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Complex hydrides are attractive candidates for solid-state hydrogen storage because of their high hydro-
gen storage capacities and moderate operation temperatures. However, the fast and efficient transport of
reaction heat through the hydride bed is an unsolved problem due to the low intrinsic heat conductivities
of complex hydrides.

Here, we report on increasing the effective thermal conductivities of a NaAlH4- and a LiNH,-MgH,-
based material by admixing expanded natural graphite (ENG) up to 25 mass% and compaction with up
to 400 MPa. Thermal conductivities in radial and axial direction, microstructure and phase fractions of
these pellets were determined. With increasing ENG content the heat transfer characteristics of both
systems were enhanced from less than 1 Wm~! K-! up to 38 Wm~' K-, The pelletized hydride-graphite
composites can be processed easily and safely compared to loose powders. Further, they have increased
volumetric storage capacities of up to 59g-H; 1-! and 54 g-H, 1-! compared to the loose powders with
19g-H; 17" and 18 g-H, 1! for the NaAlH,- and a LiNH,-MgH;-based material, respectively, and they are
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very suitable for a tubular hydride tank design due to anisotropic heat transfer characteristics.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Establishing a hydrogen-based energy cycle is one option of
ensuring a safe, environmentally friendly and sustainable energy
distribution [1]. However, the compact and efficient storage of
the energy carrier is still an unsolved problem [2]. Major research
activity is being carried out in the field of solid-state hydrogen
storage, e.g.in order to meet the ambitious targets of the US Depart-
ment of Energy (DoE) regarding hydrogen storage density, kinetics,
safety, efficiency and materials costs [3]. In recent years, light com-
plex hydrides have been of growing interest due to their high
gravimetric as well as volumetric hydrogen storage densities at
moderate ab-/desorption temperatures. Promising candidates have
been identified such as alanates and amides of light weight metals
like Na and Li [4-6].

In order to tailor the hydrogenation and dehydrogenation kinet-
ics of complex hydrides, numerous groups have studied the effects
of catalytically active species such as transition metals or transition
metal compounds (e.g. halides) which are admixed by high-energy
ball-milling [7-10]. Furthermore, it has been established that var-
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ious hydrogen storage materials with a nano-scale microstructure
(grain size of 100 nm and less) exhibit faster kinetics for hydrogen
sorption reactions compared to coarse grained materials [4,11,12].

Considering real-sized storage tanks based on hydrides, the
transfer of the heat from the reaction enthalpy during hydrogena-
tion and dehydrogenation was found to limit the rapid hydrogen
loading and unloading of the tank [13,14]. To overcome these limi-
tations, the heat transfer characteristics of hydride beds have to be
enhanced. Typical values for the thermal conductivity of granular
hydride beds are in the range of 1 W m~! K~ and less [15]. There are
various studies in the literature devoted to that matter [13,16-26].
For example, there are reports on auxiliary heat exchanging cap-
illary tubes inside the hydride bed [13]. Others integrated the
storage material into auxiliary cellular metal structures with high
thermal conductivity [18,21,25]. Alternatively, hydride-graphite
composites with increased effective thermal conductivity were
investigated [19,20,22,24]. Hydride-graphite composites allow to
tailor the thermal conductivity very accurately and to create
anisotropic heat conduction properties. For example, in previous
works it was found that the thermal conductivity of a compacted
magnesium hydride-based system can be controlled in a wide range
from 1TWm 1K1 up to 47Wm~1K-! and to align the graphite
perpendicular to the direction of compaction [19,22]. The aligned
graphite layers result in a strongly increased thermal conductivity
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in radial direction. This is beneficial for the preferred tubular tank
design where almost the entire reaction enthalpy is transported
in radial direction [27]. Moreover, a constant effective thermal
conductivity of pelletized hydrogen storage materials indepen-
dent of its state of hydrogenation may be achieved as showed
earlier [22].

