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a b s t r a c t

Metastable hydrides are an interesting class of hydrogen carrier since many offer high volumetric and
gravimetric hydrogen densities and rapid hydrogen release rates at low temperatures. Unlike reversible
metal hydrides, which operate near equilibrium, metastable hydrogen carriers rely on kinetic barriers to
limit or prevent the release of hydrogen and can be prepared in a stabilized state far from equilibrium.
Despite the advantage of low temperature hydrogen release, this type of one-way thermolysis reaction
can be difficult to control since the hydrogen release rate varies with temperature and composition. Here
we developed a kinetic rate equation from a series of isothermal measurements, which describes the
relationship between temperature, hydrogen release rate and composition for aluminum hydride. This
equation is necessary to thermally control the rate of hydrogen release throughout decomposition. This
equation was used to run a fuel cell at a controlled rate of ~1wt%/hr. Although the equation established
in this paper relates specifically to aluminum hydride, the method used is applicable to other metastable
hydrides.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Hydrogen is a versatile fuel that can easily be converted into
useful energy, either through combustion (e.g., internal combustion
engine) or through a fuel cell where it can be used to generate
electricity for portable electronics, vehicles or stationary applica-
tions. However, the challenge of hydrogen storage continues to
limit the widespread use of hydrogen, especially at the small and
medium scales (e.g., << 1 kg H2) where high pressure or cryogenic
systems become less practical. Metal hydrides may provide a so-
lution to hydrogen storage since they exhibit high volumetric
hydrogen densities (2x the density of liquid hydrogen) and are
reasonably scalable since they often uptake and release hydrogen
under moderate temperatures and pressures.

The release of hydrogen from a metal hydride can be initiated
through a variety of methods, the most common of which is a
thermolysis reaction (temperature stimulated hydrogen release),
where the temperature of the hydride is raised above the equilib-
rium temperature for a given hydrogen partial pressure.
Conversely, hydrogen uptake occurs when the temperature is
lowered below the equilibrium temperature for a given partial
pressure. In this scenario, the rate of hydrogen release is naturally
controlled by a material maintained near equilibrium at a constant
temperature.

Hydrogen can also be released from hydrides in metastable
states [1]. Under these conditions hydrogen release occurs at
pressures much less than the equilibrium pressure (for a given
temperature). Equivalently, the temperature required for a practical
rate of hydrogen release is much higher than the equilibrium
temperature corresponding to a chosen release pressure. For these
materials, hydrogen release is controlled by temperature and is
largely unaffected by the hydrogen pressure. Metastability origi-
nates from kinetic barriers that limit the rate of hydrogen evolution,
which, are dependent upon a variety of parameters including
availability of nucleation sites, grain boundaries, defects, surface
area, thermal conductivity, etc. Generally, a single rate-limiting step
can be identified that defines the reaction rate, which, due to its
Arrhenius behavior, can be used to thermally control the hydrogen
release rate.

As an example, a-AlH3, is thermodynamically unstable at room
temperature and has an equilibrium pressure of around 7 kbar
[2,3]. Despite the large driving force for decomposition, the mate-
rial is easily prepared in a kinetically stabilized state through the
formation of a surface oxide/hydroxide layer. This passivation layer
prevents H-H recombination at the surface and inhibits decom-
position [4,5].

A more quantitative description of a metastable hydride (or
metastability) may be established (approximately) by considering

mailto:jagraetz@hrl.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2018.01.390&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2018.01.390
https://doi.org/10.1016/j.jallcom.2018.01.390
https://doi.org/10.1016/j.jallcom.2018.01.390


