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Structures and thermodynamics of the mixed alkali alanates
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The thermodynamics and structural properties of the hexahydride aldivaiss AlH ) with the elpasolite
structure have been investigated. A series of mixed alkali alafbiEsiAlH ¢, KoLIAIH g, and K;NaAlHg)
were synthesized and found to reversibly absorb and desorb hydrogen without the need for a catalyst. Pressure-
composition isotherms were measured to investigate the thermodynamics of the absorption and desorption
reactions with hydrogen. Isotherms for catalyZzddmol% TiCk) and uncatalyzed N&iAIH g exhibited an
increase in kinetics, but no change in the bulk thermodynamics with the addition of a dopant. A structural

analysis using synchrotron x-ray diffraction showed that these compounds faviemBre space group with

the smaller ion(M’) occupying an octahedral site. These results demonstrate that appropriate cation substitu-
tions can be used to stabilize or destabilize the material and may provide an avenue to improving the unfa-
vorable thermodynamics of a number of materials with promising gravimetric hydrogen densities.

DOI: 10.1103/PhysRevB.71.184115 PACS nuni®er82.60-—s, 61.10.Nz, 61.66.Fn, 82.60s

I. INTRODUCTION (M and M’) to form a mixed alanate of MA;_AIH, or
There is currently much interest in the development of aM3‘>€MX'g‘|1';|6 has been explored by recent compgtatlonal
) . : . “studies'®1” These efforts suggest that the tetrahydride alan-
sustainable hydrogen storage material for mobile applica: be relativel ble with ) gy
tions. The key requirements for any candidate material forates may be re atively unstable with respect to cation mixing.
; JAn ab initio study by de Dompablo and Ceder has shown

practical on-board hydrogen storage are a high gravimetrut:nat Na_Li AlH, favors phase separationt & K for

hydrogen density and safe, fast and fully reversible hydr(_)ge0<x< 1.17 However, there are a number of stable mixed
nation near ambient conditions. Conventional metal hydrides . . -

. compounds predicted for the hexahydrides, specifically the
that can readily supply hydrogen at room temperature havé

X . 16 . . .
storage capacities<2 wt% and cannot satisfy this need. €lpasolites MM Al . Th(_a mixed aIkaI|.eIpasoI|tes do_not

; " revert, according to reactiofil), to a mixed tetrahydride
However, a number of complex hydrides have appreciabl

gravimetric hydrogen storage capacities, such as the sodiu Ml\;ll\,g\lllixilkl\%’) Algr aR rr;:xtureh of bmon_oall;:h ala_natesf
alanates, which reversibly absorb/desorb hydrogen with th 4 ‘.‘)' ather, the absorption/desorption 0
addition of a metal dopant2At present,there is considerable Ydrogen occurs in a single step analogous to rea¢gn
interest in understanding the kinetic enhancements attributed 3
to the transition-metal dopant and the mechanism by MoM'AlHg <> 2MH + M'H + Al + EHZ' )
which the dopant makes the sodium alanates reverkible.
The reversible hydrogenation of NaAjlbccurs in two steps  Despite the number of predicted stable elpasolite phases,
in the presence of Ti: Na,LiAlH ¢ is the only composition that has been studied
experimentally-18 The substitution of a Li ion for a Na ion
3NaAlH, — NagAlH g + 2A1 + 3H, (3.7 wt %), (1) in NagAlH g to form NaLiAIH ¢ lowers the equilibrium K
pressure by 20 bar at 484 KHowever, little else is known
2NaAlHg <> 6NaH + 2AI+3H, (1.9 wt %).  (2)  apout the effects of alkali substitutions in the hexahydrides.