The goal of this study is to demonstrate the enhancement of
the effective thermal conductivity in pelletized mixtures of com-
plex hydrides and expanded natural graphite (ENG). In contrast to
our previous work [22], where melt-spun magnesium alloy flakes
(metallic state) were used, here we start from powdery hydrides
(hydrogenated state). Due to different production processes of
these materials, their particle shape and size differ strongly: The
melt-spun Mg alloys consist of chopped flakes (platelets with
dimensions of 1 mm x 1 mm x 40 wm approximately). In contrast,
ball-milled complex hydride powders have typical particle sizes
in the range of several micrometers. Moreover, starting from
the metallic state requires different pellet porosity than start-
ing from the hydrogenated state with hydride powders because
of the volume changes during hydrogenation/dehydrogenation.
The residual open porosity inside the pelletized hydrogen stor-
age material needs to be optimized in view of two major
requirements: On the one hand these pellets should result in a
volumetric hydrogen storage capacity significantly higher than
that of loose powders or flakes. On the other hand, the flow
of gaseous hydrogen through the pellet should still be possible.
In short, these issues require different compaction parameters
which cause a different phase distribution and phase alignment
inside the pellets which in return should result in different
heat conduction characteristics. Despite these differences, the
target of this and our former study [22] is similar, namely to
increase the effective heat conduction inside the reaction bed
to rapidly transport the reaction enthalpies during hydrogena-
tion/dehydrogenation.

In that respect, two prominent complex hydride materials sys-
tems have been examined to understand the effects of compaction
and graphite addition. Although the respective catalyst species do
not represent the optimal choice concerning hydrogenation and
dehydrogenation kinetics, the compaction behavior, hydride and
graphite phase alignment as well as thermal conductivity are not
influenced due to their low molar fraction. The two systems under
study are: NaAlH4 doped with 4 mol% CeCl3 and a 2:1 molar mixture
of LiNH; and MgH,. The molar ratio of 2:1 is chosen because it has
been found to be the optimal composition in terms of hydrogen
storage capacity and ammonia generation based on our previous
research [28]. As discussed in our previous work, the effective
thermal conductivity within the hydride bed should be in the
range between 1I0Wm~1K-! and 20Wm~!K-! in radial direc-
tion if a tubular storage tank with an inner diameter between 30
and 50 mm is assumed [22]. Regarding NaAlH4-based tanks, Raju
and Kumar found that an optimal effective thermal conductivity
of approximately 8Wm~1K-1 is required for a tank with inter-
nal heat exchanging elements (aluminum fins and cooling/heating
tubes) [23].

Furthermore, the compaction of those highly reactive complex
hydride-ENG mixtures into pellets is demonstrated in this contri-
bution under quasi-inert conditions using a state-of-the art uniaxial
10-ton press. Suchlike pelletized specimens of both NaAlH4- as
well as LiNH,-MgH,-based systems are exemplarily shown in
Fig. 1. Due to compaction, the reactivity of these materials with
oxygen and humidity is drastically reduced which allows easier
and safer handling. Moreover, the volumetric hydrogen storage
capacities of pelletized hydrogen storage materials are increased
compared to powdery hydride beds which results in a higher mass
ratio between the hydride material and the tank as demonstrated
recently [29,30].

LiNH,-MgH,-
based

NaAlH,-based
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Fig. 1. Pellets of both material systems for various ENG contents compacted at
300 MPa.

2. Experimental
In this work, two materials systems have been studied:

System 1: NaAlH4 (doped with 4 mol% CeCls)
System 2: LiNH,-MgH, with a mol ratio of 2:1

The starting materials were acquired commercially: LiNH;
(>95%) from Sigma-Aldrich, MgH, (98%) from Alfa Aesar, NaAlH4
(96%) from Albemarle Corporation and CeCl; (99.5%) from Alfa
Aesar (purities in brackets are given by the manufacturers). The
powders were ball-milled according to the system composition.
Ball milling was performed in a Retsch PM 400E with a powder-
to-ball weight ratio of 1:90 in a 250 ml milling jar of stainless steel
at a revolution speed of 200 rpm for 20 h. Three different types of
stainless steel balls were used: one with 20 mm, four with 15 mm
and six with 13 mm in diameter.

