, the transformation of the metal structure to an fcdiydrogen insertion. Going to the right in thel 3eries, more
structure. For metals such as Co, Ni, and Cu this structurabonding levels are filled, increasing the cohesive energy and
transformation energy is zero, as fcc is their lowest-energyhereby reducing the magnitude of the hydride formation en-
arrangement. Only for V and Cr, two metals with stable bccergy. The late transition metals have the Fermi level in the
structures, is this structural transformation energy significantantibonding states near the top of ttidvand and the cohe-
The hcp metals, such as Sc and Ti, have only a very smallive energy decreases with increasing electron count. For the
structural transformation energy. All energy values are pefate transition metals such as Cu, thstates also have to be
2H in the hydride. For the rocksalt structure one needs twiceonsidered to understand the cohesive energy. Hence, Fig. 8
as many metal atoms to get the same amount of hydrogen afows that the elastic contribution to the formation energy of
in the fluorite compound, so that the energy in stepfor  hydrides is important and can be fully rationalized in terms
rocksalt hydrides is twice as high as for fluorite hydrides.of the cohesive energy of the host metal.

The energetics of stegd) and (iii) (shown in Fig. 8 will The chemical interaction energyig. 8 varies signifi-
also be given per 2H. This convention makes it possible t@antly across the transition metals and is very different for
compare all reaction energy on a pey bhsis. Cu and Zn. For the transition metals the chemical energy

A large positive contribution to the hydride formation en- component is strongly favorable for hydride formation and
ergy comes from stefii): the expansion of the metal lattice decreases from the early to the late transition metals. It is
to the lattice parameter of the hydride. This elastic energylearly responsible for the lack of stability of Cu and Zn
contribution, shown in Fig. 8, increases as one movehydrides. As discussed previously, the insertion of hydrogen
through the 8 series up to about Fe and then decreasesctually causes electron promotion to the Fermi surface.
slightly. An increase in the energy cost for stretching theTherefore, the variation of the chemical energy component
metal leads to a reduction in the stability of the hydride. Foracross the metal series is likely determined by the location of
the fluorite structure the variation in this contribution to thethe Fermi surface. We believe there are two competing fac-
hydride formation energy is nearly one and a half electrortors which contribute to the change in promotion energy as a
volts, indicating that it contributes a substantial part to thefunction of atomic number. Because tHeorbitals fill with
variation in hydride energies observed in Figs. 1 and 2.  increasing atomic number, the electron must be promoted to

The energy of the third step, the insertion of the hydrogera higher-energy orbital. However, this effect is counterbal-
into the stretched metal structure, is shown in Fig. 8. Thisanced by an overall lowering of thetorbital energies asso-
energy contribution is strongly negative and is the energeticiated with the increasing nuclear charge. These terms are
reason for hydride formation. The energy gain resulting fromrelatively closely balanced, with the destabilizing effect of
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FIG. 10. Formation energy of the group-l metal hydrides in
FIG. 9. Chemical contribution to the hydride formation energy various crystal structure@nergy given per ki molecule, experi-
as function of the number of valence electrdesergy given per H  mental values taken from Refs. 7 and).23
moleculg.

our results indicate that even without an elastic and structural
energy cost, no stable hydride would form due to the highly
ositive contribution from the chemical term. Our observa-
fihon that the cohesive energy of the metal plays a key role in
) . ) : e formation energy of the hydride gives a more fundamen-
ciated W'.th the f'"‘?dd bands of _Cu and Zn. The hlgh'es.t tal justification for Miedema’s “law of inverse stability®
electron is forced into a much high-energy orbital. This IS\iedema observed that the more stable the alloy, the less
Stable the hydride. He attempted to explain this on the basis
of his deformable atom modé.Our analysis indicates that
. S this rule is simply a restatement of what can be observed
curs to a very-high-energy band, destabilizing the Zn hy'when comparing Figs. 8 and 1. When the metal is very stable

dride. ; g )
. . ._(has high cohesive energthe stretching of the metal-metal
The trends in the three components of hydride formaﬂorbondS, necessary for hydride formation, comes at a high en-

