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Decomposition reactions for NaAlH,, NasAlH g, and NaH: First-principles study
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The electronic properties and lattice dynamics of the sodium alanate phases have been studied by the density
functional calculations. The phases include NaAlspace groupl4,/a), NasAlH ¢ (space groupP2,/n), and
NaH (space groupfFm-3m). The electronic properties are discussed on the basis of the electronic band
structures, the atomic charges, the bond overlap population analysis, and the Born effective charges. The
phonon dispersion relations and phonon density of stéi3S) of the phases are calculated by a direct
force-constant method. Within the quasiharmonic approximation, the calculated thermodynamic functions in-
cluding the heat capacity, the vibrational enthalpy, and the vibrational entropy are in good agreement with
experimental values. Three decomposition reactions are studied based on the thermodynamic functions. The
reactions arél) NaAlH,— sNagAlH g+ 2Al+H , (2) NagAlH g— NaH+3Al+ 3H,, and(3) NaH— Na+3H,.
The reactiong1), (2), and(3) are predicted to take place at 285, 390, and 726 K, respectively, which are in
good agreement with the experiméB63, 423, and 698 K, respectivelyThe individual contributions to the
reactions including the enthalpy and entropy are investigated. We found that the enthalpy for the reaction is
almost constant, and the net entropy contributibAS) to the reaction is approximately equal to the entropy
contribution of the H gas moleculdéproduced in that reaction
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I. INTRODUCTION cussion are listed hereHowever, the theoretical work about
. his alanate is still limited. The geometric and electronic
0 e e e Bt et e Sructres o NaAl were stk fom the. s
e . principles!®13 To our knowledge, the lattice dynamics and
low 100 °C: To meet the requirement of the fuel cell and thermodynamic functions of the sodium alanate are rarely
also from the pract|c_al point Qf, view, hydrogen should begy,gieq theoretically. Very recently, the thermodynamics of
stored under the desired condition such as at the room t€Mre jithium alanates was studied by a first-principles
perature and ator around the standard pressure of 1 atm. method!4 In that paper the reaction enthalpies of LiAlknd
For the applications of hydrogen in the vehicles, the devel1_i3A||_|6 at 298 K were calculated.
opment of the compact, light and affordable containment is Of particular interest in this paper is to understand the
necessary. So far, there are very limited materials that cattice dynamics of the sodium alanate phases. The phases
achieve these goals. The complex sodium alanate of NaAlHinclude NaAlH,, Na;AlH g, and NaH. The vibrational prop-
is a promising candidate since the hydrogen storage in thisrties such as the phonon dispersion relations and phonon
hydride is reversible under the moderate temperature andensity of statesDOS) will be calculated based on a direct
pressuregwith the help of cataly$t® H is released from the force-constant method. Based on the integrated phonon
alanate via the following two steps: DOS, the thermodynamic functions will be derived within
the quasiharmonic approximatig@HA). The functions in-

3.7 wt. % ) a 4
NaAlH, 0 2XNaAlHq+2AI+H.,, 1 clude the heat capacity, the vibrational enthalpy and entropy,
4 sNAe ™ 3 2 @ and the free energy. Further, these thermodynamic functions
1.9 wt. % will be used to study the decomposition reactions in Etjs.
%Na3AIH6 0 NaH +%AI + %Hz, 2) and(2). We think that the obtained information is useful for

us to get a better understanding of the vibrational properties
where the first reaction releases 3.7 wt. % hydrogen and thand the thermodynamic behavior in these phases. In addition,
second reaction releases 1.9 wt. % hydrogen. Thus this ma@ke electronic properties of the phases will be discussed
terial has a total theoretical capacity of 5.6 wt. % hydrogenpased on the electronic structures.
which is above the targéb wt. %) of the International En- The remainder of this paper is organized in three sections.
ergy Agency. In Sec. Il, the theoretical methods are introduced. Mainly,
The alanate of NaAlg has received considerable atten-two methods are used here. One is the density functional
tion since the recent work by Bogdanéwand Schwickardi, method for the total energy and force-matrix calculations,
who demonstrated that the catalyst could enhance the perfoanother is the direct force-constant method for phonon cal-
mance of the alanate significanfiCurrently, this alanate is culations. In Secs. Il A-lIl D, the results are presented and
being considered as a promising candidate for the applicatiodiscussed. Section Il A is the geometric and electronic struc-
of the onboard vehicles because of its high hydrogen weightures, and Born effective charge tensors of the alanate
capacity and low costExperimentally, there is a lot of work phases. Section 1l B is the phonon dispersion relations and
about this alanafe® (only the references related to our dis- phonon density of states of the phases. Section Il C is the
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TABLE I. Calculated dielectric constants for NaAJH\NaAlH g, -
and NaH along three directions of the polarization. Dielectric con- .
&

stante for each material is obtained from the average of these three
directions, i-e-E:%(8100+801o+8001)- Here, 100, 010, and 001 rep-
resent the polarized directionsxny, andz, respectively. For NaH, ;
the dielectric constants in three directions are the s@swgropio, .

i.e., e100=e010=€00rr FOr NaAlH e100=e010 (=ego). FOr

NagAlH g, £100= €010~ €001-

€100 €010 €001 € Nc %
D

NaAlH, 3.22 3.22 3.28 3.24 H
NagAlH g 3.11 3.10 3.13 3.11 5 S
NaH 3.09 3.09 3.09 3.09 .
B 4]

, , , , NaAIH, (I4,/a NasAlH¢ (P2,/n
thermodynamic functions of the phases. Section Il D is the 4(139/2) Al IR: i)
decomp'osmon reactions in Egdl) and(2). In Sec. 1V, the FIG. 1. Crystal structures of NaAlHright) and NaAlH 4 (left).
concluding remarks are made. The biggest ball represents aluminum atom, the smaller black ball is

sodium atom, and the smallest ball is H atom. The space groups for
NaAlH, and NaAlH g arel4,/a and P2,/n, respectively. Wyckoff
Il. THEORETICAL METHODS coordinates for NaAll are Al (0,0.25,0.125 Na (0,0.25,0.62%

. . and H (0.235,0.391,0.044 Wyckoff coordinates for NgAIH g are
The calculations were performed using the plane wav | (00,0, Na, (05005, Na (0.243,-0.045,~0.2465 H,

basisvAsP qode,l5'16implementing the generalized gradient (0.317,-0.049,0.215 H, (0.225,0.172,-0.044 and H
approximation(GGA) of Perdew and Wany. The interac- (~0.097,0.265,0.065

tion between the ion and the electron is described by the ' '

projector augmented wave methgBAW)®1° with plane . .
waves up to a cutoff energy of 400 eV. The configurations AIIarge supercell for the cglculauons of the forpta_ matrices. We
323pl, Na 203s!, and H E! are treated as the valence try to use the supercell in such a way that it is closest to a
electrons. For the lattice dynamics calculations, we need t [zirflucal Sga[\ﬁ)eALhe superct(_allsl contain 96 and 80 atoms for
do more than 1000 single point calculations for the large A 4'E|;1|nb é% 6 rgs_pef[:hlvel yt' . the latti ¢
supercells. In order to speed up the calculations, only $a 3 ISHWIN i\”_:scuszeN Ilr-]l b El’ a etr Stﬁc lon, Ie attices o
was treated as a valence electron. We found that the ener 4 NagAli e, and Nar belong o the |_on(<po an crys-
difference between these two cases is negligible, for an ex= I.S' For the polar crystgl§ the infrared 'optl'cal mod_es althe
ample of NaAlH, the vibrational zero-point energy differ- point are normally split into the longitudinal optic8lLO)

ence is only 0.1 meV per atom between the configurations Orrno_d_es and transversal opticdlO) modes(s_o-calle(_j LO/TO
the Na 2¢3s and Na 3L Brillouin-zone integrations were splitting) due to the long-range Coulomb interacti@aused

performed on the grid of Monkhost-Pack procecifr&or by the displacement of atomsAs pointed out by Kunc and

medium size cell$4.95x 4.95x 10.98 A8 for NaAlH,, and Martin,?? the LO/TO splitting at thel™ point cannot be di-
5.35% 5.35% 7.71 Ag' for NégAIHG) .5><5><2 and 4><4,4><3 rectly calculated by the direct approach, and only the TO

k-point meshes were used for NaAjldnd NaAlH ¢, respec- mode is obtained without further approximation. One solu-
e ion is to use an elongated supercell to recover this mode.

