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bstract

This communication describes a new hybrid method for storing hydrogen in solid inorganic hydride materials as well as producing it from water
ased on the reaction between LiOH/LiOH·H2O and LiH. As a hydrogen storage method, the release and uptake of hydrogen in this method are
ccomplished via a series of simple reactions with good kinetics within a practically reasonable temperature range. The reversible hydrogen storage
apacity of the material system is 6–8.8 wt.% at <350 ◦C. This capacity is one of the highest among all other metal hydrides known to date in the

ame temperature range. As a hydrogen production method, 100% of hydrogen generated by this method comes from water by its reaction with
lkali metal oxides. This method is also an environmentally friendly alternative to the current commercial processes for hydrogen production. The
reliminary thermodynamic calculation on energy required for complete regeneration shows that the current system is energetically favorable.

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

Hydrogen is undoubtedly one of the key alternatives to
eplace petroleum products as a clean energy carrier for both
ransportation and stationary applications. Interest in hydrogen
as grown dramatically since 1990, and many advances in hydro-
en production and storage technologies have been made during
he past decade [1]. However, there are still a number of critical
cientific and technological problems to be overcome before any
arge-scale utilization of hydrogen could occur.

A major challenge for using hydrogen as a fuel today is to
evelop efficient and effective methods for hydrogen storage that
an not only store hydrogen safely but also supply it where it is
eeded and when it is needed. One of the methods for hydro-
en storage is based on chemical reactions of solid inorganic
ydrides that release hydrogen [2–17]. This method can be clas-
ified into two groups: (1) simple or complex metal hydrides and
eactions that may be reversible on-board a vehicle by which

ydrogen generation and storage take place by a simple rever-
al of the chemical reaction as a result of modest changes in
he temperature and pressure. Sodium alanate-based (NaAlH4)
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nergy balance

omplex metal hydrides are an example [2,5–7]; (2) chemi-
al storage by which the hydrogen generation reaction is not
eversible under modest temperature/pressure changes. Hydrol-
sis of alkali and alkali-earth metal based borohydrides is the
xample of this group [14,17]. All these approaches, however,
ace formidable technical hurdles. For the former, the kinetics
f either dehydrogenation or hydrogenation reactions are often
oo poor or the temperature of these reactions are too high to be
easible for practical applications [8–12]. In contrast, for the lat-
er, the main technical difficulty is that most such hydrides react
ith water vigorously rendering the rate of hydrogen releasing

eaction difficult to control [13–17]. Further, the reaction prod-
cts of many promising chemical hydrides such as NaBH4, are
ot recyclable; in other words, they become solid wastes.

In the present communication, we describe a hybrid approach
or hydrogen storage by which the release and uptake of hydro-
en are reversible via a series of simple reactions based on the
eaction between LiOH/LiOH·H2O and LiH with good kinetics
ithin a practically reasonable temperature range (<350 ◦C). In
articular, the recharge of hydrogen is accomplished by reac-
ion with water, rather than high pressure H2 gas. Although the

eaction of LiH with water has been studied in a number of
ublished research in the literature [18–21], the utility of these
eactions for hydrogen storage, especially the reaction cycles
hat involves these reactions making it possible for reversible

mailto:zak.fang@utah.edu
dx.doi.org/10.1016/j.jpowsour.2007.05.021
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ydrogen storage and generation, have not been explored in the
ast.

. Description of the method

Fig. 1 is a schematic illustration of the hybrid method. For
ydrogen generation, lithium hydride and lithium hydroxide
onohydrate (LiOH·H2O) or lithium hydroxide (LiOH) are

eacted according to Eq. (1):

LiOH · H2O + 3LiH → 2Li2O + 3H2,

�H◦(298 K) = −134.325 kJ/mol H2 (1a)

LiOH + LiH → Li2O + H2,

�H◦(298 K) = −19.838 kJ/mol H2 (1b)