While the atomic mechanism is not understood, it appear‘;n this study, the structural and thermodynamic properties of
that Ti resides in an under-coordinated environment at ofe elpasolitesM,M'AlHg where M#M’) were investi-
near the surface of the depleted matelfdf Despite the 9ated and compared with those of the cryolif¥s=M’) to
recent attention, sodium aluminum hydride is unlikely toPetter understand the thermodynamic changes induced by
meet the requirements necessary for automotivéation mixing. Thermodynamic values were obtained by
applicationsi4 A few alternatives that exhibit higher hydro- Measuring pressure-composition isotherms and estimating
gen capacities are LiAlE (7.9 wt %9 and MgAIH,), (6.9  the enthalpy and entropy of the reaction.
wt %), which have initial hydrogen desorption temperatures
of 453 K and 423 K, respectively*®> However, these mate-
rials have low reaction enthalpies and therefore require ex-
tremely high pressures for the absorption of hydrogen. Preparation of the bialkali alanates is accomplished using
Despite the unfavorable thermodynamics, it may be posa number of conventional methods such as dry mitfinay
sible to change the decomposition temperature and pressunet chemical techniqué<? In this study, a tetrahydride
of the high capacity alanates by altering the material compoalanate was mechanically alloyed with the appropriate alkali
sition. The possibility of mixing two different alkali metals hydride(s) using either of the following two reactions:

Il. EXPERIMENTAL
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M’A|H4+ 2MH — MZM'AlHG, (4) 2000 ' ' T T I T

MAIH 4+ MH +M'H — M,M'AlH . (5)

Precursors of LiAIH (95% and LiH (99.49% were pur-
chased from Alfa Aesar, while NaH95%) and NaAlH,
(90%) were obtained from Aldrich. KH was received from
Fluka dispersed in mineral oil at a concentration of 35%. The § g
oil was removed via an octane wash under Ar gas and driec*g . I |
under a vacuum. It should be noted that dry KH is extremely 3 |

1500

1000

s/min/100mA/channel)

—

pyrophoric and should only be handled in an inert atmo- | i

+

sphere. Milling was performed in an Ar atmosphere with a & | = St
Fritsch Pulverisette 6 planetary mill. The gas pressure ancg e

temperature were monitored during milling to ensure that the ! ) L ) L )
majority of the hydrogen remained in the solid. The powders 10 20 30 40 50 60
(1-2 9 were milled in a 250 mL stainless steel vial with 26 (deg, A =0.71494)

seven 15 mm diameter stainless steel bdl&7 g for up to . , .
40 h at 200 rpm. The Ti-doped material was prepared b FIG. 1. (Col_or onling Synchrotron x-ray powderdﬁracnon pat-
milling 96 mol % NaLiAIH ¢ with 4 mol % TiCl; (Aldrich) tgr_n from NquAIH 6 (+) showing the Rietveld f|(_soI|d), peak po-
under the same conditions for 1 h. S|_t|ons(|), f_md dlf'fere_nce pattgr(belovw. The quality values for the
Structural properties were determined using synchrotrof ¢veld fit and weighted fit are Rp=1.90% and wRp=3.12%,
x-ray diffraction(XRD). These experiments were performed respectively.
on beamline X7A at the National Synchrotron Light Source . )
of Brookhaven National Laboratory. Prior to the diffraction suggest that LNaAlHg and LbKAIH ¢ are thermodynami-
study, each sample was annealed for approximately 20 h ufally less stable than other competing cryolite or elpasolite
der high pressure Hgas (160 bar at 510 K for NaiAlH,, ~ Phases. Lovviket al. have predicted the enthalpy changes
40 bar at 570 K for KNaAlHg and 150 bar at 480 K for associated with mixing different alkali metals to form a bi-
K,LiAIH o). After annealing, the powders were sieved using a@lkali alanate 80 K using density functional theo§DFT).
400 mesh scree(87 um) and then sealed in 0.5 mm glass The large, positive mixing enthalpies associated with
capillary tubes under Ar gas. The capillary was mounted or-i2NaAlHg and LbKAIH g (10.9 and 20.8 kJ/mol, respec-
the second axis of the diffractometer. A monochromatictively) are ad_dltlonal evidence that these compounds are
beam was selected using a channel-cl8) monochro- thermodynamically unstablé.
mator. A gas-proportional position-sensitive deted@8D),
gated _at the Kr-escape peak, was employed for high- B. Na,LiAH 4 and Na,KAIH 4
resolution (Ad/d~10"% powder diffraction data . _
measurement& The PSD was stepped in 0.25 deg intervals N&LIAIH ¢ was prepared by both reactio® and(5). A
between 10 deg and 70 deg it @ith an increasing counting characterlzatlon of the materlal at dlffe_rent stages of alloying
time at a higher angle. The capillary was spun during the!Sing XRD showe_d that in reactiai®) |ntermed|_ate phases
measurement to provide better powder averaging. of NqAIH4 and .L|H are formed before the f|nal_ product
Pressure-composition isotherms were measured using (Ql&LIAIH ¢), while pathway(4) leads to NaLIAIH ¢ directly.
Sievert's-type apparatus. The material was reacted in a staife structure of NaLIAIH ¢ was determined by x-ray powder
less steel tube, which was heated using a resistive tape. TK#fraction using a wavelength of 0.7149 dkig. 1). An el-
internal sample temperature was monitored using a type Kmental analysis, measured with an inductively coupled
thermocouple. The absorption/desorption isotherms werglasma-mass spectromet¢iCP-MS), confirmed a near-
measured by adding/removing an a"quot Oi! |-$_||0W|ng St-0|Ch|Ometr|C CompOS-ltlon of 202106100 for Na:Li:Al. A
equilibrium to be reestablished, and measuring the pressufdietveld structure refinemeit™® using GSAS* was per-
change. formed with the constrained stoichiometiyia,LiAlH ¢) and
revealed the best fit in thEm3m space group with a lattice
IIl. RESULTS AND DISCUSSION constant of 7.4064) A . This is in contrast with the room
temperature phases of the pure cryolitesAllHg and