Fig. 1. Plot showing energy density and specific energy for a variety of energy storage
systems. The estimates shown were made consistently for complete battery and fuel
cell-based systems. Extensive details are given in the supplementary materials section.
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the free energy (DG) under the conditions where hydrogen is
released. In an ideal system with no kinetic limitations, hydrogen
release occurs at DG¼ 0, although practically, reversible equilib-
rium conditions (with no kinetic barrier) are never achieved. For
hydrides conventionally referred to as operating under “equilib-
rium conditions”, the ratio of equilibrium pressures (Peq, where
DG¼ 0) to desorption pressures (Pd, pressure at which hydrogen is
released), is typically Peq/Pd¼ ~1.05 to 4 (see details in the sup-
plemental information). This ratio corresponds to DG¼�0.1
to �4 kJ/mol-H2 (using -RT�ln[Peq/Pd]) for a desorption tempera-
ture of 50 �C (323 K). Hydrides considered to exhibit a metastable
character typically have an overpressure of Peq/Pd� 10, which
corresponds to DG��6 kJ/mol-H2 at 50 �C. Thus, approximately,
we consider the transition from equilibrium hydrogen release to
metastable release to occur at DG y �5 kJ/mol-H2.

Examples of metastable hydrides with intrinsic kinetic barriers
for hydrogen release include aluminum hydride (alane, AlH3) [6],
lithium aluminum hydride (LiAlH4 and Li3AlH6) [7,8] and magne-
sium aluminum hydride (Mg(AlH4)2) [9]. For AlH3 with a desorp-
tion enthalpy of DH¼ 7.5 kJ/mol-H2 and an entropy of 130 J/K-mol-
H2, the equilibrium pressure is 1 bar at �215 �C (58 K). However,
hydrogen release at practical rates occurs at temperatures of at
least 50 �C, depending on the specific formulation. Under these
conditions, DG¼�34.5 kJ/mol-H2, clearly illustrating metastable
behavior.

In addition to rapid H2 evolution rates at low temperature
(80e100 �C), the low desorption enthalpy means that less heat is
required to release the hydrogen at practical pressures. This is
especially important for smaller systems (<1 kW) where it may be
difficult or impractical to capture waste heat from the fuel cell. In
these systems, the enthalpy required for desorption must be sup-
plied by the fuel cell (or combustion of a small amount of the hy-
dride fuel) lowering the overall efficiency of the system. As an
example, in a system with no waste heat recovery, ~6% of the en-
ergy within a-AlH3 is required to release the H2, while as much as
33% of the energy may be consumed for a reversible hydride, such
as NaAlH4 (see details in the supplemental information).

Metastable hydrides can also include destabilized (or reactive
composite) multiple-phase hydride systems [10,11]. The multiple
phases that characterize these systems often impose severe kinetic
barriers because these phases must nucleate, grow, and be
consumed across solid-solid interfaces during hydrogen exchange.
An example is 2MgH2þ Si [12]. For this destabilized system, despite
considerable effort, hydrogen release does not begin at practical
rates until ~200 �C, at which DG¼�24 kJ/mol-H2 (calculation per-
formed using HSC chemistry, version 7.11).

A number of well-known reversible hydrides that can operate
near equilibrium in the catalyzed state, may also be considered as
metastable hydrides in the uncatalyzed state. In pure, uncatalyzed
form, these hydrides often exhibit large kinetic barriers which
necessitate high desorption temperatures that push the system far
from equilibrium. An example is NaAlH4, which has been thor-
oughly studied in recent years [13]. Pure bulk NaAlH4 does not
begin to release hydrogen until melting, at ~180 �C. At this tem-
perature, DG¼�19 kJ/mol-H2. Thus, in pure form, NaAlH4 may be
considered a metastable hydride given that it is typically decom-
posed at a high temperature, far from equilibrium. However, when
effectively catalyzed, the release temperature can be lowered
considerably and near equilibrium behavior is possible.

To summarize, metastable hydrogen release occurs when the
free energy is more negative than ~ -5 kJ/mol-H2. This kinetically
limited condition can occur 1) intrinsically in low enthalpy hy-
drides, 2) in multiple-phase hydride systems or 3) in hydrides
requiring processing to reduce kinetic barriers.

