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bstract

Experimental approaches for altering the thermodynamics and kinetics of light element hydride systems are discussed. Equilibrium hydrogen
ressures and reaction enthalpies can be varied with additives that form new alloy or compound phases upon dehydrogenation. The formation of
ew phases lowers the dehydrogenated state enthalpy and effectively destabilizes the component hydrides. This strategy is illustrated for LiBH4

estabilized by MgH , MgF , MgS, and MgSe. The slow rates of hydrogen exchange in light element hydrides can be improved with catalysts and
2 2

y reducing diffusion distances to the nanometer scale. The catalytic effects of a variety of transition metal sources on hydrogen exchange in the
iBH4/MgH2 system are described. The effects of reduced diffusion distances are illustrated using LiBH4 incorporated into a nanoporous carbon
erogel.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The effective thermodynamic stability of a solid-state hydride
more generally, any chemical compound) depends strongly
n its chemical environment. A simple example is methane,
hich in isolation is thermodynamically stable, i.e., the dissoci-

tion of methane into molecular hydrogen and carbon is highly
ndothermic. If mixed with oxygen, however, the combined sys-
em of CH4 and O2 is unstable, and oxidation to CO2 and H2O
s exothermic. In this sense, the presence of oxygen “destabi-
izes” methane, even though the bonding of individual methane
olecules is unchanged. Another example is the hydrolysis of

aline binary hydrides, e.g., LiH. In isolation, the decomposi-
ion of LiH into Li and H2 is endothermic, but when mixed with
ater, hydrolysis to LiOH and H2 is exothermic. In this case,
ater destabilizes LiH through the formation of LiOH, and the

ombined system of LiH and H2O is unstable.

Although the CH4/O2 and LiH/H2O reactions are exother-

ic and therefore irreversible, smaller changes that lead to shifts
n reversible equilibrium reactions are also possible. In partic-
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lar, the dehydrogenation enthalpy of stable hydrides may be
owered by changing the chemical environment with additives
hat react during dehydrogenation to form new compounds or
lloys [1–3]. The ability to controllably alter the reaction ther-
odynamics is particularly important in light element (low-Z)
etal hydrides that have high thermodynamic stability caused

y covalent, polar–covalent, or ionic bonding [4]. Recently, we
ave used this approach to destabilize low-Z binary [5] and com-
lex hydrides [6]. This has resulted in a decrease in the enthalpy
or dehydrogenation and an attendant increase in the equilibrium
ydrogen pressure.

The kinetic stability of a chemical system also depends
n the chemical environment, but it is not necessarily corre-
ated with the thermodynamic stability. For example, mixtures
f methane and oxygen can be kinetically stable if carefully
repared without an ignition source or catalytic surface. In
he case of low-Z metal hydrides, the directional nature of
he bonding results in high activation energies for atomic
iffusion and phase formation kinetics, which leads to pro-

ibitively slow hydrogen exchange rates that are not necessarily
ncreased by thermodynamic destabilization. It is well known
hat catalytic additives can be used to increase the rates of
any types of chemical reactions including hydrogenation and

dx.doi.org/10.1016/j.jallcom.2007.02.080
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MgH2 is present as a destabilizing agent, dehydrogenation can
proceed according to:
10 J.J. Vajo et al. / Journal of Alloys an

ehydrogenation in complex hydrides [7–9]. However, because
olid-state atomic diffusion is a bulk process and catalysts usu-
lly act at surfaces or interfaces, the rate increases possible from
atalytic effects alone may be limited. Another way to over-
ome intrinsically slow diffusion rates in low-Z hydrides is to
educe overall diffusion distances. This may be accomplished
y restricting particle or crystallite sizes to the nanometer scale.
educing particle size also enhances the net reaction rate by

ncreasing surface area and interfacial contact between different
hases. There has been considerable effort devoted to producing
anoscale hydride materials using the “top-down” approach of
echanically milling bulk samples [3,10], and more recently,

sing the “bottom-up” approach of employing nanoporous
osts as particle size-limiting and structure-directing agents
11–13].

In this paper we describe how low-Z binary and complex
ydrides can be destabilized using additives that form new com-
ounds during dehydrogenation, and we give several examples
rom our recent work. We also describe the limitations in the
inetics of these destabilized hydride systems, and we discuss
itigation strategies that employ catalysts and nanoporous scaf-

olds to improve reaction rates.

