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Abstract

The kinetics of the hydrogen sorption of Ti-doped direct-synthesized NaA#d been studied by measuring sorption rates at various
temperatures and applied pressures. Formation and decomposition rate equations foradaMIdAlH ¢ are proposed, and pre-exponential
factors and activation energies have been calculated for these reactions. These equations were used to calculate alanate decomposition cur
The results fit the experimental data very well. The predictive capabilities of this empirical approach provide a very useful modeling tool for
optimizing the performance of the alanates over a range of hydrogen absorption temperatures and pressures. Under a typical hydrogen-loadi
condition (constant pressure), the optimum temperature for “fast fill’ can be determined.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction drogen diffusion on the surface,;Hlissociation on the
surface, hydrogen absorption into the solid, hydrogen dif-
The discovery that hydrogen can be easily absorbed andfysion and hydride formatiof5—8]. The dependence of the
desorbed from Ti-doped sodium-aluminum hydrides (the hydrogen sorption rate on temperature, hydrogen pressure
alanates) has created an entirely new prospect for lightweightand geometry of solids has been deduced using different
hydrogen storagél]. These materials have nearly ideal equi- models for the various rate-limiting stef&-8].

librium thermodynamic$1,2]. Doping the alanates with Ti The extensive work on the kinetics of interstitial hydrides
and other transition metals enables the reverse (hydriding)provides a foundation for the study of hydriding kinetics
reactions to take place under moderate conditierk00°C in the alanates system. It is important, however, to recog-

and <100 bar h) [1,2]. However, sorption rates for this sys-  nize that the mechanism of hydrogen uptake and release is
tem remain a critical issue for vehicular hydrogen storage somewhat different for alanates than interstitial hydrides. In

applications. Initial studies of alanate kinetics have focused this case, sorption occurs through complex solid—solid and
on the dependence of the reaction rates on temperglire  solid—gas phase formation and decomposition reactions. The

The effect of Ti-doping on the reaction rates have also beenfgrmation and decomposition of the alanategAlal g and
measured3]; however, the mechanism of enhanced kinet- NaAlH, are described by the following reactions

ics is still not fully understood. The effect of hydrogen gas
pressures and phase composition of reaction rates have no't\laHJr 1/3Al + Ha < 1/3NasAlH 6 (1)
been evaluated until recently by Anton et [dl]. 1/3NagAlHg + 2/3Al + Hy < NaAlHy4 (2

Hydriding/dehydriding reaction kinetics _has - been Unlike interstitial hydrides, these are stoichiometric com-

well studied for interstitial hydrided5-8]. These are : . i .
. . C pounds with no hydrogen solid solutions of either phase.
multiple-step reactions, which include hydrogen transport . S .
in the gas-phase, hydrogen adsorption on the surface hy-The two react-|ons e>§h|b|t very d'ﬁe“ef‘t platgau pressures
' ' "7 observed as discrete jump in pressure in the singhA\NHg

phase regioifl].

* Corresponding author. Tekt1-925-294-3729; The formatlpn reacuons .|nvolve more than one SO.|Id
fax: +1-925-294-3410. phase, which implies the existence of long-range diffusion