tively. The total energy convergences for both cases withirﬂ| o o
0.2 meV per atom were achievédompared with the more owever, this is unrealistic for the current system because

dense meshes of 77x 3 and 5<5x 4 for NaAlH, and the elongated cells are beyond our computational capability
NaAlH,, respectively. For a large supercel(~10 A (particularly for NaAlH, and NaAlHg). Alternatively, a
% ~10 ,B,\x ~10 A), a 2x2x2 k-point mesh was used nonanalytical dynamical matrix can be taken into account

The total energy convergence within 0.05 meV per atom wa%%?.rr%('rsnﬁ?ilr{' .The following matrix is responsible for the
achieved(compared with a % 4 X 4 k-point mesh. piting:

To calculate the phonon dispersion and phonon density of Ame®  (q-Z)).(q -Z;k)B
states, we use a direab intoforce-constant approach, which ADjj 4p(0 — 0) === N 2

. . . b VMM g

was implemented by Parlinskt.In this method a specific )
atom is displaced to induce the forces to act on the surroundvhere q is the wave vectorg is the optical macroscopic
ing atoms, which are calculated via the Hellmann-Feynmarlielectric function)V is the volume of the primitive unit cell,
theorem. The forces are collected to form the force-constari¥l; andZ" are the mass and the Born effective charge tensor
matrices and dynamical matrices. The dynamical matricefor theith atom, respectively, and and 8 are the Cartesian
are solved by the direct method based on the harmonitdices. In our calculations, the value ofis obtained from
approximatior?! In order to avoid the interaction between the average of three lattice directiofthere are almost iso-
the two images of the displaced atddue to the periodical tropic for the current latticesi.e., 8:%(8100"'8010"'8001). In
boundary conditio) it is very necessary to use a relatively practice, the imaginary part of the dielectric constant is ob-

)
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TABLE Il. Comparison between the calculated and measured ~_] (a) DOS
lattice parameters for NaAlli NasAlH g, and NaH. The second col- Cj
umn is also the calculated results, in which the zero-pGiR)
energies of the lattices are considered. The lattices are expanded a q
bit due to the ZP motions. 4t (a) Band dispersion of NaAIH,
Parameters  Calculatéd) CalculatedA)2 MeasuredA) 22} Epgr4-80 eV
>
o
NaAlH, (space group4,/a) 5.':-,0 ----- ) elalgly - -==== -=--
a 4.979 5.044 5.027 w " ~ |
c 11.103 11.330 11.371 1
NagAlH g (space grougP2;/n) -4 <\7<
a 5.349 5.416 5.454 5 |
b 5.533 5.606 5.547
c 7.707 7.833 7.811 -8 - X = N intensity
B 89.86 89.80 89.83 Wave vector
NaH (space groug-m-3m) 8
a 4.820 4.887 4.882 (b) DOS

&Calculated results including the zero-point energy of the lattices.
PExperiment in Ref. 6, where the temperature is above room tem-
perature.

‘Experiment in Ref. 27, the value is derived from the density of
1.37 g/cm.

—
——
L

AL
1N %
s

-

1
1
1

gy (eV)

0

tained from the electronic structure, using the joint density of§
states between the valence and conduction bands and tr »
optical matrix overlag® From the Kramers-Kronig relations,

the real part of the dielectric constant can be obtained. Since _4
the imaginary part is related to the band gap, and the rea
band gaps for these materials are unknol@fT usually -6
underestimates the gapthe band-gap correctiongalso

called scissor operatoare not applied in our calculations. -8 B y
The calculated dielectric constants for NaAlHNaAlH g, Wave vector
and NaH are compiled in Table I. The Born effective charges

A\

Z

()
<

Intensity

are obtained from the Berry phase calculations. This matrix
only affects the LO modes at tHe point. More discussion \/’/\
about this term can be found in the referente$ 26 12 %
[l. RESULTS AND DISCUSSION 10
A. Geometric and electronic structures, and Born effective g
charge tensors 5 5
2 14.1 eV
In this section, the geometric and electronic structures, i =4.9 &V
and the Born effective charges for NaAlHNaAIH g, and P I I I L ]
NaH will be presented. For clarity, this section is split into T T
two sections | and Il. Section Il A 1 is about the geometric \
and electronic structures, and Sec. Il A 2 is about the Born _g . .
effective charge tensors. © Ba'rd dispersion of NaHi (c) DOS
w L X W K Intensity
1. Geometric and electronic structures Wave vector

The geometric structures of NaAlHand NaAlHg are
shown in Fig. 1, where the lattice parameters are compiled in
Table II. It shows that the calculated results agree well with  F|G. 2. Electronic band structures and total density of states
the experimental data. When the zero-point energies are inpos) for NaAlH, (a), Na;AlH ¢ (b), and NaH(c) along some high
cluded, Table Il shows the lattices are expanded a bit, whickymmetry directions in the first Brillouin zone. The symbolt,

refines the results a bit. The lattice of Ngbpace group, denotes the direct band gap. The energies below -8 eV are omitted
Fm-3m) is a face-centered-cubiécc) structure, which is the in the figures.
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TABLE IlI. Calculated total charges and ionic charges of the these lattices are metals. Actually, the partial DOS shows that

atoms in NaAlH, NagAlHg, and NaH. the H band in the lattices is very different from that of H in
metals. For H in these lattices, the whole valence bands are
Elements  Total chargee) lonic charge(electrig (e) strongly dominated by the H atom, and the intensity of the H

band is close to that of the sodium valence béamat plotted

NaAlH, (space group4,/a) here, see Ref. 21While for H in metals(except alkali met-

H 1.49 =0.49 als), the main position of the H band usually is below the
Al 2.50 0.50 valence band of the host metdtslative to the Fermi levél
Na 5.55 1.45 Notice that the calculated electric charges for Na atoms in
NagAlH ¢ (space grougP2,/n) NaAlH, and NaAlHg are greater than the nominal ionic
H, 1.50 -0.50 charges of +1. This may be an artifact by the Mulliken popu-
H, 1.51 -051 lation analysis in the current study. We can rely on these
Al 201 0.09 values only relatively. . _
Na 6.29 071 _ The t_>ond overlap populgtlo(BOP) can provide useful
1 : ‘ information about the bonding property between atoms. A
Na 5.90 1.10 high BOP value indicates a strong covalent bond, while a
NaH (space groug-m-3m) low BOP value indicates an ionic interaction. The calculated
H 1.51 -0.51 BOP values for the lattices are compiled in Table IV. It
Na 6.49 0.51 shows that all of the H-Al bonds are highly covalent, and

the covalent H—Al bonds in NaAlH, are stronger than those

. . in NagAlHg. The BOP values for the H-Na bonds are
same as that of NaQhydrogen replacing chiorine mall, indicating that these are ionic bonds. It can be seen

The electronic structures discussed here include the elef!-

tronic band structures, the total charges, and the bond ove rom the table that the interactions between the two H atoms

lap population analysis. are quite weak.