. Destabilization using reactive additives

Fig. 1 shows a general enthalpy diagram illustrating the desta-
ilization of a strongly bound hydride through the addition of a
eactive additive. In isolation, the pure hydride AH2 undergoes
ehydrogenation to form A + H2 with a relatively high enthalpy.
onsequently, the equilibrium hydrogen pressure will be low.
lternatively, the temperature required for an equilibrium pres-

ure of 1 bar [T (1 bar)], will be high. However, if the chemical
nvironment of AH2 is altered by adding a second component,
, that alloys with A, then dehydrogenation can proceed to
Bx + H2. This reaction occurs with a reduced enthalpy and,
herefore, an increased equilibrium hydrogen pressure. Thus,
H2 is effectively thermodynamically destabilized, even though

he bonding of AH2 is not altered. This scheme may be con-
rasted with other approaches where new hydride phases are

ig. 1. Generalized enthalpy diagram illustrating destabilization through alloy
ormation upon dehydrogenation. Including the alloying additive, B, reduces
he enthalpy for dehydrogenation through the formation of ABx and effectively
estabilizes the hydride AH2.
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eveloped [14–16] or where substitution is used to destabilize
he bonding within individual phases [17].

A specific example of the concept illustrated in Fig. 1 is
he destabilization of LiH with Si [4,18]. In this case, addi-
ion of Si lowers T (1 bar) from >900 to ∼490 ◦C because Li
ilicides are formed during dehydrogenation. The formation
f these compounds reduces the dehydrogenation enthalpy by
0 kJ/mol H2, which in turn increases the equilibrium hydrogen
ressure by up to 104 times. Other examples can be inter-
reted in a similar fashion with this concept; these include
he MgH2/Mg2Cu [19], MgH2/MgAlx [10], MgH2/MgCdx [20],
iH2/Ti2Cu [21], and LiH/LiAl and LiH/LiPbx [22] systems. In
ddition, many new systems have been proposed based on DFT
alculations of reaction enthalpies in multi-component systems
23].

. Equilibrium behavior of the LiBH4/MgH2 and
iBH4/MgX destabilized systems

In Fig. 1, the additive, B, does not form a hydride, and
estabilization, therefore, occurs with a gravimetric penalty
hat depends on the relative atomic weights of A and B and
he stoichiometry of the ABx alloy. Using an additive that
s itself a hydride can minimize this penalty. An example is
he destabilization of LiBH4 with MgH2 as shown in Fig. 2.
ithium borohydride is a prototypical low-Z complex hydride
haracterized by ionic bonding between Li+ cations and cova-
ently bound [BH4

−] anions [24]. The ionic/covalent bonding
n LiBH4 results in high thermodynamic stability. Although T
1 bar) has not been experimentally measured, equilibrium cal-
ulations based on established enthalpies, entropies, and heat
apacities predict �H = 67 kJ/mol H2 and T (1 bar) = 410 ◦C
or dehydrogenation to LiH + B + 3/2H2 [25]. However, when
LiBH4 + MgH2 ↔ 2LiH + MgB2 + 4H2. (1)

ig. 2. Enthalpy diagram for the destabilization of LiBH4 by MgH2. Addition of
gH2 reduces the enthalpy for dehydrogenation of LiBH4 through the formation

f MgB2. Dehydrogenation of MgH2 without LiBH4 decomposition is shown
s a possible intermediate step.
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Table 1
LiBH4/MgX destabilized systems

X Reaction Capacity
(wt.%)

T (1 bar)
(◦C)a

H2 2LiBH4 + MgH2 ↔ 2LiH + MgB2 + 4H2 11.6 170
F2 2LiBH4 + MgF2 ↔ 2LiF + MgB2 + 4H2 7.6 150
S 2LiBH4 + MgS ↔ Li2S + MgB2 + 4H2 8.0 170
S
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his reaction has a reduced enthalpy �H = 46 kJ/mol H2 and a
alculated T (1 bar) of 170 ◦C. Formation of MgB2 upon dehy-
rogenation, therefore, effectively destabilizes LiBH4.