Reactions (1a) and (1b) produce, respectively, up to 8.8% and
.3% of hydrogen between near room temperature to 350 ◦C.
wing to its reactivity and solubility in water, one of the reac-

ants of (1), lithium hydroxide monohydrate (LiOH·H2O) or
ithium hydroxide (LiOH), can be regenerated by reacting the
roduct of (1), Li2O, with water at room temperature based on
q. (2):

Li2O + H2O → 2LiOH,

�H◦(298 K) = −45.645 kJ/mol LiOH (2a)

Li2O + 3H2O → 2LiOH · H2O,

�H◦(298 K) = −62.125 kJ/mol LiOH · H2O (2b)

It is noted here that aqueous solubility of LiOH is 12.8 g L−1

9.6 LiOH/H2O molar ratio) at 20 ◦C, and it increases with
ncreasing of the temperature [22].

One mole of LiOH·H2O or LiOH of the products of (2) can
e reused for the hydrogen production by (1). The other one
ole of LiOH can be used for reproduction of lithium hydride,
hich can be accomplished in several different approaches. One

f these approaches is by the reaction of LiOH with magnesium
etal as shown in Eq. (3). The reaction product, LiH, can then be

sed in the H2 production reaction (1). Of course, it is necessary
o separate LiH from the products of reaction (3) before it can

ig. 1. A Schematic of the reaction cycles for hydrogen storage and generation
rom water.
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e further used. Further discussion on the separation of LiH will
e presented later in this communication.

LiOH + Mg → LiH + MgO,

�H◦(298 K) = −204.642 kJ/mol LiH (3)

Clearly, reactions 1a, 1b, 2a, 2b and 3 constitute a hydrogen
eneration and regeneration cycle. From a hydrogen storage per-
pective, it is an off-board reversible storage technique as oppose
o storage techniques that recharge reversible reactions on-board
sing high pressure hydrogen gas. The most unique feature of
his method is that the recharge of hydrogen is accomplished
sing water.

Fig. 1 and reactions 1a, 1b, 2a, 2b and 3 also demonstrate that
ydrogen can be produced from water using several exothermic
eactions provided there is a supply of magnesium metal (or
sing other methods) for regeneration of LiH. Therefore, this is
lso an alternative hydrogen production method.

It should be noted that Groups IA and IIA elements such as
a, Ca, Mg, K, and Ba would undergo reactions similar to (1)

nd (2). Therefore, they can also be used for hydrogen gener-
tion and storage. However, lithium is a better choice due to
ts light weight and high hydrogen content of its hydrogen con-
aining compounds. Many other metal hydrides, such as MgH2,
lH3, NiH2, and TiH2, would undergo reactions similar to (1).
owever, the regeneration of their respective hydroxides using

eactions similar to (2) is difficult because the reactions of their
xides with water are thermodynamically unfavorable. There-
ore, lithium hydride and lithium oxide (Li2O) are uniquely
uited for hydrogen generation and regeneration on the basis
f (1) and (2).

Although this new approach for hydrogen storage has the
otential, several scientific and technological challenges remain.
irst of all, understanding the reaction mechanisms and hence
ontrolling the rate of dehydrogenation is crucial for applying
his method in practical situations. Secondly, a key factor that
ill determine the future prospects of this technology is the

nergy efficiency of the entire cycle. It was estimated that for
hydrogen-storage technology to be practically viable the total
nergy required for the regeneration of the reactants must be no
ore than 1.6 times of the energy content of the hydrogen pro-

uced [23]. In this communication, experimental verifications
f the dehydrogenation reactions, the process of the uptake of
ydrogen, and basic concepts of the method for regeneration of
ithium hydride are presented.