E-mail address: wiuo@sandia.gov (W. Luo). of solid species aluminum or sodiuj®,10].
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aluminum powder £20 micron, 9%% Sigma—Aldrich),
Nomenclature sodium hydride (Sigma-Aldrich) and solid titanium
dC(H)/dt rate of concentration change of H in alanate tri-chloride (Sigma—Aldrich) were weighed in molar ratio
formed @) or decomposed~), as H wt.%. of NaH:Al:TiClz = 112:100:4 in an argon-filled glove box.
Eaa1 activation energy of NaAll formation The excess NaH was added to compensate for the forma-
Ead1 activation energy of NaAlh decomposition tion of NaCl[3]. The powders were mixed by ball milling
Eaa2 activation energy of NgAlH g formation under argon in a high-energy SPEX mill for 30 min. After
Ead2 activation energy of NgAlHg mixing, a sample of about 3 g was transferred in the argon
decomposition atmosphere glove box to a stainless steel reaction vessel.
H wt.% weight percent of H in sample The sample holder had a thermocouple located in the center
Ko pre-exponential factor of rate constant of the sample to monitor temperature in the reaction zone.
K rate constantk = Kge(~£al/RD
Pappl applied pressure 2.2. Experimental details
Peq1 plateau pressure of NaAlfHat a given
temperature Sorption rates and hydrogen capacities were obtained
Peq2 plateau pressure of NAIHg at a given volumetrically using a carefully calibrated Sieverts’ ap-
temperature paratus. During sorption, the sample temperature, dosing
volume temperature and applied pressure were monitored

and recorded. Hydrogen pressures for absorptions were un-
The mechanism of catalyst of Ti-containing compounds der 120 bar, and monitored using a transducer of Teledyne
is not fully understood11,12] In previous studies, it was Taber model 206 piezoelectric, 0—200 bar with a resolution
found that rates of hydrogen desorption are strongly depen-of 0.1bar. Desorption pressures were monitored using a
dent on temperature and the level of Ti-doping (between 1 0-3 bar Baratron capacitance manometer with resolution of
and 6 mol.%)[3]. A detailed evaluation of desorption rates 0.001 bar.
in terms of an exponential temperature dependence using The sample was heated to 125 under vacuum for
the rateEq. (3)provided a measure of the activation energy 20 min prior to being exposed to hydrogen. High purity
(Ea) and a pre-exponential ternK) for the decomposition  hydrogen (Matheson Trigas research purity, 99.999%) was
of both alanate phas¢g]. then introduced into the reaction vessel. The first absorption
Ea) cycle was slow; however, the reaction rates increased with

Rate= K exp(—— 3) subsequent cycles. By the third cycle, the sample was acti-
vated and ready for sorption rate tests. During sorption rate
It was shown that only minor doping levels (1mol.% tests, the sample temperature was set at several tempera-
TiCl3) were necessary to significantly reduce the activation tures in steps between 8G and 180C for desorption, and
energy of decomposition for both NaAlHand NaAHs. 60°C and 160C for absorption. All pressure and temper-
However, the rates of decomposition did continue to increaseature data were acquired and recorded by computer using
as the level of Tidd increased3]. This increase was as- LabView-based software.
cribed to the pre-exponential coefficigfit Before desorption measurements, the sample was heated
In the present study, we measured the forward (absorption)to 125°C and exposed to about 100 bar of hydrogen in or-
and reverse (desorption) rates of b&ts. (1) and (2under der to completely hydride the sample. When the pressure in
varying temperature and pressure conditions. We used thethe chamber was stable (generally about 2 h), the hydriding
data to evaluate a number of different empirical rate equa- process was completed and the sample was, then, cooled
tions, including a pressure-dependent term. The rate equa-down to room temperature. Desorption rate measurement
tions that gave the best overall results were then used tobegan at room temperature by opening the reaction vessel
determine the best fit to pre-exponential coefficients and ac-to a large calibrated volume (approximately 1.21) that had
tivation energies. These values were used to predict kineticbeen evacuated. The temperature was increased gradually
behavior over a broad range of temperatures and pressuresn steps, about 15-40 min for each step. The amount of hy-
Such a model should prove useful for optimizing operational drogen desorbed from the sample was determined from the
conditions for real world hydrogen storage applications. pressure rise in the calibrated volume. Desorption rates were
calculated in weight percent from the change in hydrogen
pressure over a given time period. When a desorption-rate
test was completed, the sample was evacuated &t &@r
2h to completely desorb the sample; the sample was then
ready for next absorption rate test.
The absorption rate measurements were performed in
Samples were prepared using the direct synthesisa similar manner to desorption rate measurements using
method as described elsewhefg3]. Initial materials, a smaller calibrated volume of approximately 0.11. The