We have investigated the LiBH4/MgH2 system experi-
entally, and found reversible behavior that follows reaction

1) [5]. Beginning with mechanically milled mixtures of
ither 2LiBH4 + MgH2 or 2LiH + MgB2, X-ray diffraction
easurements confirmed formation of MgB2 and LiH

pon dehydrogenation and formation of LiBH4 and MgH2
pon hydrogenation. Volumetric experiments demonstrate the
eversible storage of ∼10 wt.% hydrogen with no noticeable
egradation during five cycles. With isotherms obtained from
15 to 450 ◦C, the van’t Hoff plot shown in Fig. 3 was gen-
rated using equilibrium pressures at 4 wt.%. For comparison,
ig. 3 also shows van’t Hoff plots for pure LiBH4, calcu-

ated using HSC Chemistry [25], and MgH2, obtained from
he IEA/DOE/SNL database [26]. Extrapolating from the mea-
ured points, T (1 bar) is estimated to be 225 ◦C. This value
s significantly higher than 170 ◦C, calculated using HSC for
he LiBH4/MgH2 system. The reason for the discrepancy is
nknown; however, the fact that pure LiBH4 melts at ∼280 ◦C
s not accounted for in the HSC database. In agreement with the
xperimental measurements, a T (1 bar) of 225 ◦C for reaction (1)
as recently calculated using DFT calculations with appropriate

xtensions to finite temperatures [27]. Fig. 3 illustrates that the
ddition of MgH2 increases the equilibrium pressure of LiBH4
y approximately 10 times. In addition, for temperatures below
50 ◦C, the equilibrium pressure for the destabilized system also
s higher than the equilibrium pressure for pure MgH2. In this
egime, both LiBH4 and MgH2 are destabilized by formation of

gB2 during dehydrogenation.
Other Mg compounds including MgF2, MgS, and MgSe,

an also destabilize LiBH4. Table 1 provides the destabiliza-
ion reaction, theoretical hydrogen capacity, and calculated

(1 bar) for these systems. We have performed preliminary
xperimental evaluations of these reactions, and found that
echanically milled mixtures of 2LiF + MgB2, Li2S + MgB2,
nd Li2Se + MgB2 all can be hydrogenated at 100 bar hydro-
en and 300–350 ◦C to greater than 75% of the theoretical
apacity. The products are LiBH4 and the corresponding MgX

ig. 3. van’t Hoff plots for the LiBH4/MgH2 destabilized system, LiBH4, and
gH2. Curve (a) shows equilibrium pressures obtained at 4 wt.% from measured

sotherms. Curve (b) shows the calculated behavior for pure LiBH4 [25]. Curve
c) shows the established behavior for MgH2/Mg [26].
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e 2LiBH4 + MgSe ↔ Li2Se + MgB2 + 4H2 5.4 70

a T (1 bar) calculated using HSC Chemistry [25].

ompounds. Partial dehydrogenation (greater than 50% of the
heoretical capacity) was observed upon heating to 300–450 ◦C,
ut the reaction yielded Mg metal in addition to MgB2,
hich indicates only partial reversibility. Although reversibil-

ty is incomplete, the LiBH4/MgH2 and LiBH4/MgX systems
onetheless demonstrate that destabilization by additives that
eact to form new compounds during dehydrogenation is an
ffective strategy for favorably altering the thermodynamics in
omplex hydrides.

. Reaction kinetics in destabilized LiBH4 systems

Measurement of the equilibrium pressures shown in Fig. 3
as hampered by the slow kinetics of the LiBH4/MgH2 reaction.
t temperatures less than ∼350 ◦C, long (∼100 h) equilibration

imes prohibited measurements at temperatures approaching T
1 bar). These limitations in the net reaction rate originate from
he kinetics of the individual system components, which are not
ubstantially altered in destabilized systems. Fig. 4 shows the
mount of desorbed hydrogen in wt.% (Fig. 4a) and hydrogen
ressure (Fig. 4b) for the LiBH4/MgH2 system and for our pre-
iminary experiments on the LiBH4/MgX systems with X = F2,
, and Se. Dehydrogenation in the LiBH4/MgH2 system [curve
H)] occurs in two steps with midpoints at 315 and 410 ◦C. The
rst step likely corresponds to dehydrogenation of MgH2 to Mg
etal based on (a) the fact that the desorbed amount, ∼2.6 wt.%,