The as-milled powders have been examined by X-ray diffrac-
tion (XRD, Bruker AXS: D8 ADVANCE) using Cu Ka radiation in the
angular range between 25° and 65° (2®). During XRD analysis, the
powders were protected from the atmosphere using a kapton foil.

The milled powders were thoroughly mixed with ENG (deliv-
ered by SGL Carbon) in argon atmosphere (99.998% Ar) using a
tubular mixer (Turbula T2F). Various ENG contents of 0 mass¥%,
5 mass%, 10 mass% and 25 mass% were chosen for the mixture with
both hydride systems.

After mixing, the powder-ENG blends were compacted into
cylindrical pellets with 12 mm in diameter using a TIRA test 2300.
Due to the high reactivity of both hydride systems the compaction
process was performed under Ar atmosphere. Thus, a glove box-like
processing chamber has been installed at the uniaxial 10-ton press
with a constant flow of argon of 3001h~1 (cf. Fig. 2a). Three com-
paction pressures of 200 MPa, 300 MPa and 400 MPa were chosen,
where optimal porosity is anticipated [22]. The densities of the pel-
lets (pellet mass divided by its volume) were determined in order
to retrieve the residual porosity within the pellets taking the intrin-
sic densities of each material into account. The theoretical density
of ENG of about 2.14gcm~3 was measured with a pycnometer
(AccuPyc 1330). The theoretical densities of both hydride systems
were determined using a magnetic suspension balance (Ruboth-
erm), where the sample weight was measured at different inert gas
pressures. Due to buoyancy it is, thereby, possible to determine vol-
ume and mass of the hydride materials [31]. From that we derived
the densities of the NaAlH,4- and the LiNH,-MgH,-system which
amount to 1.58 gcm~3 and 1.45 gcm™3, respectively.
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Fig. 2. Inert processing chain for the characterization of the NaAlH4- and LiNH,-MgH;-based systems; (a) chamber of the uniaxial press, (b) glove box for the Accutom
5 cutting device (with examples of cut LiNH,-MgH;-based pellets with 5mass% ENG), (c) measuring cell for Netzsch LFA 447 NanoFlash (with examples of slices for the

determination of axial and radial thermal conductivity).

In order to measure the axial as well as the radial thermal con-
ductivity of the pellets, the Accutom 5 cutting device was placed
inside a glove box filled with an argon atmosphere (99.998% Ar;
cf. Fig. 2b). Afterwards, the temperature diffusivities of the slices
(uncertainty of 3% given by the manufacturer) were determined
using a self-designed measuring cell which suits the Netzsch LFA
447 NanoFlash (cf. Fig. 2c). The respective thermal conductiv-
ity was calculated by multiplying temperature diffusivity, density
and specific heat capacity. The specific heat capacity was deter-
mined using differential scanning calorimetry (Netzsch DSC 204
F1 Phoenix) with an uncertainty of 3% (value given by the man-
ufacturer). Furthermore, radial cross-sections of each specimen
were prepared for metallographic inspection. Due to the high reac-
tivity of the specimens with humidity and oxygen, the pellets
were prepared using an oil-based grinding and polishing fluid.
Directly after cleaning with heptane, the surface was covered
with silicon oil to prevent subsequent oxidation. The microscopic
examination was carried out using an Olympus Laser Micro-
scope OLS4000 where the sample could be placed in an upright
position.

All measurement errors were calculated using the law of error
propagation. The total measurement errors are given by error bars
in the graphs.