RT

2. Experiment

2.1. Sample preparation
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amount of hydrogen absorbed was measured at differentthe NaAlHg started to release hydrogen. The desorption

temperatures, and the absorption rates were calculated irrate increased as the temperature was raised in steps until

weight percent from the pressure drop over a given period the NaAIHg decomposition was complete.

of time. In desorbing, the reaction rate drops off in time. This
is due to the combined action of the concentration of
the desorbing phase approaching zero and the hydrogen

3. Results and discussion over-pressure rising towards the equilibrium pressure. As
_ the hydrogen pressure approaches the equilibrium pressure,
3.1. Desorption measurements the driving force for the reactions is lowered and the de-

composition rate drops to zero at equilibrium. If the applied
hydrogen pressure was higher than the equilibrium pres-
sure, such as when temperature is suddenly lowered, instead
of desorbing, the sample would begin to absorb hydrogen.
Therefore, an analytical model of the rate behavior must
necessarily include the relative concentration of reactants
and the driving force. This is the motivation behind the
empirical model we present here.

A typical desorption measurement is shownHig. 1
The amount of desorbed hydrogen is given in terms of
weight percentage of the total sample weight. The tem-
perature was raised from room temperature and gradually
increased to 180C. Hydrogen release became detectable
starting at 60C. When the amount of hydrogen released
from the sample approached 2.3wt.%, the desorption rate
dropped off. This indicates that 2.3wt.% was the end of
NaAlH4 decomposition. The cause analysis for incomplete .
hydride formation will be discussed later in this paper. 3-2. Hydrogen capacity
After the decomposition of NaAll] the temperature was ) _ _ )
reduced to 100C and kept at this temperature for 20 min. Theoretical hydrogen capacity for alanate is 5.6 wt.%, i.e.,
No hydrogen release was observed at XD@ven after the ~ 3-7 Wt.% fromEq. (2)and 1.9 wt.% fromEq. (1) However,
applied hydrogen pressure was reduced to zero (by evacudn this study the maximum H wt.% was about 3.9 wt.%;

ation). Then the temperature was increased to°f2and 223 Wt.% comes fronq. (2)and 1.67wt.% fromEq. (1)
This is due the following reasons:

4 (A) =0 e Hydrogen weight percentage was calculated based on to-
35 - Caleul. Hw% tal weight of the sample, including active and inactive
i s components.
o e The molar ratio of the sample was NaH:Al:TiCI
o 120 & = 1.12:1:0.04. Here, the NaH molar ratio used was 1.12,
R § instead of 1, because of the need to compensate for the
= 15 {80 £ loss of Na resulting from formation of Na@8]. NaCl
= formation, together with the weight of Tiglresults in
" {40 total inactive components as 15wt.%.
05 . e Chemically prepared and purified NaAHwill release
0 S BporHwtk . 0 the full 5.6 wt.% hydroger1]. However, previous work
0 1 2 3 4 5 by others showed that the NaA{Hormation as shown
Time, hours in Eq. (2) does not reach 100% completion; instead, it
4 0.9 stops at about 75% completion in the temperature range
a5 | (B) Calotk: L W Lag of 150-200°C [1]. This is probably due to the presence of
L “isolated islands” of reactant, the jalHg and Al, after
91 _ Ll about 75% completion of NaAlHformation[10]. XRD
4 Bxpert H Wi 1 08 results for samples hydrided at 100 bar typically show that
g*; ) T05 Z it is a mixture of NaAlH, and N&AIH g with a molar ratio
T o4 % of approximately 2:1.
1.5 2
N =N o= With these considerations, the maximum hydrogen
T weight percentage in the sample is 3.9wt.%, the slightly
— 101 less-than-theoretical hydrogen content for thesAlB g
0 ; ‘ . . 0 phase (1.67%) can be primarily accounted for by the weight
0 1 2 3 4 5 of the inactive component Tigl Thus, the reactions consist
Time, hours of the full formation and decomposition of B&lHg for