s close to the expected amount (2.9 wt.%) for the composition
iven by reaction (1), and (b) X-ray diffraction measurements
n a sample heated only to 350 ◦C that indicate the presence
f Mg metal. The second step corresponds to decomposition
f LiBH4 and formation of MgB2. Thus, the reaction between
gH2 and LiBH4 is not concerted, but rather proceeds through
LiBH4/Mg intermediate. The enthalpy for this intermediate

evel is included in Fig. 2. Although the system is destabi-
ized under equilibrium conditions (Fig. 3), the presence of
his intermediate indicates that the system it is not kinetically
estabilized.

In the LiBH4/MgX systems, which contain only a single
ydride component, dehydrogenation occurs over a wide tem-
erature range from 300 to 450 ◦C without clear evidence of
ultiple steps. In addition, in spite of the fact that the calcu-

ated T (1 bar) varies from 70 to 170 ◦C for X = F2, S, and Se,

he temperature dependence of hydrogen release during heat-
ng is similar for all systems. This result suggests that these
ystems also are not kinetically destabilized. Further evidence
omes from the hydrogen pressures measured during dehy-
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Fig. 4. Hydrogen evolution in LiBH4/MgX, X = H2, F2, S, and Se destabi-
lized systems. Panel (a) shows the desorbed hydrogen in wt.% during heating
for 2LiBH4 + MgH2 [curve (H)], 2LiBH4 + MgF2 [curve (F)], 2LiBH4 + MgS
[curve (S)], and 2LiBH4 + MgSe [curve (Se)]. The heating rate was 2 ◦C/min.
For (F) and (Se), the heating ramp was paused for 1–3 h at 300, 350, and 400 ◦C.
All samples contain 3 mol% TiCl3 as a catalyst. The wt.% hydrogen does not
include the catalyst weight. Panel (b) shows the hydrogen pressures for the
experiments in panel (a). Panel (b) also shows the hydrogen pressure during
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Fig. 5. Effect of catalyst addition on the dehydrogenation of LiBH4/MgH2. The
data show desorbed hydrogen in wt.% during the second dehydrogenation of
2LiBH4 + MgH2 with addition of 3% TiCl3 [curve (a)], 3% TiCl2 [curve (b)],
3% VCl3 [curve (c)], 3% NiCl2 [curve (d)], and no catalyst [curve (e)]. The wt.%
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eating of pure LiBH4 [curve (LB)], equilibrium pressures calculated for dehy-
rogenation of LiBH4 to LiH + B [curve (LB-Eq)], and the equilibrium pressure
or LiBH4/MgH2 [curve (H-Eq)] from Fig. 3.

rogenation, which are shown in Fig. 4b for the reactions in
ig. 4a. Also included is the experimentally determined equilib-
ium hydrogen pressure for reaction (1) extrapolated from the
an’t Hoff data [curve (H-Eq)] and the measured [curve (LB)]
nd calculated [curve (LB-Eq)] behavior of pure LiBH4. The
eparation between curves (H) and (H-Eq) clearly indicates that
he LiBH4/MgH2 system is kinetically limited. At 300 ◦C dehy-
rogenation of MgH2 is just beginning (a hydrogen pressure of
0.4 bar) yet the equilibrium pressure is ∼4 bar. The dehydro-

enation of MgH2 also is not limited by the MgH2/Mg reaction,
hich has an equilibrium pressure of hydrogen of 1.8 bar at
00 ◦C [26]. Similar situations occur for the LiBH4/MgX sys-
ems. Although the equilibrium pressures for these systems have
ot been measured, the pressures calculated with HSC are all
5 bar at 250 ◦C. However, during heating, the hydrogen pres-
ures [Fig. 4b, curves (F), (S), and (Se)] are similar to the
easured and calculated pressures for pure LiBH4 (∼1 bar at

00 ◦C). For X = F2 and Se, the temperature ramp was paused

or several hours at 300, 350, and 400 ◦C. During these pauses,
he hydrogen pressure rises slowly due to reaction with the desta-
ilizing additive. The results indicate that in all these cases, the
inetics appear to be controlled by LiBH4.

n

l

ydrogen does not include the catalyst weight. The heating rate was 3 ◦C/min.
or all of the catalysts shown, the behavior during the first dehydrogenation was
early identical.