can now be put together to ex.p_lain the formation.energies il%rgy cost. The stronger this effect, the lower the hydride
Figs. 1 and 2. The early transition metals suffer little loss Offormation energy. '

cohesive energy from the metal-metal bonds as hydrogen iS' ko re 9 offers a further illustration of the importance of

inserted, but benefit from a large directN-interaction(Fig. the valence electron count for the chemical hydrogen inser-
&ion energy. It shows the chemical component of the hydro-
gen insertion energy as function of the number of valence
Blectrons $+d) for the hydrides in both the fluoriteMH,)

hd rocksalt M H) structures. Effectively, this corresponds

d-band filling winning out from Sc to Fe and the effect of the
increasing nuclear charge slightly dominating from Fe to Ni.
The dramatic increase in hydride formation energy after Ni i

and only 12 states available from the metadnd metal-H
bonding orbitals. During hydriding, electron promotion oc-

metals. Moving to systems with modeelectrons, the energy
cost of deforming the metal lattice increases and the chem
cal interaction between hydrogen and metal decreases,

that the stability of the hydride decreases. The apparent loc shifting the fluorite hydrides in Fig. 8 to the right by one

minimum n hydride energy at Mn 1S due to the strong n- position as it has one valence electron more than the hy-

crease in energy of hydride formation for V af‘d C_r, Wh'Chgrides with the rocksalt structures. With this shift, the chemi-

are stable b?C meta!s. For these systems, forming either roc al binding trends are parallel, confirming that this contribu-

salt or fluorite hydrld_es comes with the large cost of r€a%ion to the formation energy is largely determined by the

ranging the metal lattice into the less favorable fcc Strucwr%osition of the Eermi level

(the “structure effect” discussed aboveéHowever, it should '

not be excluded that there is some more stable hydride based

on the bcc structure that would lower the formation energy of VI. GROUPS | AND I

these hydrides. Actually, while V}has the fluorite structure,

with lower hydrogen content, V is known to retain the bcc A. Group |

structure. Figure 10 shows the hydride formation energy in the rock-
For the hydrides of the later transition metals, Co and Nialt, wurtzite, and zinc-blende structures for the alkali metals.

the formation energy decreases and the hydrides beconiehe variation of formation energy with metal is similar for

somewhat more stable. This is due to a reduction in the corall the structures. The most notable feature is the large en-

tributions from the structural and elastic energies and a fairlyergy difference between lithium hydride and the other

flat chemical contribution. However, the metal cohesive engroup-I hydrides. We believe this to be due to hybridization

ergy (and therefore the structural energgmains quite large, between the Ls and the hydroges. Figures 11a) and 11b)

making for an overall weak driving force for hydride forma- show the density of states for LiH and KH. KH was chosen

tion. For Cu and Zn the hydriding energy again rises sharplyas typical for the other group-I hydrides. For lithium there is

driven by the sharp increase in the chemical energy. For Zra wide band below the Fermi level. For KH this band is
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FIG. 12. Formation energy of the group-Il metal hydrides in
various crystal structure@nergy given per Kl molecule, experi-
mental values taken from Refs. 7 and).23

drides as there are very little reliable experimental data for
the transition-metal hydrides in the appropriate composition
range. Both in absolute value and in qualitative trend, there

is good agreement between the calculated and measured for-
FIG. 11. Density of states for Lik) and KH (b) in the rocksalt mation enthalples: Even the dip for K between Na and Rb 1S

structure. well represented in the calculated values for the alkali hy-

drides. The absolute values are somewhat different but this is

much narrower and has a large peak just below the Fernjikély due to our inaccurate reference for the energy of the
level. We confirmed that the densities of states of the othel'z 92s as explained previously. All alkali hydrides are stable
group-l hydrides are similar to that of Kil.e., that they in thg rocksalt structure in agreement with our pred_lctlon.
have a narrow band below the Fermi endrghe broadband Similarly, the agreement be.tween experimental informa-
in LiH arises from the similarity of the Li & and hydrogen t|qn and calculated energies is good for the grpup-ll hy-
1s orbital in energy and size, allowing for a significant hy- drides. Cal, SrH,, and Bah are correctly predicted to
bridization. In the heavier group-l hydrides the metadn- form in the CQ_S' structure, while Mgh is the only one of
ergy is mismatched with the hydrogers,lleading to a the earth alkal_ls that forms the rutile structure. T_he structure
smaller bandwidth and lower stability compared to LiH, ~ ©f Be hydride is complex and not fully characterized so that
comparison with the calculations on a limited number of
structures is not meaningful.
B. Group I