. Experimental

The starting materials, lithium hydroxide (LiOH, 98%),
ithium hydroxide monohydrate (LiOH·H2O, 98%), lithium
ydride (LiH, 95%), magnesium powder (Mg, 98%) were pur-
hased from Aldrich Chemical. All of the starting materials were

sed as received without any further purification. To prevent
amples and raw materials from undergoing oxidation and/or
ydroxide formation, they were stored and handled in an argon-
lled glove box equipped with a recirculation system.
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The mixtures of LiOH/LiH in the present communication
ere mechanically milled in an SPEX 8000 high-energy mill
nder argon atmosphere for 30 min. After milling, the samples
ere transferred to a glove box. The thermal hydrogen release
roperties of the mixtures were determined by a thermogravime-
ry analyzer (TGA) (Shimadzu TA50) upon heating to 350 ◦C at
heating rate of 5 ◦C min−1 and holding at this temperature for
0 min. To avoid any exposure of the sample to air, this equip-
ent was set inside the argon-filled glove box equipped with a

ecirculation system.
The identification of reactants and reaction products in the

ixture before and after thermogravimetric analysis was car-
ied out using a Siemens D5000 model X-ray diffractometer
ith Ni-filtered Cu K� radiation (λ = 1.5406 Å). A scanning rate
f 0.02◦ s−1 was applied to record the patterns in the 2θ range
f 10–90◦. In addition, it is noted that the amorphous-like back-
round in the XRD patterns is attributed to the thin plastic films
hat were used to cover the powders.

A scanning electron microscope (SEM) with EDAX was used
o characterize the particle size and chemical composition of the
amples after different processing. SEM samples were prepared
y attaching a small amount of the powders in a carbon-based
onductive tape in the glove box.

. Experimental verification

.1. Dehydrogenation reactions

To demonstrate the basic concepts of the method described
bove, we used thermogravimetric analysis (TGA) and X-ray
iffraction (XRD) methods to verify the reaction path and prod-
cts. Fig. 2a shows the TGA curve of the H2 release reaction
1a). It was carried out by mixing LiH and LiOH·H2O powder
ith a molar ratio of 3:1 under carefully controlled conditions to

void reaction during mixing. The sample was then immediately
nalyzed using TGA under argon atmosphere with a heating rate
f 5 ◦C min−1. It can be seen that a total of 8.5 wt.% of hydro-
en was released within the examined temperature range. The

aximum amount of H2 that can be produced by (1a) would be

.8 wt.%. Fig. 2a also shows that the dehydrogenation is accom-
lished in two steps. The first step between room temperature to
0 ◦C corresponds to reaction (4) and the second step between

y
t
s
s

ig. 2. (a) TGA curves for the reaction of LiOH·H2O + 3LiH mixture. (b) TGA curv
ydrogen generation by this reaction under atmospheric-pressure argon and a heating
ig. 3. X-ray diffraction patterns from the reaction of a LiOH·H2O + LiH mix-
ure after partial and complete dehydrogenation. Curve A, after dehydrogenation
t 50 ◦C; curve B, after dehydrogenation at 350 ◦C.

20 and 350 ◦C corresponds to reaction (1b).

LiOH · H2O + LiH → 2LiOH + H2,

�H◦(298 K) = −96.648 kJ/mol H2 (4)

In order to determine the reaction paths of reaction (1a), i.e.
he intermediate reactions, two approaches were taken. First,
eactions (1b) and (4) are proposed as the intermediate reactions
ecause the molar balance of these reactions matches with the
eight loss steps present in the TGA curve in Fig. 2a. To further

onfirm each reaction step, the products after partial and com-
lete dehydrogenation at specific temperatures were analyzed
sing XRD. Fig. 3A shows the XRD pattern of the product after
ehydrogenation at 60 ◦C for 10 min, in which the peaks that are
arked with “�” are indexed to LiOH, and those marked with

sterisk are indexed to be LiH. This confirms that the first dehy-
rogenation step corresponds to Reaction (4). After complete
ehydrogenation at 350 ◦C, the reaction products converted to
i2O (Fig. 3B), which corresponds to reaction (1b).

It is noted that reaction (4) is in essence the hydrol-

sis reaction of LiH. TGA data for this reaction showed
hat the weight loss is quite fast, and accompanied by a
pike in the sample temperature (around 50 ◦C). This is con-
istent with the strongly exothermic nature of this reaction

es for the reaction of LiOH + LiH mixture. In both figures, curve A shows the
rate of 5 ◦C min−1. Curve B shows the temperature profile.
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�H◦ (298 K) = −96.648 kJ mol−1 H2). In practice, extra heat
xchanger with high heat extraction rate would be required to
revent thermal runaway in large mass application. However,
ecause the water molecule in lithium hydroxide monohydrate
s in crystalline form, the rate of (4) is much slower than that of
he reaction between LiH and water directly. On the other hand,
ome catalysts may be used to control the rate of reaction (4),
or example, Pt-LiCoO2 was found to be an excellent catalyst
or controlling the rate of hydrolysis of NaBH4 [24].