Themetastable hydridesmay be ideally suited for small portable
power systems and unmanned aerial vehicles (UAVs) where weight
and volume are critical. Ametastable hydride, such as AlH3, coupled
to a proton exchange membrane (PEM) fuel cell could exhibit an
energy density substantially larger than even the best batteries
currently available (Fig. 1). To estimate the energy density and
specific energy of an AlH3þ PEM fuel cell systemwe consider that a
10 wt% hydride, such as AlH3, has a theoretical specific energy of
3.33 kWh/kg and energy density of 4.96 kWh/L, based on the lower
heating value of hydrogen. Assuming a practical hydrogen con-
centration of 9wt% and including the weight-penalty associated
with a thin-walled aluminum tank with an internal heater, we
expect a practical specific energy of 2.66 kWh/kg (system, not
including fuel cell). Similarly, we estimate a packing density of 60%
and an additional 20% loss associated with the volume of the tank,
giving an energy density of 2.38 kWh/L (system, not including fuel
cell). If we assume a fuel cell efficiency of 60%, and a volume and
weight penalty associated with the fuel cell of 20% and 37%,
respectively, then we have a systemwith 1 kWh/kg and 1.14 kWh/L
(see supplemental section for additional details). Even under this
rather conservative scenario, a hydrogen fuel cell using AlH3 yields
4 times the specific energy and more than 3 times the energy
density of even the best performing lithium batteries. In addition,
when compared with state-of-the art hydrogen storage (liquid
hydrogen and 700 bar compressed gas), an alane-base system has a
comparable specific energy with an energy density that is 2x
greater. This comparison (Fig. 1) is based on large scale tanks (>¼
1 kg of H2). Since liquid hydrogen and high pressure compressed
gas systems scale poorly as the tank size gets smaller (<1 kg H2), the
advantages of an alane-based system (which is essentially scale
independent) increases with decreasing tank size. This is clearly
illustrated in Fig. 2, which shows a number of commercially avail-
able carbon fiber tanks (200e700 bar) of various sizes and how the
hydrogen density compares with an AlH3-based system. The AlH3-
based PEM fuel cell system is consistently higher in specific energy,
but the greatest difference is below ~1 kg H2 (11,000 standard li-
ters), indicating this system is ideally suited for small-medium
sized devices, such as portable power and UAV systems where
the total stored energy is ~33 kWh or less.

A system that relies exclusively on hydrogen generated from a
metastable hydride requires careful control over the hydrogen
release rate so that hydrogen is generated at a rate appropriate for
the real-time demand from the fuel cell. This can be a challenge



Fig. 2. Gravimetric capacity vs. volume and mass of stored H2 for a few representative
compressed gas tanks (200e700 bar) with a black dotted line representing state-of-
the-art. Green dotted line represents an estimate of an alane-based hydrogen stor-
age system. See supplemental information for details. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 3. Isothermal hydrogen desorption from a-AlH3 (ATK) showing a) fractional
decomposition and Avrami-Erofeev fit (red solid line) and b) the derivative of the
fractional decomposition (rate) and the derivative of the fit (red solid line). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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since the hydrogen release rate is not constant with composition
(e.g., x in (1-x)AlH3 þ xAl) and, due to the high equilibrium pres-
sure, the flow is not easily turned off. Left unchecked, the hydrogen
pressure can become too high, requiring venting to the environ-
ment, or fall too low, starving the fuel cell. Accurate control over
hydrogen release requires a rate equation, which describes the
relationship between H2 release rate, temperature and composi-
tion. Here we establish a method of determining this rate equation
and demonstrate the thermal control of hydrogen release using a-
AlH3. However, the approach is general and could be applied to any
hydride where heat input is required to remove hydrogen under far
from equilibrium conditions, i.e., where the equilibrium hydrogen
pressure is much too high for practical applications.

