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The rates of the dehydrogenation of the sodium alanates Nagikibl NaAlH ¢ doped with 2 mol % Ti or Zr

have been measured over the temperature range&63K. NaAlH, and NaAlH ¢ undergo dehydrogenation

at equal rates upon direct doping with titanium. HowevergMlds arising from the dehydrogenation of
Ti-doped NaAlH, undergoes dehydrogenation at much slower rates. Rate constants were determined from
the slopes of the dehydrogenation profiles. On the basis of Eyring theory, the enthalpies of actiMation,

for the dehydrogenation reactions were determined to~80 k3mol™! for both Ti-doped NaAlH and
NaAlHgs and ~135 kdmol™* for both Zr-doped NaAlld and NaAlHe These results suggest that the
dehydrogenation reaction pathways are highly sensitive to the nature and distribution of the dopant but not
to differences in the AFH bonding interactions in [Alg]~ and [AlHg]3~ complex anions. Furthermore, we
conclude that the kinetics are probably influenced by processes such as nucleation and growth and/or range
atomic transport phenomenon.

Introduction on the dehydrogenation of NaAlHand NaAlHs. We have
carried out systematic kinetic measurements over the temper-
ature range 363423 K and interpreted the resulting dehydro-
Lgenation profiles. This information has provided us with insights
into the dehydrogenation mechanisms of Napéidid NaAlHe.

The development of high-performance hydrogen carriers is
becoming increasingly important with the approach of practical,
hydrogen-powered vehicles and electronic devices. Over the pas
several decades, metal hydrides have been utilized in limited
applications as hydrogen storage materials. However, a “holy Experimental Section
grail” material having both a high hydrogen capacity5(wt P

% available hydrogeh)and rapid hydrogen cycling kinetics at Materials. Titanium n-butoxide, Ti(OBW)4, and zirconium
low temperatures has not been attained despite the considerablg-propoxide, Zr(OPa, were obtained from Aldrich Chemical
research efforts that have been concentrated on Magidl a Inc. and used as received. Sodium aluminum hydride, NaAIH

variety of interstitial hydrided.A number of complex hydrides ~ Was obtained from Albemarle Corp. and recrystallized from
have considerably high hydrogen capacities. However, until tetrahydrofuran prior to use. NaAlHvas doped with 2 mol %
recently, they were precluded from consideration as potential Ti(OBU")4 of Zr(OPr), according to the published procedaré.
hydrogen storage materials due to their slow dehydrogenation Kinetic Measurements.The dehydrogenation studies were
kinetics and poor reversibility. This thinking was changed by carried out using an automated Sieverts’ type apparatus (LESCA
the finding that charging NaAlwith a few mole percent of ~ Co0), which allowed for the accurate volumetric determination
selected transition metal dopants significantly enhances theof the amounts of hydrogen evolved. Rapid heating of the
kinetics of the dehydrogenation process and renders it reversiblesample to the desired temperature was accomplished by im-
in the solid state under moderate conditi®f$his breakthrough ~ mersing the sample reactor into a silicon oil bath (accuracy of
has been followed by a great deal of effort to develop alanates £1 K) preheated to a given temperature. Dehydrogenation was
as practical hydrogen storage materfa® However, the performed against a back pressure of 0.1 MPa in a fixed volume.
mechanism by which the dopants enhance the dehydrogenation Theory of Data Analysis. The dehydrogenation of NaAlH
of NaAlH; remains an enigma. An understanding of the is composed of a two-step process seen in egs 1 and 2.
mechanistic role of the dopants would aid the development of
alanates that are suitable for practical applicatigns. o NaAIH4£§Na3AIH6 + %AI +H, 1)

The present study was conducted to obtain quantitative
information about the effect of titanium and zirconium dopants

ky
NagAlH s — 3NaH+ Al + 3H, )
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dNA(t) .
= —kN,(t) (A = NaAlH, NaAlHg 1 =1, 2)
3)
The solution of eq 3 gives
- ( A(t)) @
A

wherek; is the reaction rate constant aNd(t) andNa° are the
moles of the substance A present at tintesndt = 0,
respectively. It is appropriate to substitutig,(t) for Na(t) in

eq 4 because moles of hydrogé,(t), rather tharNa(t) were
directly determined in our experiments. In terms of the stoich-
iometric factors of reactions in eqs 1 and 2, we obtain the
relations betweeiy,(t) and the rate constakt as

Ny, (1)
—kt=In[1-

5 ®)

NNaaH,
for the dehydrogenation of NaAlHand

2N, (1)
—kt=In[1 - —— (6)

3Na,aim 60

for that of NaAlHs.