The experiment also demonstrated that when LiOH instead
f LiOH·H2O is used, 6.0 wt.% of hydrogen can be released
nder 300 ◦C (Fig. 2b), based on reaction (1b). X-ray diffraction
nalysis was carried out on the raw materials as well as on the
roducts of this reaction. In Fig. 4, pattern A, which represents
he XRD result for the sample before dehydrogenation (reaction
1b)), is attributed to the phases of the reactants LiOH and LiH.
attern B shows the XRD result for the sample after dehydro-
enation clearly indicating that LiOH and LiH are absent in the
amples by being consumed by the reaction. In this pattern, all
he peaks can be indexed to be that of Li2O, which indicate that
he reaction (1b) is complete.

.2. Uptake of hydrogen and regeneration of the reactants

To demonstrate the uptake of hydrogen, Li2O from (1) is
eacted with water according to Eq. (2). Patterns C and D of
ig. 4 show the XRD result of the product of (2). Clearly, LiOH
r LiOH·H2O, which is one of the reactants of the hydrogen
roducing reaction (1), is reproduced by (2). In other words, the

ehydrogenation product is partially re-hydrogenated.

The complete regeneration of the reactants for reaction (1),
owever, also needs the replenishment of LiH. Using the prod-
ct of (1), lithium hydride can be produced in a number of

ig. 4. X-ray diffraction patterns from the reaction of a LiOH + LiH mixture after
illing, dehydrogenation, and rehydrogenation by reacting the dehydrogenated

roducts with water. Curve A, after milling. Curve B, after dehydrogenation at
00–350 ◦C. Curve C, after reacting the dehydrogenated products with water and
ried in vacuum at 80 ◦C overnight. Curve D, after reacting the dehydrogenated
roducts with water and naturally dried in air at room temperature.
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A) after milling, (B) after heat to 500 ◦C at argon atmosphere for 2 h, (C) after
urther heated up to 700 ◦C under Ar/H2 (H2 partial pressure is 2 psi) mixture
as, followed by the collection of the liquid.

ifferent ways including the electrolysis of Li2O or LiCl and
ollowed by the hydrogenation of lithium metal. A more prefer-
ble approach that does not require hydrogen from other sources
s to use magnesium metal to react with LiOH based on reaction
3). The experimental confirmation of R(3) is shown in Fig. 5.
he products of reaction (3) include LiH and MgO which must
e separated. Depending on the difference between the melting
emperature (680 ◦C) and decomposition temperature (>720 ◦C)
25] of LiH, the reaction products of reaction (3) may be sep-
rated when the temperature is controlled at appropriate level
680–720 ◦C). The equilibrium pressure of H2 was about 0.5 psi
t 700 ◦C for the decomposition of LiH to Li and H2, which
mplies that even a very small amount of H2 could suppress
he further decomposition of LiH. Thus, to separate LiH from

gO, the product of reaction (3) was heated up to 700 ◦C under
r/H2 (H2 partial pressure is 2 psi) mixture gas, followed by the

ollection of the liquid. Because the XRD patterns for LiH and
gO are almost overlapped each other, EDAX was applied to

istinguish these two powders. Fig. 6 shows the EDAX char-
cterization for the products of reaction (3) before and after
eparation. It clearly indicates that, LiH can be separated from

gO by heating the mixture to 700 ◦C under Ar/H2 mixture gas.
fter separation, LiH will then be used in reaction (1) to pro-
uce H2, while MgO will be subjected to a reduction process
hat produces Mg metal from MgO.