The _calcula'ged band structures and the corresponding 2. Born effective charge tensors
electronic density of statd®0S) for NaAlIH,, NagAlH g, and o _ _ _
NaH are presented in Figs.(@-2(c), respectively. For For the ionic crystal, as mentioned in the methodological

NaAlH,, the current band dispersion relations and the totaf€ction that the Coulomb interaction affects the LO/TO split-
DOS are similar to other calculatiod! For NaH, the cur- tngs at thel” point. This interaction is directly related to the
rent band dispersion relations are similar to those of the reB0n €ffective charge tensors, e.g., a finite dipole moment of
lated lattice of LiH28 For NaAlH,, its band dispersion rela- P IS created by the displaceme(dtu) of theith atom,

tions are somewhat similar to those of NaAlHe.g., the p=Z' X AU (4)
minimum direct band gaps for both lattices are located at the haB ’

I" point, and the dispersion relations at the highest occupieWherer"a’ is the Born effective charge tensor, afd is the
stategmore or less at the lowest unoccupied staggs simi-  displacement of thgh atom in the unit cell. According to the
lar for both lattices. This indicates that the lattices of NapIH polarization theory®3 the total difference in polarization
and NaAIH ¢ belong to the same class of crystals. The direct

band gaps are denoted as g in the figures. Note thatthe ~ TABLE IV. Calculated bond overlap population values between
real band gaps may be larger than these values due to thige two atoms in NaAlll, NagAlHg, and NaH.

well-known underestimation by the density functional

theory. The band gaps for NaAlHNaAlH g, and NaH are Bond Bond lengthd) Bond order population
4.8,2.7,and 4.9 eV, respectively, indicating these lattices are
strongly ionic crystals. NaAlH, (space group4,/a)

To get a better understanding of the electronic properties H—AI 1.631 0.88
in the lattices, we have calculated the atomic charges and the H—Na 2.395-2.404 -0.10--0.08
bond overlap population values based on the Mulliken H__H 2.631-2.882 —0.07—--0.02
charge analysi&?***21t should be noted that the absolute NasAlH ¢ (space groupP2;/n)
values of the atomic charges based on the Mulliken analysis H_Al 1764 0.64
cannot be uniquely defined, since they are very sensitive to
the atomic basis sét. However, the consideration of these —Al L.776 0.65
relative valuesas well as the magnitudesan provide us H—Al 1.784 0.62
useful informatiort? The calculated charges for the atoms in  H—Na 2.283 -0.02
NaAlH,;, NasAlHg, and NaH are compiled in Table III. It H—Na 2.299-2.307 0.07-0.21
shows that the total chargd a H atom in these lattices is H—H 2.488-2.531 -0.10—-0.09
greater than 1.0 electron. In other words, H looks like an NaH (space groufrm-3m)
anion. This situation is similar to that of H in metals, where ., 5 2410 0.39
the H atom always accepts electrons from metaféWhile HH 3.409 —0.05

this is different from that of H in oxides, where the H do-
nates electrons to oxygen ion. However, this does not meafwithin or between the two tetrahedrons of AlH
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TABLE V. Calculated Born effective charges for NaH, NaAlHand NaAlHg. The space groups for NaH, NaAlHand NaAlH g are
Fm-3m, 14,/a, andP2,/n, respectively.

* * * * * * * * *

Positior? Zy z, Z, Z,, Z, Zyy z, Z,, Z,,
NaH
Na 0.96 0.96 0.96 0 0 0 0 0 0
H -0.96 -0.96 -0.96 0 0 0 0 0 0
NaAlH,
Al 4a 1.64 1.64 2.01 0 0 0 0 0 0
Na 4 1.20 1.20 1.09 0 0 0 0 0 0
H 16f -0.74 -0.68 -0.78 -0.06 0.07 -0.06 0.12 0.07 0.12
NagAlH g
Al 2a 2.04 2.08 2.04 -0.01 -0.05 -0.01 0.02 0.03 0.08
Ngy 2d 1.05 1.06 1.05 0 0.08 0.05 -0.03 -0.05 0.03
Na, de 1.05 1.04 1.07 0.04 -0.01 0.01 0.05 0.02 0.05
Hy de -1.03 -0.70 -0.87 0.06 -0.23 0.05 0.07 -0.24 0.03
H, de -0.89 -0.84 -0.88 -0.14 0.16 -0.13 0.18 0.17 0.15
Hs de -0.69 -1.07 -0.87 0.09 0.06 0.08 -0.22 0.07 -0.22

ANyckoff position. For Wyckoff coordinates, please see the caption of Fig. 1.

between the distorted and undistorted structures is in the unit cell, which are labelled as Al, Na\Na,, H;, H,,
_ and H; in the table. The Born effective charge tensors for
AP = AP+ APig, (5 these elements are off-diagonal due to the low symmetry. As

where AP, is the electronic contribution obtained from the & whole, the magnitudes of the effective charges ipAdg

Berry-phase polarization approathand AP, is the ionic ~ are close to those in NaAlH _
contribution by It can be seen from Table V that the dynamics charges for

these lattices are close to the nominal ionic chasgdsfor

Na and -1 for H except for Al. For Al, its dynamics charges
are 1.64—2.08, which are smaller than the nominal charge of
) . ) _ +3. These indicate that the LO/TO splittings at thepoint
wherez is the valence atomic number of tiid atom,V is may be not very pronouncéd.For NaH, the situation is

the volume of the unit cell, andu is the displacement of the  ifferent and there is a large LO/TO splitting as will be dis-
ith atom in the unit cell. OncAP is known, the Born effec- . ;ssed later.

tive charge tensor for th8 component can be obtained from

lelzAu
AI:)ion = Vv ’

(6)

the formula,
B. Phonon dispersion relations and phonon density of states
zF :X(AP)Q, (7) For NaAlH,, the calculated phonon dispersion relations
P e Au along several lines of high symmetry in the first Brillouin

zone are presented in Fig. 3. As discussed in the preceding

where a denotes the direction of the polarization. In the §ection that NaAlk belongs to an ionic crystal, therefore the

Berry-phase calculations, we chose the displacement qt o . .
. . O/TO splittings at thd™ point should occur. This phenom-
0.05 A, and used a set of strings ofk6points (paralle! to ena are l?ouné] and dengted as the small arrowg in Fig. 3.

some chos«_an r_eC|pr0(_:aI lattice vec_ﬁoms calculate the elec Since there are 12 atoms in the primitive cell, there are three
tronic polarization. With these settings we found the results : ; : .
acoustic modes and thirty-three optical modes, which are
are well converged. -
The calculated Born effective charge tensors for NaH,Sh(.)I_Vr\:g ;rr]eFlugénSc.ies at the point in Fig. 3 are summarized in
NaAlH,, and NaAlHg are compiled in Table V. For NaH, 9 b g.

the Born effective charge tensors are isotropic and diagona-lli"jlbIe V1. According to the symmetry analysirystal point

due to the high symmetry &fm-3m, i.e., Zl’j =Z"g; for each %r%ufﬁg‘}rgl’l ;Cvein%pggfr!rrr? eq[(rjf SSSé(t:?eéSPOInt can be classified
atom. For NaAlH (with 14;/a symmetry, there are three '

nonequivalent atoms in the unit cell including Al, Na, and H Fopt= 3Ag(R) + 4A(1) + 5By(R) + 5E4(R) + 4E(1) + 3By,
atoms. For Al and Na atoms, the effective charges are diag- ®)
onal in the Cartesian frame with,,=Z,, #Z,, For H in

NaAlH,, the effective charge is off-diagonal, and there arewhere the notations d® andl mean Raman active mode and
some symmetry operations in some planes, eZﬁ/,:Z*y‘X, infrared active mode, respectively. The mode Bf is a
Z,=2,, andZy,=7, . For NaAlHg (P2;/n, can be consid- Raman- and infrared-inactive silent mode. Among these
ered as a monoclinic cellthere are six nonequivalent atoms modesE4(R) andE(l) are doubly degeneratperpendicular
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z r X P r N (a) Total phonon DOS of NaAlH,
0.1} 1
4 0 b) Na at : :
& 0 Phgnon dispersion for N4AIH, - (b) Na atom x direction
E woorl v e y direction ]
< 3ok 3 o e z direction
2 . @
g Qo ;
g 20F — < p= (c) Al atom
I h — | 2
% ——— So.01}
10 [~— _——Z_- a B
0 Ly
0 (d) H atom
0.005}
Wave vector M
\
FIG. 3. Calculated phonon dispersion curves for NaA(space 0 0 10 20 3'0 40 5'0
group,l4,/a) along several lines of high symmetry in the first Bril- Frequency (THz)

louin zone. The arrows show the LO/TO splittings.