NagAlH ¢, which crystallizes in the R8 and P2,/n%° space
The preparation of LNaAlHg was attempted using two groups, respectively. The Rietveld fit along with a difference
different synthesis routes: reactiortd) and (5). In both  plot are shown in Fig. 1. The results of the Rietveld analysis,
cases, a characterization of the reaction products using x-ragisplayed in Table I, demonstrate that the Na ions are in a
diffraction showed the formation of a small amount 12-fold coordination while the Li ions occupy octahedral
NayLiAlH ¢, but no other compositional changes. Similarly, sites. These values are consistent with the predictions of
attempts to synthesize JAIH ¢ using reaction5) were also  Lovvik et al'® and are also in agreement with the space
unsuccessful. X-ray diffraction after milling revealed a reac-group and lattice constant reported by Clawgtyal. using
tion product consisting of KAl and LiH. These results conventional x-ray diffractior?

A. Li,NaAlHg and Li,KAIH ¢
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TABLE I. Interatomic distances and coordination numbers for T (K) 513 500 488 476

Na,LiAH o, —r————7—T—T 71—

I NagAlH, /3NaH + Al 1

Neighbors Distanc¢A) Coordination ol 1

Na-H 2.620%3) 12 i |

Na-Al 3.20711) 4 ro _ 1

i F NagLiAlHg / 2NaH + LiH + Al e

Na-Li 3.20711) 4 T 35+ -

e} L 4

Na-Na 3.70301) 6 o L J

Li-H 1.952(8) 6 = 0 )
Li-Na 3.20711) 8 3.0
Li-Al 3.7032(1) 6 i
The pressure-composition isotherms for catalyzed and un N

catalyzed NgLiAIH ¢ are displayed in Figs.(3) and Zb), 105 .00 205 EXTE
respectively. Desorption isotherms are shown at various tem 1000/T (')

peratures between 476 K and 518 K. The isotherms exhibit a

sharp transition upon desorption, indicating the emergence of FIG. 3. Van't Hoff plot for the reversible dissociation of Ti-
a new phase with little or no solid solution region. Anotherdoped NaAlHg (+)2 and NagLiAlHg (O—4 mol % TiCk,
sharp transition appears at the end of desorption, indicatingl—undoped.

the depletion of the N&iAIHg phase. A complete

absorption/desorption isotherm taken at 486 K is also dismeasured hydrogen capacities for the catalyzed material are

played in Fig. 2a). The complete isotherm exhibits little hys- approximately 3.0 wt %(85% of theoretical for the first

teresis, as previously reported by Bogdanoeical! The cycle (496 K) and 2.6 wt %(75% of theoretical for subse-
quent cycles. The hydrogen capacity for the uncatalyzed ma-

L L L T terial is 3.2 wt %(91% of theoreticalfor the first cycle(518

T K) and 2.8 wt %(80% of theoreticalfor subsequent cycles.