. Discussion

With regard to the reversibility of the hydrogen uptake and
elease reactions, the above information clearly shows that the
ethod introduced in this communication is different from that

f the conventional method of using reversible solid hydride
aterials. For conventional reversible hydrogen storage materi-

ls, a given reaction is reversible for either the release or uptake

f hydrogen under controlled conditions. Reaction (1) for releas-
ng hydrogen according to the hybrid method described in this
ommunication, however, is not reversible under normal condi-
ions [17]. Instead, the recharge of hydrogen according to this
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Fig. 6. SEM images and EDAX characterization for LiH/MgO mixture before and after separation. The separation was done by heating the mixture up to 700 ◦C
under Ar/H2 (H2 partial pressure is 2 psi) mixture gas, followed by the collection of the liquid. (A) SEM image for LiH/MgO mixture before separation; (B) SEM
image for LiH/MgO mixture after separation; (C) EDAX characterization on this image, which showed Mg signal; (D) EDAX characterization on this image, which
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can be exploited collectively to accomplish what is otherwise
howed that Mg signal disappeared. Combined Fig. 5 and this figure, it is clea
owing gas.

ethod is accomplished by separate reactions that regenerate the
eactants of the hydrogen release reaction. In fact, a distinctive
dvantage of this method is that all the hydrogen produced by
1) can be derived 100% from water. Another important feature
f the current method is that the hydrogen generation reaction
1) produces up to 8.8 wt.% of hydrogen which is higher than
he reversible hydrogen storage capacity within a temperature
ange of <350 ◦C of any other known materials to date.

With respect to hydrogen production, hydrogen gas is pro-
uced commercially today by two methods: (1) the reforming
f natural gas and (2) the electrolysis of water. Although the lat-
er method generates hydrogen from water, it still relies heavily
n fossil energy for generation of the electricity that is required
o carry out the electrolysis process. Considerable research is
nderway to integrate power generation from renewable energy
ources such as wind and solar energy with the electrolysis of
ater so that the production of hydrogen is free of the use of fos-

il energy. The hybrid method described in this communication
rovides another alternative for hydrogen production from water
hat is environmentally friendly provided that metallic reducing
gent such as Mg can be produced by recycling MgO using
enewable energy.

As shown by Fig. 1 and Reaction (3), magnesium metal
s required to regenerate reactants for the hydrogen producing
eaction (1). Typically, Mg metal is produced by either the elec-
rolysis of MgCl2 or the reduction of MgO. Since MgO is the
yproduct of reaction (3), it must be recycled to produce Mg.
he reduction of MgO can be accomplished by mixing MgO

ith carbon and reacting at high temperatures as shown by Eq.

5). This method, referred to as the cabothermal reaction, is an
stablished method for magnesium metal production in the met-
llurgical industry. Further information on the production of Mg

d
r
m
f

own that LiH can be separated from MgO by controlling the temperature and

sing the carbothermal process can be found in Refs. [26,27].

MgO + C = Mg(g) + CO(g),

�rH5(1573 K) = 601.7 kJ/mol Mg (5)

Needless to say, a large quantity of thermal energy is required
o produce Mg, which can be supplied by either burning of fossil
nergy or the use of renewable energy. A preliminary estimation
f the energy required for Mg regeneration versus the energy
ontained the hydrogen generated, has been carried out under
deal conditions. The results showed that the reversible cycle
s described in this communication is energetically favorable.
owever, a detailed and reliable energy balance analysis, which

s beyond the scope of this communication, must be carried
ut under realistic conditions involving the energy balance and
fficiencies, taking into account not only the thermodynamics
f the reactions but also various heat exchange steps.

. Conclusions

A new hybrid method is described for storing hydrogen in
olid inorganic hydride materials as well as producing it from
ater. As a hydrogen storage method, the release and uptake
f hydrogen in this method are accomplished via a series of
imple reactions with good kinetics within a practically feasi-
le temperature range. Although these individual reactions are
ssentially known, this work demonstrates that these reactions
ifficult. The reversible hydrogen storage capacity of the mate-
ial system is 6–8.8 wt.% at <350 ◦C. As a hydrogen production
ethod, 100% of hydrogen generated by this method comes

rom water by its reaction with alkali metal oxides.
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