. Influence of catalytic additives in the LiBH4/MgH2
ystem

To realize the full benefit of destabilization, the kinetics must
e improved sufficiently to enable operation near T (1 bar).
n one approach various catalytic additives to improve the
inetics in the LiBH4/MgH2 system were evaluated. Several
xamples are shown in Fig. 5. The best results are obtained
ith 3% TiCl3. Compared with no additive, the midpoint tem-
eratures for the first and second dehydrogenation steps were
owered by 11 and 22 ◦C, respectively. Other titanium sources
ive similar results including TiCl2 (Fig. 5), TiF3, and CpTiCl3
Cp = cyclopentadienyl). Addition of 3% VCl3 or NiCl2 low-
rs the reaction temperatures for the first step by 9 or 5 ◦C and
he second step by 17 or 5 ◦C, respectively. The activity with
% CrCl3 and 3% NdCl5 was similar to that with of 3% VCl3.
oreover, the addition of pure Ni with a particle size of 50 nm

esults in reaction temperatures nearly identical to those for 3%
iCl2. For TiCl3 and CpTiCl3, catalyst loadings of approxi-
ately 3 mol% are optimal, while higher loadings (>9%) lead to

imilar reaction temperatures but reduced capacities. Although
ransition metal additives introduced as halides or nanoparti-
les do indeed reduce the reaction temperatures in this system,
he best catalysts all behave similarly and dehydrogenation still
ccurs in two steps at temperatures >300 ◦C. These results sug-
est that the catalysts may be enhancing one rate-limiting step,
ut other step(s) still prohibit a concerted reaction. One possi-
ility is that the catalysts are improving the rate of hydrogen
xchange with the gas phase but the rate of diffusion within the
ydride phases remains slow. Further study to understand the
atalytic mechanisms will hopefully lead to additional kinetic
mprovements.

. Kinetics of destabilized hydrides incorporated in

anoporous scaffolds

Another way to improve the rates of hydrogen exchange in
ow-Z complex and destabilized hydrides is to use reduced par-
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icle sizes. Mechanical milling has been extensively studied [3],
nd although this technique does not lead to particularly small
ndividual particle sizes (typically 1–10 �m), the extreme defor-

ation during high energy milling can lead to intra-particle
rystallite sizes of less than 100 nm. Together with large inter-
ranular volumes, the presence of these small crystallites can
mprove diffusion rates, and therefore enhance the rates of
ydrogen exchange.

A different approach to reducing and limiting particle size
s to use nanoporous host scaffolds. Hydride materials incor-
orated into these hosts will have particle dimensions limited
y the available pore size. Although the intrinsic diffusion rates
ay not change with this approach, the reduced diffusion dis-

ances should increase the overall rates of hydrogen exchange.
n additional advantage of host scaffolds is that the sintering of
articles during cycling can be inhibited.

To evaluate the influence of nanoporous scaffolds on hydro-
en exchange kinetics we conducted initial studies with pure
iBH4 contained within nanoporous carbon aerogels. This
ydride was chosen because its bulk dehydrogenation kinetics
re slow, its reversibility is poor, and it is a common component
n destabilized systems. Carbon aerogels were chosen because
hey are expected to be relatively chemically inert. Fig. 6 shows
ata from temperature ramp experiments for the dehydrogena-
ion of LiBH4 contained within an aerogel with an average pore
ize of 13 nm and for a control sample of LiBH4 mixed with
onporous graphite. The weight fraction of LiBH4 in both the
erogel and the control sample was 28 wt.%. Additional exper-
mental details, including the synthesis and characterization of
he aerogel and techniques for incorporating LiBH4, will be pro-
ided elsewhere [28]. Upon heating, the dehydrogenation of the
ontrol sample begins at 285 ◦C (when LiBH4 melts), although
fter 2 h at 300 ◦C, less than 0.3 wt.% hydrogen is desorbed. In
ontrast, the dehydrogenation of LiBH4 contained within the

erogel begins at ∼240 ◦C and reaches 1.9 wt.% hydrogen des-
rption after 2 h at 300 ◦C. Thus, the incorporation of LiBH4
nto the aerogel increases the extent of its dehydrogenation at
00 ◦C approximately seven-fold. At 400 ◦C, 3.7 wt.% hydrogen