In both cases, the capacity loss after the first cycle is attrib-

uted to incomplete absorption, which was confirmed by the

presence of NaH, LiH, and Al in XRD patterns after rehy-

. driding.

4 The thermodynamic parameters of the decomposition re-

i action were calculated from the van’t Hoff equation:

] 1(-AH) AS
InpP=2|—|+=,
1 T\ R/ R

25— —

20 |-

(6)

H, Pressure (bar)

15
g whereP is the equilibrium H pressure at temperatufeand
8 R is the universal gas constant. Using a plot oPlns 1/T,
. known as a van't Hoff plot, the enthalgpAH) and entropy
T (AS) are determined from the slope and intercept, respec-
tively. The van't Hoff plots for Ti-doped NgIHg? and
Na,LiAIH ¢ (doped and undopgdare shown in Fig. 3. The
: T equilibrium pressure values were taken from the midpoint of
(b) i the plateau in Fig. 2. The plateau pressure ofAlld g is
518 K i approximately 20 bar higher than that of JNgAIH ¢ at 486
K and 30 bar higher at 518 K. The measured decomposition
enthalpy, AH=53.5+1.2 kJ/mol H, is slightly more posi-
509K J tive than the decomposition enthalpy of JdHg
(47 kJ/mol H?). The entropy change, AS
v Il v vy b by by by e
0.8 1.0 1.2 1.4
HM

10

40

30

LR RN RRRRERERRE ]

H, Pressure (bar)

=132.1+2.4 J/mol K of H, is approximately equivalent to
the entropy associated with the formation of molecular hy-
drogen[S(H,)=130.7 kJ/mol K.

The addition of a catalyst4 mol% TiCk) significantly
improves the reaction kinetics. In the uncatalyzed state,

FIG. 2. Pressure-composition absorptié®) and desorption N&LiAIH g begins slowly desorbing hydrogen at approxi-
(O) isotherms for(a) Ti-doped NaLiAlH ¢ and (b) uncatalyzed mately 490 K, while the catalyzed material exhibits a desorp-
Nay,LiAlH ¢. The arrows indicate the direction of hydrogen transfer.tion temperature of less than 470 K. Similarly, the time re-

20

Hooa s byt | O
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FIG. 4. Synchrotron x-ray powder diffraction pattern from
K,LiAIH ¢ (+) showing the profile fi{solid), peak positiong|), and
difference patterribelow). The quality value for the Lebail fit pro-
file is WRp=5.86%.

FIG. 5. (Color online Synchrotron x-ray powder diffraction pat-
tern from K;NaAlHg (+) showing the Rietveld fitsolid), peak po-
sitions(]), and difference patterfpelow). The quality values for the
Rietveld fit and weighted fit are Rp=2.05% and wRp=3.08%,
respectively.
quired for the system to return to equilibrium is substantially . o —
decreased by the addition of a catalyst. Equilibrium timesence pattern are displayed in Fig. 4. TRe3m space group
ranged from one to two days for the Ti-doped samples tdS consistent with the structure predicted by DFT for
approximately one week for the undoped material. KoLIAIH g1°. _

Although the kinetics of reactiof8) are clearly enhanced  K2NaAlHs was prepared by both synthesis rouesac-
by the addition of Ti, the thermodynamics remain unaffectedtions (4) and (5)). The structural characterization was per-
This is demonstrated in Fig. 3, which illustrates that the datdormed by XRD using a wavelength of 0.6985(Rig. 5]. An
for the catalyzed and uncatalyzed material fall on the samglemental analysis(ICP-MS) gave a composition of
line in the van't Hoff plot. The dopant has no measurablel-54:0.97:1.00 for K:Na:Al. A small amount of NaH was
effect on the enthalpy or entropy of the desorption reactiondetected in the diffraction pattern, indicating that the product
This supports a number of recent studies that suggest that ti{¢as probably stoichiometric NaAlHg with a NaH impurity
Ti acts as a true catalygpossibly in the form of a Ti-Al (~20 mol %). A sample prepared with excess KH
alloy)1011.253nd does not alter the reaction thermodynamics(~25 mol %) resulted in a similar diffraction pattern, with