FIG. 4. Calculated total and partial phonon density of states
to thez direction. When assigning the experimental Raman(DOS) in NaAlH,. (a) is the total phonon DOS, ari8), (c), and(d)
values to these species, we have noticed that a few modes & the partial phonon DOS for Na, Al, and H atoms, respectively.
the experiment are missing, e.g., the calculated results i@ partial DOS is plotted along three directions of fg, andz.
Table VI show that the values OEg(4) and Bg(4) are For Na and Al atoms, the phonon DOS long thandy directions

5.439 THz and 5.633 THz, respectively. However, only oné®'® identicalldegenerate

peak of 5.216 THz was observed in the experinfefihe  in Table VI. Table VI shows that the calculated Raman fre-
reason for the absence is not clear. Probably, the peaks gliencies are in good agreement with the experimental values

these modes are too weak to be observed or they were naiithin 5% error, which is typical when the direct method is
activated under the conditions of the experim@nich as the used.

temperature of 25 °CIn this particular case, we assign one  The total and partial phonon DOS for NaAjtare pre-
experimental value to two calculated mod#se two values sented in Fig. 4, in which Fig.(4) is the total phonon DOS,
are close to each othemhich are indicated as the asterisks and Figs. 4b)—4(d) are the partial phonon DOS for the Na,

TABLE VI. Frequency modes at thE point of the Brillouin zone for NaAllJ. The units are in THz.

Modes Calculated Measured Modes Calculated Measured  Modes Calculated Measurgd
Raman
Eq(1) 49.956 50.365 By(1) 51.484 50.356 Ag(D) 53.333 53.033
Eg(2) 24.004 24.343 Bg(2) 25.135 25.392 Ag(2) 22.046 22.934
E4(3) 16.389 15.319 By(3) 23.303 22.934 Ay(3) 12.752 12.561
Eq(4) 5.439 5.216 By(4) 5.633 5.216
Ey(5) 3.457 3.208 By(5) 3.658 3.478
Infrared
Ey(1) 50.582T0) Aug(l) 49.596TO)
51.483L0O) 51.22%L0O)
Ey(2) 20.791TO) Aug(2) 25.64QTO)
22.048L0O) 26.28%L0)
E,(3) 9.694TO) Aug(S) 16.871TO)
10.878TO) 21.44@L0O)
E,(4) 4.730QTO) Aug(4) 4.268TO)
6.115TO) 4.575L0O)
Silent
B,(1) 53.344 B,(2) 24.764 B,(3) 14.409

3Raman data from Ref. 8.
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Al, and H atoms, respectively. The partial phonon DOS is 0.1 ) Total DOS of Na,AlH,

plotted along three directions of the y, andz. For Na and 6

Al atoms, the vibrational modes along tkendy directions 0.05}

are identical, and the modes along thare slightly different

from those of thex andy directions. Since the mass of H

atom is much smaller than that of Na or Al atom, Fig. 4 (b) Na, atom R
shows that the high frequency mod&sbove 10 THx are - L -y
dominated by H atom, and the low frequency mo¢e=ow §0.005F L ft, 0 oo... 2
10 TH2 are dominated by Na and Al atoms. The figure £ AFR

shows that the partial phonon DOS between Na and Al atoms@  ol& - :

does not differ much because the mass of Na atom is close t 2 ¢c) Al atom

that of Al atom. One obvious difference between Na and Al 8

atoms is that only Al atom gives the high frequency modes £0.005f " coupling between Al and H atoms
with the frequencies between 48 and 54 T(dee the inset in e y P4 \

Fig. 4). The examination of these frequencigésr Al atom) 0 = Phdnitinny o
reveals that the vibrations are composed of the antisymmet (d) H, atom

ric and symmetric stretching modes of the-HAl bonds. 0.005}

Qualitatively, this can be understood in terms of the bond H 0w oA ,
overlap population. The bond overlap population analysis "\ N

shows that the H-AIl bond is highly covalent and the 00 10 40 5'0
H—Na bond is ionic. Therefore it is natural that only the
vibrations between the.l_.' and AI ato”?s are coupled. As a FIG. 5. Calculated total and partial phonon density of states
result, Al atom also participates in the high frequency modes .
For NaAlH - th lculated total and tial bh DOS (DOS) of NagAlH . (@) is the total phonon DOS, an), (c), and
or Nay 6 the calculated tota’ and partial pnonon (d) are the partial phonon DOS for N&Al, and H; atoms, respec-
are presented in Fig. 5, in which Figi@is the total phonon

- < tively. For Ng, its frequency region is the same as that fof Nend
DOS, and Fig. t)-5(d) are the partial phonon DOS for Na, the difference between the Nand Na is that they have different

Al, and H atoms, respectively. The partial phonon DOS alsQnensities. This is also true for the,HH,, and Hy. The partial DOS
is plotted along three directions of thgy, andz. For Na and g plotted along three directions of they, andz.
Al atom, the vibrational modes along the directions of xhe

y, and z are almost identical although their intensities areTlu(To) andT,,(LO) modes. This is different from those of

slightly different. For H atom, the vibrational modes are an- . S
isotropic due to the low symmetry. Due to the same reason ayaAlH, and NaAlH,, where the splittings are not signifi-

the NaAlH, the high frequency modes in BH are cant. The phonon DOS shows that the highest frequency for
i 6

. vibrations in NaH is 26.7 THz, which is much smaller
dominated by H atom, and the low frequency modes ar o . '
dominated by Na and Al atoms. Comparison of the H fre- 32n8tr_1ra|_t| for: V|.brat|rc])ns |n(lj\.|f:;1AIl¢I(54.1 TH2 tc:r NaSAdIH6 d
quency modes between the NaAlBind NaAIH g shows that ( o 2. \gain, these difierences can be un .erstoo
there are some obvious differences. For H vibrations ifludlitatively in terms of the bond overlap population. As

NaAlH,, the frequency modes are separated by a big gaf_;jiscussed in this section the-HAI bond is highly covalent
from 26.8 to 48.9 THA'see Fig. 4d)]. While for H vibra- and the H—Na bond is ionic. Therefore the potential energy

tions in NaAIH , there is not such a big gdpee Fig. &d)]. wells (PEW) for H vibrations in NaH should be much shal-

On the other hand, the high frequency modes above the g%?wer than those for H vibrations in NaAlHand NaAlH,

(in NaAlH,) are from 48.9 to 54.1 THz, which are greater (" the stretching modes of the-HAI bonds, and conse-
than the highest frequenc$5.8 TH2 in NasAlH 4. All of the quently the frequency modes in NaH are much lower than
high frequencies are found to be composed of the stretching;'Ose in NaAlH and NaAlH. Due to this shallower PEW,
modes of the H—Al bonds. Again, the differences can be atom in NaH can dlsplape a longer distance t_han that in
understood qualitatively in terms of the bond overlap popuNaAlHs or Na;AlH 6. According to Eq(4), a larger displace-

lation. The bond overlap population analysis shows that thé“ent(Au) will cause a larger dip_ole mome(Born effective
covalent H—Al bond in NaAlH, is stronger than that in charges for H atom in these _Iattlces are almost the same, see
NagAlH ;. Therefore the potential energy welBEW) for H Table V). The larger forces |n.NaH are paralllell to the dis-
vibrations in NaAlH, are steeper than those for H vibrations Placement. As a result, the giant LO/TO splitting at the

in NaAlH ¢, and consequently the high frequency modes irpoint is created in NaH. Due to Fhe ionjaveak in_teraction
between the H and Na atoms in NaH, there is almost no

NaAlH, are shifted to the higher modes. As a result, the”>""™ ;
fprational coupling between the two atoms. As a result, the

frequency gap is created. This steeper PEW also is the reasﬁ
that the frequency modes above the gap in NaAbde igh frequency modes of H atom are almost completely
separated from the low frequency modes of Na atom.

greater than the highest frequency in;Néd .
For NaH, the calculated phonon dispersion relations and
the corresponding phonon DOS are presented in Fig. 6. The
dotted line represents the results without considering the
Born effective charges. It can be seen from the figure that The thermodynamic functions include the heat capacity
there is a giant LO/TO splitting at thE point between the (C, and C,), the vibrational entropySy)), the internal en-

2lgrequem::‘))lo(T Hz)