When the reactions in egs 1 and 2 are treated as consecutive

first-order reactions, the simultaneous differential equations

ANNaam, (1)
—a 1NNaaH,
dN NaAlH g (®
T —k NNasAIH + 3k NNaAIH (7
yield the solution
NNaAIH4(t)
—— =exp(kjt) (8)
NNaAIH4
and
Nia,ai (D) k
aAIH 1
= 3o ek — expkit)  (9)
N 1~ Ko
NaAlH,

by applying the initial conditioNnaain L = 0. For the same
reason as mentioned abow,,(t) is substituted folNaain,(t)
andNnaaing(t) in egs 8 and 9. Thus the relation betweg(t)
and the rate constanks andk; is obtained,

Nu(® [

0
NNaAIH4

k2
- m]{l — exp(-ki)} +

K,
[2(k 2)]{1 exp(-k)} (10)

The first term on the right-hand side of eq 10 is the contribution
from the dehydrogenation of NaAllHand the second term is
that of NaAlHs.

According to the Eyring theor$/ the relation between the
rate constank; and the Gibbs free energy of activationnG* is
given by
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/N, g (50)
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Figure 1. Dehydrogenation of Ti-doped NaAlHat 423 K. (A)
Experimental. (B) Theoretical: total (eq 10). (C) Theoretical: contribu-
tion from the dehydrogenation of NaAlHfirst term on the right side
of eq 10). (D) Theoretical: contribution from BREH¢ (second term
on the right side of eq 10).

ke T

k = . ex;{—

A—Gt) (11)

RT

where k is the transmission coeffcienks is the Boltzmann
constanth is Planck’s constanfl is the absolute temperature,
andR is the gas constant. Assuming thats independent of
the temperature, substitutingG* = AH* — TAS', whereAH*
andASF are respectively the enthalpy and entropy of activation,
into eq 11 and rearranging and taking the logarithm gives

o

Results and Discussion

=—- ﬁl + constant

RT (12)

The overall dehydrogenation profile of NaAdldoped with
2 mol % Ti(OBUW)4 (Ti-doped NaAlH) is seen in Figure 1,
The solid line represents the hydrogen evoluthag(t) from
Ti-doped NaAlH, at 423 K. The profile is composed of two
portions: a rapid reaction (8 t/s < 1000) followed by a slow
reaction (100 t/s). Obviously, the first reaction corresponds
to the dehydrogenation of NaAlHeq 1) and the second to the
dehydrogenation of N&IHg (eq 2). The broken line in the
figure shows the close simulation of the profile that was obtained
by using eq 10 and values kf = 3.5 x 103 st andk, =
x 107® s7L. These rate constants confirm earlier observations
that the first dehydrogenation reaction in the stepwise dehy-
drogenation of Ti-doped NaAlHis much faster than the
seconcb,”:11.15.20.23n the case of NaAli doped with 2 mol %
Zr(OPM), (Zr-doped NaAlH), the second step is so much slower
than the first one that the rate constakf, could not be
determined within a practical time frame. A priori, these results
suggest that both the titanium and zirconium dopants provide a
much more pronounced intrinsic kinetic enhancement to the first
dehydrogenation reaction. However, further experiments, de-
scribed below, have shown that this is not the case. Although
the experimental profile is closely simulated by eq 10 at 423
K, it deviates significantly from the model at temperatures lower
than 383 K. This is apparently due to kinetic complications
imposed processes not considered in eq 10 (i.e., nucleation and
growth or atomic diffusion) that are likely to limit this solid
state transformation at the lower temperatures. To clarify the
kinetic constraints on the dehydrogenation process, we decided
to determine the rate constants and k; of eqs 1 and 2
individually through independent measurement of the dehydro-
genation kinetics of the Ti- and Zr-doped NaAlldnd Na-
AlHe.

NagAlH ¢ was prepared through dehydrogenation of NaAIH
in a 350 mL stainless steel reactor at 48®0 K for 3 h
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Figure 2. Comparison of the dehydrogenation profiles at 383 K of
(A) Ti-doped NaAlH; (B) Ti-doped NaAlHs; (C) Zr-doped NaAlH;
and (D) Zr-doped NgAlHs.