i ) 0
Fig. 1. NaAlH; and NaAlHe decomposition profile at various tempera- hydrogen ngght percgntage between H_V_Vt' % < 1.67%,
tures (A) and pressures (B). Thick lines are for hydrogen wt.%, and thin @nd the partial formation and decomposition of NaAlidr
lines for temperature (A) and hydrogen pressure (B), respectively. hydrogen concentrations between 1.64% wt.% < 3.9%.
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3.3. Dependence of reaction rates on applied hydrogen NaH content is considered. Therefore, the rate ofMlid g
pressure and reactant concentration at various temperatures formation is taken as first order of the NaH content (thus
first order in H content). For NaAllHformation, there is no

Ultimately, one would like to study kinetics in terms of excess amount of Al in the system. The concentration of
the fundamental processes occurring during hydrogen ab-both NgAlHg and Al should be considered for this reac-
sorption and desorption. Many models have been developedion. Therefore, the rate of NaAlHormation is taken to be
for hydrides to examine these processes and to aid in de-second order of the reactant contents (thus second order in
termining the rate-limiting mechanisis—8]. However, to H concentration). By contrast, decomposition rates for both
make mechanistic determinations for a particular hydride reactions are taken as first order because only one solid re-
system based on such a kinetic analysis requires extremelyactant (NaAlH or NagAlHg) is involved in each reaction.
well-defined experimental conditions, such as near-perfect Based on the above principles, the rate equations for for-
isothermal conditions, and well-defined particle sizes and mation/decomposition for NaAllHand NgAlIH g can be de-
shapes. At this point, very little is actually known about how scribed as given in Egs. (4) — (7). Note that reactant contents
the alanate phase transitions even take place on an atomiin these equations are now expressed as H wt.% in order to
scale. Thus, the purpose of this study was not to attemptsimplify the calculation, and the pressure considered here is
to perform reaction rate analysis at a mechanistic level, but within the range for hydrogen storage — about 0.1-150 bar.
rather to find a set of empirical rate equations that accuratel .
describe the hydrogen sporption behgvior of the alanates o)r/w' For NaAlFy formation:
a performance level. The goal was to achieve a predictive E Pappl
model to aid in developing hydrogen storage systems and d(Hwt.%)/dr = Koalexp<— ;;1) In <Pe|:pl>
better materials. o2, 0

To begin, the general sorption rate at a given temperature x (3.9-HwL.%)%; (1.67<HWt.%<3.9)
is a function of reactant concentration and applied pressure 4)

e For NaAlH; decomposition:

a

d(Hwt.%)/dr = K@xp(—%) * F(p)

Eadl Peql
« F(reactant concentrations A3) —d(Hwt.%)/dr = KodleXp(_ RT ) In < Pappl)

x (Hwt.%—1.67); (1.67<Hwt.%<3.9)

The termK, exp(—E4/RT) is the rate constant, which is
a function of temperaturek, is a pre-exponential factor (5)
and E; is the activation energy. We use the difference of

logarithms of applied pressure and plateau pressure for the.
functional dependence of reaction rates on pressure. Thus,
for both reactions 1 and 2, the rate dependence on hy- 0 aa2 Pappl

drogen pressure is IRgpp/Peq) for hydride formation and d(Hwt.%)/dr = KOﬁﬁXp(‘ﬁ) In ( )

For NaAlH g formation:

. e Peqz
IN(Peg/Papp)) for hydride decomposition. « (167 — HWL%): (HWL.% < 1.67)
The reason for using the logarithm of pressure will be '
discussed later in this paper. (6)