C. Thermodynamic functions
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-0.5
NaH (Fm-3m) T (LO) phonon DOS - ror NaAIH
w7 06 a). volume-temperature curve for NaAlH,
-0.7
7 -0.8
t B
> -0.9
§‘5' T, (TO)
g' Born effgctive charges hot included (dofted line
III.10-
a=<__| —
0
W L r X W Total DOS i . i .
55 60 Z 80 85
FIG. 6. Calculated phonon dispersion relations and phonon den- CeII volume (A°NaAIH,)
sity of stategDOS) for NaH (space grouf-m-3m). The dispersions
are along some high symmetry directions in the first Brillouin zone.
The dotted line represents the results without considering the Borr -1§ (b). volume-temperature curve for Na,AlH,
effective charges. The frequencies of thg(TO) andT4,(LO) (in- ~12
frared optical modesare 14.938 and 26.749 THz, respectively. The I
right-hand side is the total phonon DOS. :;1 4
§ -1.6
ergy (Em) and the free energy. The heat capacitpfat the 3&'1 8
constant volume is calculated by ol
]
[{ ﬁw) E’ -22
exp — °
* hw 2 kBT §_2'4.
=rk dwg(w (—) ) 9
Bfo 9@l jor ep(hw) . Y
xg — | —
kgT -2.8f
where g(w) is the phonon DOS of the unit cel, is the 3% 100 110 1éo3 130 140
number of degrees of freedom in the unit célis the Planck Cell volume (A”/Na,AIH,)
constantkg is the Boltzmann constant, afdis the tempera-
ture. The low temperature limit o, is -0.25 : ” g
imC. =0 (10) -0.3F (c). volume-temperature curve for NaH
v - .
T—0

aH)
&
&

Within the harmonic phonons the heat capacity at the con-§ -0.4
stant volume(C,) and at the constant pressu(€,) are L 045
equal. In our calculations, the lattice expansion is taken into.,._E

account, therefore th€, can be approximately estimated by > |

% -0.55
C,=C, + VBT, (11 G
[ -0.6f
wherea is the thermal expansivity=(1/V)(dV/dT)], V is the &’

-0.65f
volume, andB is the bulk modulus of the system. According

to the third law of thermodynamics, the entropy of a perfect =07}
lattice at theT=0 is equal to zero. The vibrational entropy at -0.75
elevated temperature is described by £

T=600 K
24 26 28 30 32 34 36
Cell volume (A%NaH)

* ho hw
=rk ot -1
S Bf g(w){<2kBT>[ I'<2|<BT> } FIG. 7. Calculated Helmholtz free ener§yr, as a function of
cell volume for NaAlH, [in (a)], NasAlHg [in (b)], and NaH[in (c)]
~ho in the temperature range from 0 to 600 K. Dotted lines connect the
In| 1 -ex dw (12 o i .
B energy minima at different temperatures. The energies are calcu-

. . . . ~ lated with respect to the elements in their standard stettese, for
The internal energy of the unit cell including the zero-pointa fcc Al lattice, Ey,;=—3.705 eV/atom. For a bcc Na latticE,y

(ZP) energy is calculated by =-1.308 eV/atom. For a Hmolecule E,,;=-6.781 eV per H.)
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v T T 45 T
120} (@) cp and C, in NaAlH, 40| () Enthalpy change in NaAIH,
T
¥
T 100f 35}
] =
£ 2 30}
= sof £
£ ¥ 25}
] g
§- 60r C, (calculated) :'I: 20}
.40 0 £ - C,(calculated) <Sis} Calculated
L
= ) cp (measured) i e o o o Experiment
g 20 -
5 3
0 s s L L s 0 L L N L N
0 100 200 300 400 500 600 1 > 4
Temperature (K) T Y
v . 90
160 (1) Entropy in NaAIH L
Py 4 gof(d) Free energy change in NaAlH,
140F ~
— L 7
';;120 ','_ 60
- <) B
1
S £
g1oo Calculated 3 5ol
) N ~
Sl 40
T 60 T
B 1
30F
tnE GE Calculated
40} 2 ool
T 20 e « « oExperiment
20F 10}
0 i ; . " " 0 i ; g i ;
0 100 20 300 400 500 600 0 100 200, 300 400 500 600
QI'emperature (K) Temperature (K)

FIG. 8. Calculated and measured thermodynamic functions of Nafdphce group4,/a) as a function of temperature. The functions
include the molar heat capacities 6f, and C,, the entropy ofS1)—S), the vibrational enthalpy oH)—H ), and the free energy of
(Gry—H0))/ T. The symbols 0B, andH g mean that the entropy and the enthalpy at 0 K, respectively. The measurdihd@ed. 5 are
available in the temperature range from 10 to 300 K. Units here &ignkol.

1 (” ho the pressure. For solid-state materials at the standard pres-
Em= Eff ﬁwg(w)00t|‘< K T)dw- (13)  sure of 1 atm, usually the value @V term is quite small,
0 B e.g.,pV=4.6x 10" eV for NaAlH, at 300 K, which is neg-
In the low temperature limit the internal energy is equal toligibly small. _ o _
the ZP energy, To obtain the above thermodynamic functions, in practice,
we use the quasiharmonic approximati@@HA), i.e., the
e 1 phonons are harmonic, but they are volume dependent. In
Ezp= l'i“o Em= Erfo hwg(w)do. (14) detail, the lattice volumes are expanded or compressed in our
calculations. For each volume, the cell shape and the atomic
Using these thermodynamic functions, we can obtain the ercoordinates are fully optimized until the forces are less than
thalpy (Hr)), the Helmholtz free energir)), and the Gibbs  0.0001 eV/A (during the optimizations, the space-group

©

free energy(G)) of the unit cell, symmetries for these materials were observed to be un-
changedl After that, the phonons as well as the free energy
H1) = Eelect Em + PV, (15  F(y are computed. The equilibrium volume at the tempera-
ture T can be obtained by minimizing the free energy. The
F) = Eelect Em — TS, (16)  calculated volume-temperature curves for NaplNagAlH g,
and NaH in the temperature range from 0 to 600 K are
Gy =Hen - TS, (17) shown in Figs. fa)—7(c), respectively. For NaAl Fig. 7(a)

shows that the curves look strange as the temperakure
whereE,is the electronic energy of the unit cell obtained =500 K. This may be due to the low melting point for
from the first-principles total-energy calculations, amds  NaAlH, [only 453 K(Ref. §]. Usually, the QHA is not valid
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TABLE VII. Temperature-dependent volume, bulk modBfj, and thermal expansivitg[=(1/V)(V/dT)] for NaAlH,, NagAlHg, and
NaH in the temperature range from 0 to 600 K. The volume and bulk moduli are obtained by fitting the free energyirtiiges) to the
third order Birch-Murnaghan equation of state.

TemperaturdK) 0K 100 K 200 K 300 K 400 K 500 K 600 K
NaAlH,
Equilibrium volume(A3®) 72.1 72.6 73.4 74.5 75.9 77% 79.6
Bulk moduli B, (GPa 19.2 17.6 14.2 12.0 9.5 7.0 45
Thermal expansivityr(xX1074/K) 0.0 0.42 0.83 1.25 1.66 2.08 2.50
NagAlH g
Equilibrium volume(A3) 118.9 119.3 120.2 1214 122.7 124.1 1255
Bulk moduli B, (GPa 29.6 28.8 27.4 26.2 25.1 24.3 23.9
Thermal expansivityr(X1074/K) 0.0 0.53 0.85 1.02 1.09 1.12 1.15
NaH
Equilibrium volume(A3) 29.2 29.4 29.8 30.4 31.2 32.0 33.0
Bulk moduli B, (GPa 23.4 23.2 22.2 21.0 19.5 17.5 14.8
Thermal expansivityy(xX 10™4/K) 0.0 0.95 1.67 2.21 2.64 3.01 3.39

aThe symbols of indicate that these values are less reliable because the free energy curves above the temperature 400(& ar & igot7
suitable for the fitting of the Birch-Murnaghan equation of state.