2. Experimental methods and materials

Crystalline a-AlH3 was prepared by ATK-Thiokol (now Orbital
ATK) and obtained from Savannah River National Laboratory. The
conventional synthesis of a-AlH3 involves a reaction between
LiAlH4 and AlCl3 in diethyl ether, followed by the removal of LiCl
(filtration) to form a solution of alane etherate [3,14]. The final step
involves desolvation of the etherate to form the pure crystalline
aluminum hydrides. H2 desorption measurements of the material
used in this study indicated a composition of ~8wt% hydrogen
suggesting a purity of ~80% AlH3 with Al as the most likely impurity
(~20%). The 8wt% hydrogen is likely due to decomposition during
storage. The material was stored in an inert Ar glove box, but
exhibited slow continuous desorption even at room temperature.
Over 2months of storage at ~25 �C, the hydrogen content decreased
from 8wt% to 7.5wt%. During 1 year of storage at�30 �C, no further
loss of hydrogen was detected.

Isothermal desorption measurements were conducted on 0.3 g
AlH3 loose powder samples using an in-house built Sieverts
apparatus that was described previously [12]. Heating to the
desired isothermal temperatures was performed at 20 �C/min. An
in-situ thermocouple inserted into the AlH3 powder was used for
accurate, real-time temperature measurements. The thermocouple
wasmetal sheathed,1/16 inch OD, andwas inserted into the sample
vessel through a 1/16 inch bored-through Swagelok fitting. A
hydrogen overpressure of ~1.5 bar was also used to improve ther-
mal conductivity within the powder bed and to mimic the condi-
tions when being used as a hydrogen source.

To demonstrate use of AlH3 as a hydrogen source, a commer-
cially available aluminum canister with a volume of ~10 cm3 and a
screw-on lid was used. The canister was filled with 5 g of tamped
AlH3 powder. An outlet port drilled into the lid contained a 2 mm
filter gasket to prevent any entrainment of the AlH3 in the flowing
hydrogen. The canister was heated by heating tape wrapped
around the canister which was controlled by a Digi-Sense tem-
perature controller.

The AlH3 hydrogen source was connected to a 5-stack (~1W)
PEM fuel cell from H-Tec. The electrical output from the fuel cell
was connected two small fans and a small water pump that pro-
vided a constant load. The full set-up is shown in Ref. [15].
3. Results and discussion

3.1. Isothermal desorption and rate equation

Thermal control over hydrogen evolution from a metastable
hydride requires a rate equation, which describes the relationship
between H2 release rate, temperature and composition. Here, this
equation was determined empirically by: i) collecting a series of
isothermal desorption data over the desired temperature (rate)
range; ii) fitting those data to a desorption curve to determine a set
of coefficients at each temperature; and iii) establishing the tem-
perature relationship of the coefficients.

The results from a series of isothermal decomposition mea-
surements on a-AlH3 (AlH3 / Al þ 3/2H2) are shown in Fig. 3a. In
these experiments, approximately 300mg of a-AlH3 was sealed in a
small reactor and connected to a Sievert's system with a calibrated
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gas reservoir. The reactor was heated to various temperatures
(103 �Ce140 �C) using a resistive heating tape and the temperature
was monitored with an internal thermocouple. Approximately
7.8wt % hydrogen was desorbed from these samples with minimal
variation from sample-to-sample. Since this material was in a state
of partial decomposition (pure AlH3 contains 10wt% hydrogen) the
maximum evolved hydrogen was uniformly set to 10wt% (frac-
tional decomposition¼ 1.0), which more accurately reflects the
complete desorption profile for a pure material (i.e., extrapolating
back to 0wt%). The kinetic analysis relies on the fractional
decomposition (plotted in Fig. 3) which is simply the amount of
evolved hydrogen normalized to 1.0 (all values divided by 10). The
rate of hydrogen release was determined from the derivative of the
fractional decomposition curve and is shown in Fig. 3b.