Figure 12 shows the hydride formation for the group-Ii
metals. The group-Il metal hydrides behave quite differently
from the group-| hydrides_ From bery”ium to calcium the We have Systematica“y investigated the electronic struc-
hydride formation energy becomes more negative and fronfre and formation energy of hydrides and analyzed the re-
Ca to Ba it is relatively constant. The high energy of bery|_|ati0n3hip between the two. For the alkali and alkali-earth
lium hydride can be explained by the fact that it is a verymetals hydrogen insertion introduces a hydrogestate be-
stable metalthe cohesive energy is about 2 eV more stabldow the Fermi level. In lithium hydride this band is quite
than the rest of the group-” meta|s'|'h|s means that the wide, explaining lithium hydride’s unusual Stablllty Simi-
hydride is considerably less stable than the others. The tredarly, in the transition metals, asiband of predominant hy-
from Mg to Ba with the minimum at Ca is more difficult to drogen character appears below the Fermi level upon hydro-
explain. Given that these hydrides are very ionic, the mini-gen insertion. Hydrogen is shown to be somewhat anionic, in
mum at Ca could represent the optimal balance between c@ddition to the fact that hydrogen insertion actually causes
hesive energy of the met&WI’uch favors hydrides of the electron promotion to the Fermi surface. By breaking down
heavy earth alkali metalsand the electrostatic energy be- the hydride formation energy into three steps, it is possible to
tween the H andM * ions (which is lowest in the light earth rationalize trends across the transition-metal series. The two
alkalis as they have a smaller lattice parameter largest contributions to the hydride formation energy are the
chemical effeci{negative due to the hydrogen insertion and
the elastic effec{positive) due to the expansion of the metal
framework. The chemical effect provides all the stabilization

The experimental formation enthalpies for group-I and -lIfor the hydride and generally grows more positiless sta-
hydrides are show in Figs. 10 and 12. The data are mostlpilizing) across the transition-metal series. A dramatic in-
taken from Ref. 23, except for BeH, which is taken from Ref.crease in the chemical contribution is responsible for the lack
7. We only show comparisons for the group-l and -IlI hy- of stability of hydrides of Cu and Zn. However, the elastic

VII. CONCLUSIONS

C. Comparison to experimental formation Energies
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effect is approximately the same size as the chemical effea hydrogen source or for reversible hydrogen storage. Hydro-
and also has an important influence on the hydride formatiogen diffusion, maximal hydrogen content, oxidation resis-
energy trends through the transition metals. tance, cost, and weight are other important factors.

How can these observations be used to design hydrides
with appropriate stability? The chemical effect can be influ-
enced somewhat by tailoring the position and density of
states at the Fermi level. A more effective way of influencing
the formation energy of hydrides may be through the cohe- This work was funded through the Laboratory for Energy
sive energy of the host metal. As we demonstrated, this is and the Environment at the Massachusetts Institute of Tech-
large factor in the stability of the hydride. For designing nology and by the Department of Energy under Contract No.
hydrides with marginal stabilitfso that hydrogen can be DE-FG0296ER45571. Computing resources were provided
released easijythis may be the most promising direction, as by the National Partnership for Advanced Computing Infra-
the cohesive energy of alloys can be varied over wide rangestructure (NPACI). H.S. acknowledges support from the
through compositional modification. In addition, this is a Cambridge-MIT Institute for supporting his stay at MIT. This
quantity that can be rapidly predicted for a large number ofesearch was supported in part by NSF cooperative agree-
alloys with the first principles methods used in this work. ment No. ACI-9619020 through computing resources pro-

Obviously, it should be realized that the formation energyvided by the National partnership for Advanced Computa-
is only one important parameter for a hydride to be useful asional Infrastructure at the San Diego Supercomputer Center.
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