any more as the temperature is close to the melting point aemperature range from 10 and 30 kigure 9 shows that
lattice 37 all of the calculated thermodynamic functions are in good
By fitting the free energy curveSn Fig. 7) to the third  agreement with the corresponding experimental data, indicat-
order Birch-Murnaghan equation of stdfewe can obtain ing that the QHA is also valid for this lattice in the tempera-
the temperature-dependent equilibrium volume, bulk modulture range of our interest.
By, and thermal expansivity [=(1/V)(dV/dT)], which are To make sure that the QHA also is valid for the lattice of
compiled in Table VII. Table VIl shows that these materialsNaH (space groupFm-3m), we compare the calculated en-
have low bulk moduli, indicating that they are quite soft, andtropy of NaH with the experimental result, which is pre-
can be easily compressed. It can be seen from the table thagénted in Fig. 10. Figure 10 shows that the calculated result
NaH has the largest thermal expansivity among these matés in good agreement with the experimental data.
rials (although they have the same magnitude
For NaAlH,, the calculated and measured thermodynamic - ]
functions as a function of temperature are presented in Fig. D: Three decomposition reactions for NaAlH, NagAlH g,
8. The functions include the molar heat capacities at the con- and NaH
stant pressur€C,,) and at the constant volumg,), the en- In the preceding section, it shows that all of the calculated
tropy of S1)-S), the enthalpy ofH1—H), and the free thermodynamic functions of the lattices are in good agree-
energy of(G—H)T. The symbols 0f§, andH g corre-  ment with experimental values. In this section, these func-
spond to the entropy and the enthalpy at 0 K, respectivelytions are used to study the chemical reactions in Esand
The experimental data are available in the temperature randé’)- _ _
from 10 and 300 K. Figure 8 shows that all of the calculated I order to study these chemical reactions, one needs to
thermodynamic functions are in good agreement with th&know the Gibbs free energy of a,Hjas molecule at the
corresponding experimental data. This indicates that th&tandard pressure of 1 atm. For a gas molecule, the vibra-
QHA is valid for this lattice in this temperature range tions cannot be treated directly from the phonon calculations
(0—300 K. It is noted that the melting point of NaAlHs  Pbecause the phonon approach always considers the system as
quite low (only 453 K).6 As discussed in the preceding sec- & SQ|Id, and thus negle(_:ts the translational and rotational vi-
tion, the QHA may be not valid as the temperature is close t®rational modes. The Gibbs free energy of agds molecule
the melting point. Thus the calculated thermodynamic funciS calculated by
ZEQSKTnay be less reliable as the temperature is close to Gir)(H) = Egied Ho) + Exg(H) + pV+AGp(Hy), (18)
For NaAlHg, the calculated and measured thermody-where E.{H>) is the electronic energy of ajHmolecule
namic functions as a function of temperature are presented ipbtained from the total-energy calculatioris,(H,) is the
Fig. 9. The functions also include the molar heat capacitiegero-point energy of a Hmolecule obtained from the pho-
of C, andC,, the entropy ofSy)—S), the enthalpy oH(t)  non calculationsp andV are the pressurél atm and the
—H g, and the free energy ¢Gr)—H )/ T. The symbols of molar volume(of the H, ideal ga$, respectively, and the last
S andH g also mean that the entropy and the enthalpy aterm AG)(H,) is the temperature-dependent Gibbs free en-
0 K, respectively. The measured data are available in thergy with respect to the temperature of 0 K. As a common
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FIG. 9. Calculated and measured thermodynamic functions eAlNig (space groufP2,/n) as a function of temperature. The functions
include the molar heat capacities ©f andC,, the entropy ofSy)—-S), the enthalpy oH)—H ), and the free energy df5)—Hg)/T.
The symbols o5 andH ) mean that the entropy and the enthalpy at 0 K, respectiggjy: 0. The measured dati Ref. 5 are available
in the temperature range from 10 to 300 K. Units arg)knol.

procedure? the AG)(H,) can be calculated by To study the reaction in Eq1), one needs to calculate the
temperature-dependent Gibbs free energy differg(da8)
AG)(Hp) =[Hm(Hp) = Hg(H)] =T X [S1(Hy) between NaAlH and a sum of sNaAlH g+ 2AI+H ). For

convenience, we denota=NaAlH, and b:(éNagAIHG
+2Al+H,). The symbol ofAG,_, indicates that the Gibbs

: free energy difference between theand theb, i.e., AG,_,
whereHr(Hz) andHig(Hy) are the enthalpies of the,rat =G,-G,. A positive value oAG,_, means that tha is more

theT a.nd 0 K, respectively, anfir)(H,) and5(_0>(H2) are the stable than thé, a negative value ckG,_, means that tha
entropies of the I_;|at theT and 0 K, respectively. Inputtlng is less stable than thie, and a zero value 0AG,_, means
the thermochemical dafato Eq. (19), we can obtain the 4t the phase transitiofor the chemical reactionis just

= So(H2)], (19

values ofAGp)(Hp), which are compiled in Table VIII. going to occur. The calculated Gibbs free energy difference
For the fcc Al lattice, its free energy is calculated by theof AG, _, is plotted as a solid line in Fig. 11. The dotted line
same procedure as that of the,H is the free energy of NaAllj which is chosen as the zero

reference. Figure 11 shows that the reaction is predicted to
G (Al) = Egied Al) + Ef(Al) + AGpy(Al),  (20)  take place at the temperature of 285 K, which is in agree-
ment with the recent experimental value of 353 IGiven
whereEge{Al) (electronic energy and E,Al) (zero-point 1 eV=~11 600 K, then the error of 73 K is equivalent to
energy are obtained from the total-energy, and phonon calé meV. This is rather small and therefore our predication is
culations, respectively. AGp)(Al) is the temperature- good. As discussed in the preceding section, the thermody-
dependent Gibbs free energy with respect to the temperatureamic functions of NaAlld may be less reliable as the tem-
of 0 K, which can be obtained from the tabulated ddta. perature is close to the melting point of 453 K because of the
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TABLE VIIl. Temperature-dependent Gibbs free energyA@s)(H,) for a H, gas molecule with respect to the temperature of 0 K.
AG)(Hy) is obtained from Eq(19), in which the enthalpy and entropy are taken from the thermochemical table at the pressure ¢inl atm
Ref. 41). In the experiment, the value &f(,95(H,) is unknown(as a reference energyfemperature-dependent entropy contributions of the
TSy term for a H, gas molecule are also listed in the table, whereShgerepresents the absolute entropy of theat the temperature of

T (omitting contribution from nuclear spinFor an ideal gas, the hydrogen atom chemical potentialqur)(H):%AG(T)(HZ). Units are in
evVv.

T TS (Ho) AGp)(Hy) T TS (H) AGr)(Hy)
100 K 0.1058 eV -0.0728 eV 600 K 0.9388 eV -0.7597 eV
200 K 0.2473 eV -0.1882 eV 700 K 1.1281 eV -0.9186 eV
300 K 0.4066 eV -0.3182 eV 800 K 1.3220 eV -1.0818 eV
400 K 0.5767 eV -0.4582 eV 900 K 1.5200 eV -1.2489 eV
500 K 0.7547 eV -0.6059 eV 1000 K 1.7216 eV -1.4194 eV

invalid QHA 3" Therefore the free energy of NaAltnay be  for the reaction to take place. The entropy contribution of
less reliable as the temperature is close to 453 K. Thus th@AS42 for a H, gas molecule is plotted as a dashed-dotted
discussion of this reaction is mainly focused on the temperatine in Fig. 11. It shows that th€AS,_ is almost equal to the

2

ture range from 0 and 400 K. Note that this problem shouIdTASO_ as theT<100 K, and theTAS,. is slightly larger
not affect the predicted transition temperature of 285 K be-than taheTASO as the ’100 I€T<3002K This indicates
a .

at the net entropy contribution to the reaction is approxi-
g1ate|y equal to the entropy contribution of & lgas mol-
€cule. This also indicates that the entropy contributions from
the solids are almost zero as the:100 K, and are negative

cause in the preceding section we have shown that all of th
calculated thermodynamic functions for NaAlldre in good
agreement with the experiment in the temperature rang
from 10 to 300 K. To check the individual contributions to
the free energy, in Fl_g. 1_1 the_ enthalpy differenceAéf,_, as theT= 100 K.
and the entropy contribution difference BAS,_, are plotted To study the reaction in Eq2), also for convenience, we
as dots and a dashed line, respectively. The valuggf , denotec—lyN Al andd—(NaI—;+lAI+ 1) The s mé)ol

are almost constarfind positive in the whole temperature £ A _.Sd.a3 6h h_ ibb ? 2 2 diff y b
range, indicating that this reaction are endothermic. At the Gd—ﬁ In 'Cgtise(; att AeGG' _Z reg er_;_er:]rgy ference be-
T=353 K, the calculated value dafH,_, at the pressure of tween thec and thed, 1.e., AGq =Gy ~G,. The temperature-