_As a first approximation, reacj[ions (1) and (2) are con- For NasAlH ¢ decomposition:

sidered to be independent reactions that take place one af-
ter the other. This is justified for alanates because far from Ead2 Peg2
equilibrium, the reaction rates are at least an order of mag- —d(Hwt.%)/dr = Kodzexp(—ﬁ> In (Paspl)
nitude slower for reaction 1 than reaction 2 for desorption % (HWt.%): (HWt.% < 1.67) @)
and faster for absorption at a given temperature and pres-
sure. We reported earlier on the serial behavior of the re- The equilibrium plateau pressurBef) values used here
actions for decompositiof®]. Recently, Gao et al. reported for reactions 1 and 2 are taken from literatyfel4,15]
that they have found that these two reactions also take placeThere are some indications that materials prepared by direct
sequentially on hydrogen absorptifi]. In order to sim- synthesis may have a more sloping character, and this of
plify the calculation, the concentrations of reactants, such course would affect the analysis to at least a small degree
as Al, NaH, NaAlH, and NaAlHg, can be replaced by H  [16], but this is not included in this model.
wt.%. This is because hydrogen is evolved or consumed in  According toEgs. (4)—(7) there should be straight lines
both reactions, and so by material balance in this system,on the plots of {d(H wt.%)/d) versus (INPe¢/Papp)*(H
the concentration of the solid phases are functions of the wt.%)) for formation and (Ifapp/Peg) (H Wt.%)) for de-
hydrogen weight-percent. composition at constant temperature. It can be seen from

For NaAlHg formation, there are two solid reactants, the linear behavior at each temperature that this model fits
NaH and Al. Since there is an excess amount of Al, only the well. The slopes of these lines are the rate const&gts
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Na, AIH,; Decomposition

Reaction rate, dHwt, / hr

In(P, P o (H wis)

Fig. 2. Dependence of NAIHg decomposition rates on applied pressure and content gAlNa at various temperatures.

exp(—Ea/RT) at a given temperaturé&ig. 2 is an example
showing this dependence of sorption rates at given temper-
atures on applied/equilibrium pressures and reactant con-
centration for NgAlHg decomposition. During a sorption 19
measurement, the applied pressures and hydrogen wt.% are 0
changing, so do the reaction rates. For example, the @20
line in Fig. 2 shows the process of WAlH g decomposition
with the applied pressure increasing and H wt.% in solid de-
creasing due to desorption. The slope of this line is the rate 3 1 —
constant for NgAlHg decomposition at 120C. The for- 4]
mation/decomposition rate constants for both tetra-hydride
and hex-hydride can be obtained in the same method at
various temperatures. These values will be used to calcu- 6
late activation energies by using Arrhenius plots in the next 23 25 27 29 81
section. 1000/T, 1/K

The same data were used to evaluate other potential func-
tional dependencies of rates on pressure and concentrations.
These included

e F (p) = (Pappl — Peg)/Peq
o First order ofF (H wt.%) for NaAlH, formation, and 3
e The rate equations for hydrides proposed by Wang and

NaAlH,

. Formaton]

Ink

oo/oo

Fig. 3. Arrhenius plot for NaAlld formation and decomposition.

Na3AIH6

Suda[8].
These functions did not provide nearly as good a represen- 0 . t t
tation or fit to the data as the chosen set of relationships.

Ink

3.4. Arrhenius plots

The rate constants calculated from the slopes of the 41 —
plots of (—d(H wt.%)/d) versus (INPeg/Papp)) * (H wt.%)) -5 4
at given temperatures discussed above were used to gen-
erate the Arrhenius plots for NaAlHand NaAlHg for- 21 23 25 27 29 3.1 33
mation/decomposition are shown Figs. 3 and 4 The 1000/T, 1/K
pre-exponential factor&, and the activation energies,
for formation/decomposition of tetra- and hex-hydrides can Fig. 4. Arrhenius plot for NgAlHg formation and decomposition.
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Table 1
Summary of formation and decomposition activation energy of NasdHd NaAlHg
Ko (abs) Eaa (abs) (kJ/mol) Ko (des) Eag (des) (kJ/mol) Eag (des)[3] (kJ/mol)
NaAlH4 6.25 x 10° 61.6 1.9x 10t 85.6 80.0
NagAlH 1.02 x 10° 56.2 2.9x 101° 88.3 97.5