The preparation of N&AIH 5 was attempted using reac- the exception of small amounts of KH impurities. Therefore,
tion (5). X-ray diffraction of the reaction product revealed the Rietveld refinement using the data presented in Fig. 5
phases of KNaAlHg and NaAlH . This is consistent with was performed with a fixed stoichiometry opKaAlHg (im-
predicted mixing enthalpies, which suggest thajfN&lH s is  purities were ignored The Rietveld fit, in theFm3m space
considerably less stable thanMaAlHg (by 40 kJ/mo) at 0 group, along with a difference plot, are shown in Fig. 5. The
K.1® Therefore, NgKAIH 4 should favor phase separation measured lattice parameterds8.12091) A. The nearest-
into equal parts KNaAlHg and NaAlHg, as empirically ob-  neighbor distances and coordination numbers are listed in
served. Table 1.

The first and only other reported synthesis giN@AIHg
used reactiort4) in an organic medium under high pressure
(25 kbap H, gas. An XRD structural characterization of this

C. K,LIAIH ¢ and K,NaAlH g

A new alanate was prepared by mixing K and Li ions in
reaction(4) to form K,LiAIH 5. An elemental analysis of the ~ TABLE II. Interatomic distances and coordination numbers for
product (ICP-MS) revealed a near-stoichiometric composi- K,NaAlHg.
tion of 2.04:1.10:1.00 for K:Li:Al. The powder diffraction

results, using xrays of wavelength 0.7329 A, are shown in  Neighbors Distancél) Coordination
Fig. 4. This pattern was not suitable for a Rietveld analysis

due to a number of additional broad peaks attributed to KH K-H 2.88413) 12
impurities. However, a full profile fit to the defademon- K-Al 3.5164(1) 4
strated the best fit in thEm3m space group with a lattice K-Na 3.51641) 4
parameter of 7.9388) A. As observed for NgLiAlH 4, the K-K 4.0604(1) 6
mixed potassium/lithium elpasolite crystallizes in a different Na-H 2.302127) 6
space group than the pure cryolite phasegAlH g and Na-K 3.51641) 8
K3AlHg, which have rhombohedf8land tetragondt sym- Na-Al 4.06041) 6

metries, respectively. The full profile fit along with a differ-
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these materials do not exhibit a definitive two phase region at
574 K. It is likely that these data were collected at a tem-
perature above the critical temperature of the miscibility gap
in the compositional phase diagram. The measured hydrogen
i storage capacity for JLiAIH g and K;NaAlHg is 2.3 wt %
4 and 2.0 wt %, respectively. This capacity 1s90% of the
E theoretical value and the loss is attributed to an impurity of
1 KOH in the KH precursor.
- Due to the impractically slow reaction kinetics, it was not
3 feasible to measure a series of desorption isotherms at differ-
] ent temperatures. Therefore, the reaction enthalpies for
3 K,LIAIH ¢ and K;NaAlHg were approximated from Ed6).
1] The equilibrium pressures were taken from the midpoint of
the isotherms shown in Fig. 6. The entropy was estimated,
08 10 12 14 3 ASl7_...~130.7 kJ/mol K, using the change in entropy asso-
HM 3 . . . .
\ ! ! ! ! I ! g ciated with the transition of hydrogen from an ordered solid
08 09 10 L 218 1a s to a gas. The estimated decomposition enthalfieaction
(3)] for K,LIAIH g and K,NaAlHg are 82 kJ/mol H and
FIG. 6. Pressure-composition absorption isothe(ntsdoping 97 kJ/mol H, respectively.

for K;NaAlHg (O ) and K:NaAlHg (0)) at 574 K plotted on a A summary of the structural and thermodynamic data for
semilog scale. A plot of the data on a linear scale is displayed in thene hexahydride alanates is presented in Table IIl. The bial-
inset. kali alanates have a face centered cubic structure in the