1 atm is 0.312 eV, which is in good agreement with the ex-deeij.nt .G'bb.s ff‘?e energy differenceMiby is plott(_ad
perimental value of 0.383 eV at 7 afhit can seen from the aﬁ a solid I|r:1e n F|g.f 12. Ige frede energy Ofdﬂa—l@'s
figure that the values oFAS,_, are always positive, indicat- chosen as the zero referenienoted as a otted lineFig-

ing that the entropy contribution in the is always larger ure 12 shows that the calculated transition temperature for
than that in thea (as theT>0 K). Therefore it can be con- the reaction is 390 K, which is in good agreement with the

cluded that the entropy contribution is the essential reasoﬁgperimental value Of.423 RTo check thg individual con-
tributions to the reaction, the enthalpy differenceAdfly

80 . . . . . (denoted as dotsand the entropy contribution difference of

. TAS,.. (denoted as a dashed linare presented in Fig. 12.
70} (@) Entropy in NaH The values ofAH,,_, are almost constaitand positive in the
whole temperature range, indicating that this reaction are en-
__ 6of dothermic. At theT=500 K, the calculated value &H,,_, at
y the pressure of 1 atm is 0.275 eV, which is in agreement
= 501 with the experimental value of 0.162 é\Similar to the first
E w0l reaction, the entropy contribution also is the essential reason
= for this reaction to take place. The entropy contribution of
230k 3TAS,, for the 3H, molecule is plotted as a dashed-dotted
i ——Calculated line in Fig. 12. It shows that théTA&2 is almost equal to
20} « o « Experiment 1 the TAS;. as theT<200 K, and the3TAS,, is slightly
larger than theTAS, . in the temperature range from
10 200 to 400 K. This indicates that the net entropy contribu-
0 tion to the reaction is approximately equal to the entropy

0 100 20 mperature (0 0 890 contribution of%H? gas molecule. This also indicates that the
entropy contributions from the solids are almost zero as the
FIG. 10. Calculated and measured entropies of NaH lattice as 4 <200 K, and are negative as tfie= 200 K.
function of temperature. Experimental data for NaH are available After the second reactiojin Eg. (2)], only NaH contains
from the temperature above 298(i¢ Ref. 41). The units here are hydrogen. It is interesting to study the decomposition of
JmortK™1 1 Jmoft=0.010 364 meV. NaH. The reaction is as follows:
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. . , 05 . ' . , .
NaAlH, — 1/3Na,AlH +(2/3)Al+H, L (1/3)Na,AIH_—> NaH+(1/3)Al+(1/2)H .
a = NaAlH - 3.8 2 (112)TAS -
b = 1/3Na, AIH_+(2/3)Al+H -7 04} ©=(1/3Na;AlH, Mol A
0.75[ = 1/3Na AlRgHZ/3)AIH, ns, _-° ' d = NaH+(1/3)Al+(1/2)H, LAt e
. ] “,‘/,—msd_c
0.3 » 7
0.5 AHH ¢"; H - ° o .
L) A
% % 0.opmseeee®’ P A L ;,;: - Measurtid enthalpy |
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FIG. 11. Temperature-dependent energy differences between FIG. 12. Temperature-dependent energy differences between
NaAlH, and a sum of sNagAlH ¢+ 2Al+H ). For convenience, we (3NaAlHg) and a sum ofNaH+3Al+ 3H,). For convenience, we
suppose a=NaAlH, and b=(iNaAlHg+2Al+H,). Symbol of  denotec=3NaAlH¢ and d=(NaH+3Al+ 3H,). Symbol of AGy.
AGy_, indicates that the Gibbs free energy difference betweea the indicates that the Gibbs free energy difference betweerctaed
and theb, i.e., AG,_,=G,—G,. The energy differences include the the d, i.e., AGy_.=G4—G.. The energy differences include the
Gibbs free energy difference &fG,,_, (denoted as a solid linethe Gibbs free energy difference &fG4_. (denoted as a solid lingthe
entropy contribution difference ofAS, , (as a dashed lingand  entropy contribution difference ofAS;_. (denoted as a dashed
the enthalpy difference afHy,_, (as dot$. The entropy contribution line), and the enthalpy difference dfHy_. (denoted as dotsThe
of TAS,, for a H, molecule is plotted as a dashed-dotted line. Theentropy contribution o%TA&2 for %Hz molecules is plotted as a
energies of NaAll are always chosen as the zero referefecea  dashed-dotted line. The energies of;Nid ¢ are always chosen as
dotted ling. The mark of = represents the measured enthalpythe zero referencédenoted as a dotted lineThe calculated and
(0.383 eV of AHp, (in Ref. 7). These curves may be less reliable measuredin Ref. 6 transition temperatures for this reaction are

as the temperature is close to 453 $€e the text for detail 390 and 423 K, respectively.
698 K
NaH—— Na+iH, AH=0591eV, (21) IV. CONCLUDING REMARKS

where 698 K is the experimental transition temperature for The electronic properties and lattice dynamics of the so-
this reaction anddH=0.591 eV is the experimental reaction djum alanate phases have been studied by the first-principles
enthalpy?? To study this reaction, one needs to be careful inmethod. The phases include NaAlHNaAlHg, and NaH.

the sodium structure because the melting point of the Nghe space groups for NaAlHNaAIH ¢, and NaH ard4,/a,
lattice is quite low(only 371 K), and the QHA may not be  p2,/n, andFm-3m, respectively.

valid as the temperature is close to the melting piit the The electronic properties of the phases are discussed on
temperature range from 298 to 1170 K, the thermodynamighe basis of the electronic band structures, the atomic
functions for both the solid and liquid sodium can be ob-charges, the bond overlap population analysis, and the Born
tained from the thermochemical tadfeFor the temperature effective charge tensors. The following points have been
T<298 K, the thermodynamic functions of the solid were gemonstrated:

calculated on the basis of the QHA. To study this reaction, (i) The calculated band gaps for NaAJHNaAIH 4, and

also for convenience, we denogs=NaH andf=Na+3H,.  NaH are 4.8, 2.7, and 4.9 eV, respectively, indicating these
We have also calculated the Gibbs free energy differenceattices are strongly ionic crystals. The electronic band dis-
(AGy_o), the enthalpy differencéAH;_) and the entropy persion relations of N@IH ¢ are somewhat similar to those
contribution differencéTAS;_,) between the and thef (not  of NaAlH,, e.g., the minimum direct band gaps for both
plotted. The calculated results show that the reaction is prefattices are located at tHepoint, and the dispersion relations
dicted to take place at 726 K, which is in good agreemengat the highest occupied statésore or less at the lowest
with the experimental value of 698 K. The calculated valueunoccupied stat¢gre similar for both lattices. This indicates
of AH;_. is equal to 0.48 eV at th&=0 K, and the values that the lattices of NaAliiand NaAlH g belong to the same
vary from 0.48 to 0.54 eV as th&>0 K, which are in class of crystals.

agreement with the experimental value of 0.59 eV. The cal- (ii) Based on the Mulliken charge analysis, the total
culations also confirm that the entropy contribution is thecharge é a H atom in these lattices is larger than 1.0 elec-
essential reason for the reaction to take place. The calculateérbn. This situation is similar to that of H in metals, where
results also indicate that the net entropy contribution to thehe H atom always accepts electrons from mealparticu-
reaction is approximately equal to the entropy contributionlar for transition metals However, this does not mean these
of %Hz gas molecule. lattices are metals. The partial DOS shows that the H band in
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-0.4 T T T T T T dominated by Na and Al atoms. For NaAjldnd NaAIH g,
+——— With ZP energy Al atoms participate in the high frequency modes due to the
_-05 o - - - o Without ZP energy - vibrational coupling between the H and Al atoms. For NaH,
z the high frequency modes of H atom are almost completely
< 06 B =19.2 GPa ] separated from the low frequency modes of Na atom.
§ (2 (i) The calculated Raman frequencies of Najl&te in
L 07 good agreement with experimental values within 5% error.
B (i) For H vibrations in NaAlH, there is a big gap be-
ﬁ—os-\ tween the high and low frequency mode$ H atom). While
e | ‘B~20.9GPa for H vibrations in NgAIHg, there is not such a big gap.
% 09 ‘\ e Qualitatively, this difference can be understood in terms of
E “w e’ the bond overlap population analysis.
g ‘- 68,8 A3 E,@” (iv) For NaH, there is a giant LO/TO splitting between
-1t ‘\@.__J_) -7 T T14(TO) and T1,(LO) modes at thel' point. While for
NaAlH, and NaAlHg the LO/TO splittings are not
_1%5 50 30 35 90 significant.