be determined from these two figures, and the results aredecreases with increasing temperature for NaAtetma-

listed inTable 1 tion due to the highePeq at higher temperature. The net
The activation energy for decomposition of Naalldnd effect on rate due to increasing temperature can be posi-

NagAlHg reported by Sandrock et 4B] are listed for com- tive or negative. For example, using = 6.25 x 10°; E,

parison. = 61.6 kJ/mol and assuming reactant concentration is a con-
stant as H wt.%= 2.9%, the rate equation for NaAlHor-
3.5. Desorption simulations mation,Eg. (4) becomes
P,
To test our model, the ratgs. (4)—(7)were used to cal-  d(Hwt.%)/dr = 6.25 x 108 =74 Din <;—ppl) (8)
eq

culate the decomposition curves of NaAlldnd NaAlH g
from temperature and pressure data. The results of these ysing these values, the calculated rates from 60 t*©060
simulations are presented Fig. 1, along with the actual  at applied pressure between 10 and 120 bar for NaAdit
experimental data for comparison. It can be seen that the seination are shown ifFig. 5. As an example of the counter-

of relationShipS that we determined to best represent thes%cting effects of pressure and temperature, it can be seen
complex reactionsHgs. (4)—(7) provide a very reasonable  from Fig. 6that the absorption rate at 140 is higher than
means for modeling desorption behavior of the alanates overat 160°C, when applied pressure is below 110 bar.

a broad range of conditions. This provides confidence that

these relationships can be used in a predictive manner to 0p-3.6.2. Calculated formation rates for NagAlHg

timize the alanate sorption processes for applications under The formation rates for N@IHg can be calculated us-

various operating conditions. ing the same approach as for NaAlHUnlike the NaAlH;
o _ case, however, the crossover of the absorption rates with
3.6. Applications of the rate equations temperature occurs at pressures below those commonly ap-

plied to these samples. For example, the plateau pressure
Expanding on these simulations, we now present threefor NagAlHg at temperatures below 16C is below 7 bar,
examples of the predictive capabilities of these empirical re- which is lower than applied pressure generally used for the
lationships. This provides some insight into how this model charging process. Thus, for p&lH§g, absorption rates typ-
can be applied as a powerful tool for optimizing performance cally increase with increasing temperatufég. 6 shows
in alanate hydrogen storage applications. the calculated formation rates at various temperatures and

3.6.1. Optimizing temperature and pressure for hydrogen
absorption in forming NaAlH4 10 [H] = 2.9 wt%

Temperature increase has two effects on a reaction rate: it 9 j—
increases both rate constants and plateau pressures. For hy-
dride decomposition at a given applied pressure, both these
effects lead to rate increase and, therefore, these effects re-
inforce each other so that desorption rates always increase
by raising the temperature. For hydride formation, however,
it is not the case. Temperature increase will increase rate =
constant, but also increases plateau pressure; that leads to ﬁ
rate reduction according tBgs. (4) and (6) Thus, the net
effect of temperature increase on absorption rate at a given
applied pressure is not necessarily positive. This counteract-
ing phenomenon has been reported for the alanates by the
observation of higher absorption rate at"&than at 70C
for a given applied pressuf&7].