Fm3m space group, similar to the high temperat(B25 K)
material suggested a monoclinic unit cell with dimensionssodium alanate phase3-NaAlH .33 In these compounds
a=5.706 A,b=5.707 A,c=8.114 A, and 3=90.24 ded”  (5-M,M'AlHg), the smaller M is octahedrally coordinated
The discrepancy in the structural parameters may be attriiyhjle M has a 12-fold coordination. A diagram of the general
uted to the high pressure synthesis used in the earlier stud¥|pasolite structure is shown in Fig. 7. In the monoclinic
which may have distorted the unit cell from the cubim3m  (P2;/n) polymorph,a-M,M’AlH ¢, the M ion is coordinated
structure. by eight atoms$* Ab initio calculations have predicted

The pressure-composition absorption isotherms fora-Nay,LiAIH ¢ to be slightly more stable than tiphase at 0
K,LIAIH g and K;NaAlHg at 574 K are shown in Fig. 6. The K.1” However, at 300 K the experimental data suggests that
initial desorption occurs at approximately 500 K for the 8 polymorph is preferred for all of the stable bialkali
K,LIAIH ¢ and 530 K for KNaAlHg. At 574 K, the absorp- alanates. It is interesting to note that when two different al-
tion reaction proceeds slowly in both samples. The time rekali metals are present, the octahedral site is always occupied
quired for the system to reach equilibrium after the additionby the smaller ion. The compounds,NaAlHg, Li,KAIH g,
of H, gas is around 280 h for KiAIH ¢ and greater than and NaKAIH g tend to phase separate, suggesting that the
1000 h for K;NaAlHg. Both isotherms exhibit a gradual in- substitution of the smaller ion into the 12-fold coordinated
crease in equilibrium pressure with respect to compositionsite is thermodynamically unfavorable. This trend also seems
The lack of a clearly defined pressure plateau indicates thad apply to the "true” elpasolites, 1’AlFs. Each of the

H, Pressure (bar)
==
-~ [e>]

o
¥

H, Pressure (bar)

g
o

TABLE |lIl. Structural and thermodynamic properties based upon experimental data for alanates of the
form M,M’AlH . The parameters listed include the struct(space group or symmefjrylattice constants,
decomposition enthalpyAH) and decomposition temperatu(€,). The data for the cryolite phases were
obtained from the references listed.

M M’  Structure Lattice constan{&\) AH (kJ/mol H,) Ty (K) References
Li Li R§ a=8.07121), ¢=9.513@2) 43.5 453 28, 29, and 15
Na  Unstable - - -
K Unstable - - -
Na Li Fm3m a=7.40641) 53.512) 490
Na P2:/n a=5.3902), b=5.5142) 47 473 30,2,and 1
c=7.72%3), B=89.863) deg
K Unstable - -
K Li Em3m a=7.93835) 82 500
Na  Fm3m a=8.12091) 97 530
K  tetragonal a=8.445, b=8.584 135 593 31, 32, and 27
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andT, by 6.5 kJ/mol and 20 K, respectively. This case is an
exception to the general rule that the decomposition tempera-
ture and enthalpy increase with the size of the alkali metal.
This trend is well documented for the monoalkali alanates, as
shown in Table IIl. The tendency for greater hydride stability
with a larger alkali metal also applies when only a partial
substitution of the metal is involved. For example in the
K-M' alanates, KNaAlHg is 14.6 kJ/mol more stable than
K,LIAIH g and 38.5 kJ/mol less stable thapKAIHG.

IV. CONCLUSION

Novel elpasolite phases of the complex alanates were syn-
thesized using conventional mechanical alloying techniques.
Each of these compounds reversibly absorbs and desorbs hy-
drogen without a catalyst. The addition of a catalyst to
NaLiAlH ¢ shows improved kinetics, but no change in the
bulk thermodynamics. Structural analyses of the bialkali
alanates demonstrates that the preferred space group is

Fm3m, with the larger ion in a 12-fold coordination and the
smaller occupying an octahedral site. In general, a smaller
alkali ion (M or M’) reduces the reaction enthalpy of the
hexahydride. These results demonstrate that the temperature
of hydrogen evolution and the equilibrium gas pressure can
be tailored by appropriate substitutions of the alkali metals.

FIG. 7. (Color onling Structural diagram of ¥MM’AIH g show-
ing AlHg octahedra, M cationflarge and M’ cations(smal).

stable bialkali aluminum hydride®,M’=Li, Na, or K) has
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