65 70 75
Cell volume (A*NaAIH,) The thermodynamic functions are obtained from the inte-
grated phonon DOS within the quasiharmonic approxima-
FIG. 13. Calculated formation energy of NaAJls a function  tion. The functions include the heat capadity, ande), the
of cell volume at the temperatuie=0 K. The dashed line repre- vjiprational enthalp)(H(T)), the entropy(Sm), and the Gibbs
sents the results without considering the zero-point energy. Thﬂ’ee energy. All of the calculated thermodynamic functions

solid line represents the results including the zero-point energy. Th8f the lattices are in good agreement with experimental val-
formation energy is calculated with respect to the element in th

standard state. The bulk moduli with and without the ZP energy are

i Three decomposition reactions are studied on the basis of
also given.

the thermodynamic functions. The reactions include

the lattices is very different from that of H in metals. For H N";‘AIH4_’%N33A|H6+§A|+1H 2 (2) %NaSAl"!G_’N?H +3Al
in these lattices, the whole valence bands are strongly domit 2Hz, @nd (3) NaH—Na+3H,. The following points have
nated by the H atom. While for H in metalexcept alkali Peen obtained: _
metal$, the main position of the H band usually is below the (i) The reactiong1), (2), and (3) are predicted to take
valence band of the host metétslative to the Fermi level ~ Place at 285 K, 390 K, and 726 K, respectively, which are in
(i) The bond overlap population analysis indicates tha@00d agreement with the experimental valu€53 K,
the H—AI bonds are covalent, and the covalent—HAl 423 K, and 698 K, respectivelyThe errors in our case are
bonds in NaAlH, are stronger than those in MdH g Onthe  Within 100 K. _
other hand, the H-Na bonds are ionic. The interactions (i) The calculated values of the enthalpies for the reac-
between the H—H atoms are found to be very weak. tions are almost constant, and positive in the whole tempera-
(iv) The values of the dynamics charges in the lattices aréiré range. This means that the reactions are endothermic.
close to the nominal ionic chargésl for Na and -1 for i The calculatlons confirm that _the entropy contribution is the
except for the Al atom. For the Al atom, its dynamics charges£SSential reason for the reactions to take place.
are 1.64—2.08, which are smaller than the nominal charge of (i) Concerning the entropy contributi¢AS) to the re-
+3. actions, we found an interesting result, i.e., the net entropy
The phonon dispersion relations and phonon density ofontribution to the reaction is approximately equal to the
states of the lattices are calculated by using a direct forcegntropy contribution of the figas molecule produced in that
constant method. The phonons are harmonic. The foIIowin_JzeaCt'On- For the first reaction, the entropy contribution
points have been demonstrated: TAS,_,) is approximately equal to that of a,ldas molecule
(i) Since the mass of H atom is much smaller than that of TAS,). For the second or third reaction, the entropy con-
Na or Al atom, the high frequency modes in the lattices ardribution (TAS,_ or TAS;_) is approximately equal to that of
dominated by H atom, and the low frequency modes argH, gas moleculd;TAS, ). It is interesting to see whether

TABLE IX. Calculated zero-pointZP) energies for NaAll (space groug4,/a), NagAlH ¢ (space grougP2;/n), NaH (space group
Fm-3m), and a B dimer at their equilibrium positions.

Units NaAlH, NagAlH g NaH H,
eV per formal cell(eV/f.u.) 0.800 1.167 0.157 0.284
eV per hydrogen atorteVV/H atom? 0.200 0.195 0.157 0.142

aThe values are roughly estimated by omitting the contributions from the Na and Al atoms. In general, the ZP energy contributions from Na
and Al atoms are quite small because the frequency modes for these two atoms are quite low. For example, the majority of the frequency
region for the Al atom in NaAlH is almost the same as that for the Al in the fcc Al lattice. For Al in the fcc lattice, the ZP energy is only
0.034 eV/atom.
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TABLE X. Calculated reaction enthalpies with and without the (i) The ZP energy slightly expands the lattice constant.
zero-pint energies for the reactions in E(B, (2), and(21) at the  Figure 13 shows that the calculated formation energy of
temperaturel =0 K. NaAlH, as a function of cell volume. The solid and dashed
_ i _ lines represent the results with and without considering the
Reaction enthalpy  With the ZP energy  Without the ZP energy ar-point energy, respectively. It shows that the zero-point
AH,_, in Eq. (1) 0.23 eV 0.32 eV motion can slightly expand the lattice constdaiso see
AHgc in Eq. (2) 0.19 eV 0.26 eV Ta?_'__e)”%;h o e the format .

: iii e energy affects the formation energy. For
AH;_o in Eq. (21 0.46 eV 0.45 eV S . .

fe a- (21 NaAlH, at the equilibrium site, Fig. 13 shows that the for-

mation energy difference with and without the ZP energy is

this phenomenon can be applied to other reactions. Let u&-17 €V. For NaH, the ZP energy less affects the formation
take another example, the reaction for the metastable; AIHENergy because the ZP energy in NaH is almost the same as

e i : that in the H (see Table IX
(space grouRc) is as follows: (iv) The ZP energy slightly affects the reaction enthalpy.

AlH;=Al+ %Hz. (22) The reaction enthalpies with and without the zero-point en-
. . ergies for the reactions in Eqgl), (2), and(21), at theT
The calculateq heat capaciti¢€,) of AlH; are in good =0 K are compiled in Table X. For NaAlHand NaAlH,
aglreelmter;t W'thlﬂtéhe rr;ea}SltJtredd hd“éta?”\:\./el! ?f tr;e ott::etr Table X shows that the enthalpies with the ZP energy are
fr?ecgli: isn\e/zlljid f(()r:c;hizOmgteri:IrEInteerslgnlcla etie (?al- slightly smaller than those without the ZP energy. Inversely,
' gy, for NaH the enthalpy with the ZP energy is slightly larger

culated results also show that the net entropy contributior)

to the reaction is approximately equal to the entropy con—than that without the ZP energy. The reason is that the

—_— : H—AI bonds in NaAlH, and NaAlH ¢ are much more co-

tribution of thegHz gas moleculénot plotted. According - 6 .
to this rule, in principle, the transition temperature for this;/alentztr;an the_H—_NaN(gz;lc) t:jolr\]ldATHNaE" W?}'Ch. c?\lusHes
kind of reaction(product contains kKlgas can be roughly arger £ energies in an as ¢ than that in Na
predicted if the reaction enthalpy at tHe=0 is known. (@S0 see Table IX for the ZP energies
The enthalpy at th&=0 can be easily obtained from the | (v) The ZP energy slightly affects the shape of the poten-
total energy calculations, and the enthalpy can be roughij@l energy well. Figure 13 shows that the bulk modulus de-
considered to be constant according to the above investfréases a bit if the zero-point energy is included.
gation. At the moment, this rule was found to be not valid In_pnnmple, it is possible to stgdy t_he reactions under the
if the reactant contains another very light element such agondition of the doped catalyst in this way. In order to do
Li in LiAIH , (see Table V in Ref. 14 that, above all, th_e exact sites of the doped_ atoms should be

Since these lattices contain hydrogen atoms, and the hy_)cated. We can imagine that the computational dema_nd f_or
drogen mass is quite light, the quantum-mechanical effed’® doped system will be great because the symmetries in-
(such as the zero-point enejgyay play a certain role in the cluding the point group and the space group will be partially
properties of the lattices. In the current study, the following®" cOmpletely broken.
points have been demonstrated:

(i) The calculated zero-poinZP) energies for NaAlk,

NasAlHg, NaH, and a H dimer are compiled in Table IX. ACKNOWLEDGMENTS
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