TABLE 1: Dehydrogenation Rate Constants k/s™1) of Ti-

and Zr-Doped NaAlH, and NagAlH ¢

Ti-doped Zr-doped

TIK NaAlH,4 NagAlH ¢ NaAlH, NagAlH ¢

363 2.3x10°% 1.3x 10°°®

373 2.0x10*% 7.7x10° 6.6 x 10°°

383 24x 107% 2.6x 10 3.2x10°° 45x 1078
393 4.8x10* 50x 102  86x10° 14x10°%
403 1.1x 1073 1.1x 1073 21x 10 29x 103
413 24x10°% 26x10%®  47x10* 11x10%
423 4.8x 1073 3.6x 1078 8.7x 104 2.8x 104

a Average of two determinations.

according to the procedure of AshByAnalysis of the product
by X-ray diffraction confirmed it to be a mixture of NalHg
and Al with no traces of NaAlkl Measurement of the amount

of hydrogen released during heating also verified that the

reaction seen in eq 1 proceeds to completion.

Figure 2 compares the dehydrogenation profiles of Ti- and

Zr-doped NaAlH with those of Ti- and Zr-doped NAIH¢ at

T = 383 K. Determination of the slopes of the dehydrogenation
profiles (indicated by the broken lines in Figure 2) during the

acceleratory period gives the rate const&ksandk; in terms
of eq 4: kg =24 x 10*sTandk, = 2.6 x 104 s71 for
Ti-doped hydrides; an#l; = 3.2 x 10° st andk, = 4.5 x

1076 s7 for Zr-doped hydrides. Thus the dehydrogenation of

NasAlHg that is directly doped with Ti or Zr undergoes

dehydrogenation at much faster rates than those observed fo
the hexahydride arising from the dehydrogenation of doped
NaAlH,4. Remarkably, the rates observed for directly Ti-doped

NasAlH ¢ matchthose of Ti-doped NaAll However, hexahy-

dride that is directly doped with Zr undergoes significantly n

slower dehydrogenation than Zr-doped NaAlH

Kinetic measurements were carried out over temperature at temperatures lower than 383 K, the dehydrogenation kinetics
ranges of 363423 K for Ti- and Zr-doped NaAll] 373-423

K for Ti-doped NaAlHg, and 383-423 K for Zr-doped Ng
AlHs. To check the reproducibility and the reliability of the Al—H bonds in the complex anions play significant roles in
data, the measurements were repeated twice for some temperdetermining the rates of dehydrogenation of these materials at
atures using different batches of hydride. The dehydrogenation|ower temperatures.

rates of Ti-doped NaAlkland NaAlH ¢ were consistently found
to be much higher than those of the Zr-doped hydrides. The for the activation enthalpies of the dehydrogenation of NaAIH
obtained rate constants are summarized in Table 1. Theand NaAlHg with the same dopant (Ti doped 100 kJ per
activation enthalpies\H*, of dehydrogenation were determined mol and Zr dopedv 135 kJ per mol). This suggests that the
from the Eyring plots (I{/T) vs 1/T) shown in Figure 3. The
values derived foAH* are summarized in Table 2. Although
the standard deviations are large, it can be concluded that thedominant energetic consideration is the positioning of dopants
activation enthalpies of dehydrogenation of Ti-doped NaAlH
and NaAlH¢ are lower than those of the Zr-doped hydrides. X-ray diffractior? and scanning electron microscdpgtudies

For both the Ti- and Zr-doped hydrides, the activation enthalpies have shown that the phases arising from the dehydrogenation
of NaAlH4 and NaAlHg are comparable: i.eAH* (Ti-doped
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Figure 3. Eyring plots of rate constants for the dehydrogenation of
(A) Ti-doped NaAlH, m; (B) Ti-doped NagAlH¢ O; (C) Zr-doped
NaAlH, ®; and (D) Zr-doped NgAlHg O.