ig. 6. Dehydrogenation of LiBH4 in a nanoporous carbon aerogel. Curve (a)
hows the temperature profile (right axis). Curve (b) shows the hydrogen evo-
ution in wt.% (left axis) for LiBH4 incorporated into a 13 nm average pore
ize carbon aerogel. The loading of LiBH4 in the aerogel was 28 wt.%. Curve
c) shows hydrogen evolution from a control sample consisting of 28 wt.%
iBH4 mixed with 72 wt.% nonporous graphite. The wt.% hydrogen includes

he weights of both the LiBH4 and the carbon.
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s desorbed from the aerogel sample. Accounting for the weight
f the aerogel, this amount of hydrogen corresponds to nearly
omplete (>95%) dehydrogenation of the LiBH4 into LiH + B.
n contrast, the extent of dehydrogenation in the control sample
s only 70% after heating to 400 ◦C. In this example, the results
ndicate that the incorporation of a complex hydride material into

nanoporous host can significantly improve dehydrogenation
inetics.

The reversibility of LiBH4 in the aerogel was also examined.
fter dehydrogenation as shown in Fig. 6, the samples were

ehydrogenated by heating at 400 ◦C for 2 h in 100 bar hydro-
en to complete one dehydrogenation/rehydrogenation cycle.
fter a second (identical) cycle, a third dehydrogenation was
erformed. Compared to the initial extent of dehydrogenation
>95% for the aerogel sample and 70% for the control), the
nal capacities were significantly lower (55% for the aerogel
nd 20% for the control samples). Although significant degra-
ation occurred in both samples, the degradation was less for
iBH4 contained in the aerogel. This improved cycling capac-

ty likely is related to the constrained LiH and B particle sizes
orming within the aerogel. The limited particle sizes also likely
ncrease the contact area between LiH and B phases, which can
urther improve the kinetics of the rehydrogenation reaction.

In these experiments, the pore volume of the aerogel was
.8 cm3/g. This volume permits maximum LiBH4 loadings of
nly about 30 wt.%. To minimize the weight penalty from the
caffold for practical applications, we estimate that loadings of
t least 70 wt.% will be necessary, which may be achieved with
erogel pore volumes of 3–4 cm3/g. Such large volumes are
nown to exist for several porous host materials (e.g., silica),
lthough it has not yet been established that these materials will
ield similar improvements.

. Summary

We have shown that the thermodynamic properties of light
lement hydrides can be altered using additives that form
ew phases upon dehydrogenation. These additives modify
he chemical environment of strongly bound hydrides by cre-
ting new reaction pathways without directly perturbing the
onding within individual phases. This strategy has been used
o develop several destabilized systems based on LiBH4. For
he LiBH4/MgH2 system, reversible storage of approximately
0 wt.% has been achieved with an equilibrium hydrogen pres-
ure ∼10 times greater than the pressure for pure LiBH4. In
ddition, partial reversibility has been observed for LiBH4 desta-
ilized by MgF2, MgS, and MgSe.

All of these systems exhibit rates of hydrogen exchange
hat are much too slow for practical applications. This issue
s especially acute for destabilized systems that have increased
quilibrium pressures, and therefore, ideally operate at lower
emperatures. We have also shown that the hydrogen exchange
inetics appear to be controlled by the kinetics of pure LiBH4

nd are not affected by the destabilizing additive.

Improvements to the kinetics have been made with catalytic
dditives based on transition metals, although the resulting
ates are still too slow. The kinetics also can be improved by
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educing particle sizes to the nanometer scale, which reduces
verall reaction times by reducing diffusion distances. Follow-
ng this approach, we have shown that LiBH4 incorporated into a
anoporous carbon aerogel exhibits significantly enhanced rates
f dehydrogenation and improved reversibility.

The use of reactive additives to destabilize light element
ydride systems appears to be a promising and versatile
pproach for achieving a hydrogen storage material with the
equired equilibrium properties for practical applications. We
an improve the kinetics of these destabilized systems by catal-
sis and nanoscale engineering, but reaching the necessary rates
f hydrogen exchange remains a significant challenge.
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