This pressure versus temperature effect can be evaluated
using the proposed absorption r&igs. (4) and (6)Rate con-
stantk = Koe~Fa/RD increases monotonically with tem- Fig. 5. Calculated formation rates of NaAftit several temperatures and
perature. However, the pressure driving forcePipfyPeq), applied pressures.

t % / hour

Rat

Pappl, Bar
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B 100 I Assuming:
= y g

[H] = 0.67Wt% -140°C - w1 ra AR,

I H wt% =1 for Na,AlH,

H i L R — —— ipRRd |
so h senssaincen 1400
: s 120C

= 15 120°C = oy
% 2 - = = =80C
Bﬂ ) :5 5 Na3AIH6
52 E —o—180C

- —e—160C
5 BN S-S 0.01 == e
y . ; 120C
8o°c
. . . , 0.001
. 20 40 60 80
Papp1, bar

Fig. 6. Calculated formation rates for peHg at selected temperatures Fig. 7. Calculated decomposition rates of NaAleind NaAlHg over a

and applied pressures. typical range of applied pressures and temperatures for H wt.362
(NaAlHg) and H wt.%= 1 (NazAlHg).

applied pressures. It can be seen that at applied pressure of

40 bar, the formation rate at hydrogen content of 0.67 wt.% e at 120°C and an applied pressure of 1 bar, thesNél g

is 11 wt.%/h at 120C and 20 wt.%/h at 14¢C. decomposition rate is very low, about 0.07 Hwt.%/h,
compared to the decomposition rate of Naadhich is
3.6.3. Calculated decomposition rates for NagAlHg and 1.5wt.%/h at the same temperature;
NaAlH4 o at applied pressure of 1bar, the decomposition rate for
Unlike hydride formation, the decomposition rates for ~ NagAlHg becomes more significant when temperature is
both NgAIHs and NaAlH; increase with temperature re- increased to 160C.

gardless of the pressure, because both the rate cornétant
and decomposition driving forceP{y/Papp) increase with
temperature. To evaluate the influence of temperature on th
hydrogen desorption rateSgs. (5) and (7¢an be rewritten
using the values of activation energy and pre-exponential

. . . 0
f_aclt;r fllsrtad ":I;abli leaa,? ;isgg';% \r/?\lll;ii Ofvl\;lhiwrt]'/(’ suring sorption rates over a wide range of temperatures and
_r °| 0 tagth Gn? dian h.dor_ .n 0 cr)1t nt ith hCI " applied pressures. From these measurements, a series of for-
are close to the median nydrogen conte each platealy ation and decomposition rate equations for NaAbdhd

e4. Conclusion

The kinetics of hydrogen absorption and desorption of
Ti-doped direct-synthesized NaAlHvas studied by mea-

re?:lonNaN ) NagAlHg were determined. Using these rate equations, the
or Fa: P pre-exponential rate constants and activation energies were
—d(Hwt.%)/dr = 1.9 x 10t (-1029/D) | <ﬂl> (9) calculated for the decomposition and reformation of these
Pappl two alanate compounds. The calculated alanate decomposi-
For NgAlH: tion curves using these empirical rate equations were tested
Pogo and fit the experimentally measured results quite well. The
—d(HWt.%) /df = 2.9 x 1010(-1062/ D (P_q|) (10) kinetic performance of the alanate reactions can be predicted
app

using these equations for a wide range of pressures and tem-

We usedPeq values calculated from the van't Hoff plot  peratures. As a result, it is possible to optimize alanate for-
[14,15]for Egs. (9) and (10fo calculate decomposition rates mation rates for any given pressure by selecting a proper
for NagAlHg and NaAlH;. The results are plotted ifig. 7. temperature. For the NaAlHformation reaction at a fixed
The vertical line at pressure of 1 bar is shown in this figure pressure, it is not always advantageous to increase the tem-
to indicate the decomposition rates at 1 bar. This provides perature to achieve the highest rate. This model provides a
a gauge for evaluating desorption rates for applications thatmethod for evaluating and optimizing the performance of
typically require hydrogen supplied at near ambient condi- alanates for a variety of hydrogen storage applications.
tions, such as fuel cells.

It can be seen from this figure that:
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