TABLE 2: Enthalpies of Activation, AH¥, of Ti- and
Zr-Doped NaAlH 4 and NaAlH ¢ (in kJ per mol)

Ti-doped Zr-doped
NaAlH, 100+ 7 134+ 16
NagAlH ¢ 99+ 13 135+ 17

NaAlH,) ~ AH* (Ti doped NaAlHg) ~ 100 kimol~! andAH*
(Zr-doped NaAlH) ~ AH* (Zr doped NaAlHg) ~ 135
kJ-mol=1,

Conclusions

We have observed that both NaAlldnd NaAlH ¢ undergo
dehydrogenation at nearly equal rates directly following me-
chanical doping with titanium. This finding was quite unex-
pected, as the NAIH g arising from the initial dehydrogenation
of Ti-doped NaAlH, undergoes dehydrogenation at much slower
rates. Thus Ti doping does not innately enhance the dehydro-
genation NaAlH to a greater extent than BfdH¢. Instead it
seems plausible that the dehydrogenation of doped NaAlH
yields NaAIHg in which the Ti dopant is not properly distributed
for the maximum enhancement of the dehydrogenation of the
hexahydride. Our finding that Ti-doped NaA{ldnd NaAlH ¢
undergo dehydrogenation at the same rates clearly indicates that
the dehydrogenation kinetics are insensitive to variation in the
Al—H bonding interactions and are probably influenced by
processes such as nucleation and growth or the diffusion of
atoms and molecules. These processes may be less important
rin determining the dehydrogenation kinetics of Zr-doped
NaAlH, and NaAlHs, as, unlike the Ti-doped materials, directly
Zr-doped NgAlH s undergoes dehydrogenation at significantly
different rates than Zr-doped NaAlH
At high temperatures (ca. 423 K) the two-step dehydroge-
ation of Ti-doped NaAlld to NaH is well represented by a
consecutive, first-order reaction kinetics given by eq 7. However,

deviate significantly from this model. This observation provides
further confirmation that processes other than the breaking of

We have found excellent agreement in the values determined

dehydrogenation mechanisms of Ti- and Zr-doped Na/lkd
NasAlHg all involve similar reaction pathways in which the

rather than the strength of AH bonding interactions. In situ

of Ti-doped NaAlH, are composed of large crystallites with
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sizes greater than 100 nm. These findings indicate that processes (5) Jensen, C. M.; Zidan, R.; Mariels, N.; Hee, A. G.; HageninC.

must be operating in which the constituent metal atoms are J- Hé‘;r‘)z?ggn'zgef}l?;?arzﬁS“?i{ee A G Jensen. CIMAIovs Combd
transported over a long range. Interestingly, the valueSHf 1999 285 110, T oys oM

that we have determined in this study are close to the value  (7) Bogdanovic, B.; Brand, R. A.; Marjanovic, A.; Schwickardi, M.;
reported for the self-diffusion activation energy of metallic Tdlle, J J. Alloys Compd200Q 302, 36-58.

i . 127 ; . (8) Gross, K. J.; Guthrie, S.; Takara, S.; Thomas)Glloys Compd.
aluminum of 142 kdmol~1.%’ This suggests that the rate 2000 297, 270.

determining step in the dehydrogenation of the doped alanates (9 zaluska, A.; Zaluski, L.; Stra-Olsen, J. OJ. Alloys Compd200Q

at lower temperatures may also be a long-range atomic transpor98, 125. )

phenomenon. ZOSBO?LG%%Iema, V. P.; Dennis, K. W.; Pecharsky, V. ®em. Commun.
Studies currently in progress of the rehydrogenation kinetics ~ ;1) jensen, C. M.; Gross, K. Appl. Phys. A2001, 72, 213.

should reinforce our conclusions and perhaps provide further (12) Bogdanovic, B.; Schwickardi, MAppl. Phys. A2001, 72, 221.

insight. Additionally, microscopic studies of the dehydrogenation _ (13) Chen, J.; Kuriyama, N.; Xu, Q.; Takeshita, H. T.; Sakai]. Phys.

. - _Chem. B2001, 105, 11214.
reactions based on the knowledge obtained from our macro (14) Jensen, C. M. Zidan, R. A. U.S. Patent 6,471,935, 2002.

scopic observations should elucidate the details of the reaction (15) Gross, K. J.; Thomas, G. T.; Jensen, C.JMAlloys Compd2002
mechanism(s) and function of dopants. 330-332 691.
(16) Gross, K.; Sandrock, G.; Thomas, G.; Jensen, C.; Meeker, D.;

. Takara, SJ. Alloys Compd2002 330—332 696.
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