The isothermal fractional decomposition curves in Fig. 3a were
fit to a modified Avrami-Erofeev equation [16,17], which describes
the fractional decomposition as:

xðtÞ ¼ 1� exp
�� knðt þ t0Þn

�
(1)

where t is time, k is the rate constant (function of temperature), n is
an exponent determined through the fit (typically 1e3), and t0
represents the additional time that would be required to decom-
pose the pure hydride from x¼ 0 to x¼ 0.215 (i.e., extrapolating the
decomposition curve down to x¼ 0). The best fits were obtained
with an exponent of n¼ 3, indicating three-dimensional growth of
the Al phase [18]. The curve fits plotted in Fig. 3b represent the rate
of hydrogen release, which is the derivative of the fractional
decomposition fit, as shown below:

r ¼ dx
dt

¼ nknðt þ t0Þn�1 exp
�� knðt þ t0Þn

�
(2)

The rate constants and t0 values determined from the fits in
Fig. 3 exhibit an Arrhenius behavior with temperature as shown in
Fig. 4. The linear fits to the data plotted in this figure used the
following equations for k and t0:

kðTÞ ¼ k0 exp
��Ea

RT

�
(3)
Fig. 4. Arrhenius plot showing ln(k) and ln(t0) plotted vs. inverse temperature. Values
of k and t0 were determined from the fits in Fig. 3a.
t0ðTÞ ¼ t00 exp
�
Ea
RT

�
(4)

where T is the absolute temperature, R is the gas constant,
k0¼ 2.70� 1014 and t00¼ 2.57� 10�15. The activation is energy, Ea,
is 113.6± 2 kJ/mol H2, which is similar, but slightly higher (~10%)
than previous isothermal desorption measurements for a-AlH3
[16,17]. Combining Equations (2)e(4) leads to the following equa-
tion for the hydrogen release rate:

r ¼ nkn0 exp
��nEa

RT

��
t þ t00 exp

�
Ea
RT

��n�1

exp
�
� kn0 exp

��nEa
RT

��
t þ t00 exp

�
Ea
RT

��n� (5)

Equation (5) describes the relationship between the hydrogen
release rate and time for a given temperature. In a real system, it
may be necessary to vary the temperature of the metal hydride bed
in response to demand from the fuel cell. In this case, it is more
useful to describe the hydrogen release rate as a function of tem-
perature and composition, rather than time, as shown in Fig. 5.

The rate of decomposition as a function of composition can be fit
using the derivative of the Avrami-Erofeev equation (eq. (2)).
Including the Arrhenius parameters (eq. (5)) yields a more
complicated expression that describes the rate in terms of tem-
perature and composition. In some cases, it is more useful to invert
this expression to describe the temperature necessary to achieve a
particular rate at a given composition. In this case, it is simpler to
take a more empirical approach and use a standard Lorentzian
function to fit the rate vs. composition data shown in Fig. 5:

r ¼ r0 þ
A

ðx� x0Þ2 þ B
(6)

where x is composition and r0, x0, A and B are fit parameters. Fits to
all four curves exhibited nearly constant values of x0 and B (average
values were x0¼ 0.577 and B¼ 0.267), while r0 and A exhibited an
Arrhenius behavior with temperature:
Fig. 5. Isothermal hydrogen desorption from a-AlH3 (ATK) showing fractional
decomposition vs composition. The solid red line represents a fit using a Lorentzian
function. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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AðTÞ ¼ A0exp
��Ea

RT

�
(7)

r0ðTÞ ¼ r00exp
��Ea

RT

�
(8)

Arrhenius plots of ln[A(T)] and ln[-r0(T)] as a function of inverse
temperature are shown in Fig. 6. Analysis of these plots indicates a
common activation energy of 111.2± 2 kJ/mol H2 (similar to that
obtained using an Avrami-Erofeev fit). Linear fits using a fixed Ea of
111.2 kJ/mol H2 provide the following parameters: A0¼1.1� 1014,
r00¼�2.49� 1014. Combining equations (6)e(8) gives the
following:
Fig. 6. Fit parameters, ln[A(T)] and ln[-r0(T)], plotted as a function of inverse tem-
perature. Solid lines represent linear fits.

Fig. 7. Constant rate curves (0.5 wt%/hr, 1 wt%/hr and 2wt%/hr) calcula
r ¼ exp
��Ea

RT

� 
r00 þ

A0

ðx� x0Þ2 þ B

!
(9)

Rearranging Equation (9) yields an expression for temperature
as a function of rate and composition:

T ¼
2
4� R

Ea
ln

0
@ r

r00 þ A0

ðx�x0Þ2þB

1
A
3
5�1

(10)

Using Equation (10) we calculated a set of constant rate curves
(0.5 wt%/hr, 1wt%/hr and 2wt%/hr) as a function of composition
(Fig. 7a). Given the rates are constant in these plots it is relatively
simple to convert composition into time to get a plot of tempera-
ture vs time (Fig. 7b).

The rate equation listed above (eq. (10)) can be used to control
the rate of hydrogen release by controlling the temperature of the
hydride. Although the curves shown in Fig. 7 correspond to con-
stant rate scenarios, the rate equation can just as easily be used in
applications where the rate varies with time. Therefore, this
equation could be incorporated into an onboard “hydride man-
agement system”, which would track hydride composition (x) using
flow rate and control the temperature of a hydride bed, or a reactor
zone, to provide the appropriate hydrogen release rates to a fuel cell
in response to a variable load.

3.2. Demonstration of controlled hydrogen release

To demonstrate the rate equation (eq. (10)) can be used to
control the hydrogen release rate, a 300mg sample of AlH3 was
decomposed using a temperature profile set for 1wt %/hr (similar
to the black curve in Fig. 7). The results of this test are shown in
Fig. 8, which show the total evolved hydrogen increases nearly
linearly with time at a rate of ~1wt%/hr.

The previous example demonstrated that a constant hydrogen
evolution rate can be obtained from AlH3 using the derived rate
equation (eq. (10)). In the next example a similar temperature
profile was used with a 5 g sample of AlH3 connected to a 5-stack
PEM fuel cell. In this example, a constant load was connected to the
fuel cell designed to draw a hydrogen flow rate of ~10 sccm. The
ted using equation (10) plotted vs. composition (a) and time (b).



Fig. 8. (bottom) Plot of hydrogen release rate (black) and total amount of hydrogen
evolved (blue) along with the targets (red) used in the rate equation. (top) Tempera-
ture profile used to achieve the target desorption rate of 1wt%/hr as determined from
eq. (10). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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hydrogen was supplied from a cartridge of AlH3 equipped with an
internal thermocouple and an external heater. Fig. 9 shows the
results from this test. The AlH3 cartridge supplied a consistent
hydrogen flow and nearly constant pressure for ~7 h. The lower plot
shows the electrical properties were also reasonably constant over
the course of the experiment with the voltage at ~3.2 V, the current
at ~200mA and a power of ~0.8W. There was no observed degra-
dation in the fuel cell performance after 7 h, indicating little-to-no
impurities were entrained in the gas stream. Additional
Fig. 9. Results from demonstration with 5 g of AlH3 connected to PEM fuel cell
showing (top) pressure and flow rate along with (bottom) current voltage and power
output from the fuel cell over the course of ~7h.
demonstrations were performed with a larger 30W fuel cell and a
cartridge containing 10 g of AlH3, which was discharged over
20min. These demonstrations confirm that the established rate
equation can be used to thermally control hydrogen release across a
spectrum of hydrogen rates (1e20wt%/hr). On a material basis,
these measurements provide a demonstrated (not theoretical)
energy density of ~1100Wh/kg.

4. Conclusion

Metastable hydrides offer high hydrogen densities with low
desorption temperatures. However, these hydrides undergo
desorption far from equilibrium, making the hydrogen release rates
difficult to control. Thermally controlled hydrogen release can be
achieved by taking advantage of the natural kinetic barriers present
in these systems. This type of controlled thermolysis requires a rate
equation, which describes the temperature necessary to achieve a
desired hydrogen release rate at a given composition. This rate
equation was derived for a-AlH3, using a series of isothermal
desorption measurements which were empirically fit to determine
a set of temperature-dependent coefficients. These coefficients
exhibit an Arrhenius behavior with temperature with an activation
energy of ~111 kJ/mol H2. Controlled hydrogen release was
demonstrated using a 5 g cartridge of a-AlH3 and a PEM fuel cell,
which provided ~0.8W of power for 7 h, resulting in a specific
energy of 1.1 kWh/kg.
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