3. Results and discussion
3.1. Phase composition of the initial powders

Fig. 3 presents the X-ray diffraction patterns of the two sys-
tems (system 1: NaAlH,; doped with 4mol% CeCls; system 2:
LiNH,-MgH; with a mol ratio of 2:1) in the as-milled state with-
out graphite (see Section 2). Accordingly, system 1 exhibits three
phases: NaAlH4, NaszAlHg and metallic Al. In system 2, LiNH,,
MgH; and metallic Mg have been detected. Evidently, both systems
exhibit residual metallic phases of comparably low intensities. In
the case of system 1, some of the sodium alanate is dehydrogenated
during high energy ball milling in the presence of the catalyst which
explains the presence of metallic Al after milling. The diffraction
reflexes of the metallic Mg in system 2 originate from the start-
ing material which is caused by incomplete hydrogenation during
manufacturing of the powdery MgH, (see Section 2). The presence
of those metallic phases, however, does not influence the materi-
als processing. Due to the low molar ratio of the residual metallic
phases their influence on the thermal conductivities of the pellets
is insignificant.

NaAlH 4-based ¢ NaAlH ,
¢ NaAlH,

LiNHz-based
v v MgH
LiNH,

Intensity [a.u.]

20 [deg.]

Fig. 3. X-ray diffraction patterns of the NaAlH,- and LiNH,-MgH,-based powders
in the as-milled state.

3.2. Phase fractions of the hydride-ENG pellets

Table 1 presents the volume fractions of the residual porosity,
the hydride and the ENG phase inside the pellets. These values
have been determined for different ENG contents and compaction
pressures for both systems. It has to be noted that both systems
without ENG could only be compacted into pellets with a thickness
up to 1.5 mm. Thicker pellets disintegrated due to internal stresses
and wall friction during removal from the die. The role of ENG
during the compaction process is twofold: At first, it acts as lubri-
cant and binding agent which results in a better compressibility
of the hydride-ENG powder mixture. Secondly, during withdraw
of the compacted pellet from the die, ENG causes a more intense
axial spring back effect due to an internal volume relaxation of the
graphite layers which are orientated perpendicular to the direction
of compression. Therefore, an increase in ENG content can result in
either a lower or higher porosity volume fraction depending on
which effect dominates.

In system 1, the residual porosity decreases with increasing
compaction pressure as expected. For example, a decrease of the
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Table 1

Phase fraction of the NaAlH4- and the LiNH,-MgH,-based pellets for various ENG contents and compaction pressures.
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26.7

1.6
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14.1
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residual porosity from about 25vol.% to about 17-20vol.% for
compaction pressures of 200 MPa and 400 MPa can be noticed
according to Table 1. However, an increasing ENG content does
not result in smaller porosity fractions inside the pellets. Indeed,
a small increase in porosity for a higher ENG content was observed
(for example at 300 MPa: 20.4 vol.% porosity for 5 mass% ENG vs.
23.0vol.% porosity for 25 mass% ENG). Already at low amounts of
ENG system 1 can be compressed to low porosities, therefore, any
further increase in ENG content results in no significant increase in
compressibility.

In system 2, the pellets have generally higher porosity fractions
compared to system 1 which suggests a lower compressibility of
the LiNH,-MgH, powder mixture compared to the NaAlH4 pow-
der. At alow ENG content of 5 mass¥%, an increase of the compaction
pressure does not lead to a pronounced decrease of the residual
porosity. At higher ENG contents, however, a clear decrease of
the porosity fraction was observed, for example, for 25 mass% ENG
residual porosities of 29 vol.%, 27 vol.% and 25 vol.% were found for
compaction pressures of 200 MPa, 300 MPa and 400 MPa, respec-
tively. Here, in contrast to system 1, the lubricant and binding effect
of ENG in LiNH,-MgH;-ENG mixtures is stronger than the spring
back effect after withdrawal of the pellets from the die due to the
lower compressibility of the LiNH,-MgH,-based powders.

Furthermore, knowing the volume fractions of all phases
present (hydride, ENG and porosity) one can calculate both vol-
umetric and gravimetric storage densities of suchlike prepared
pellets. For this purpose the storage densities of the according
hydride are multiplied by its mass and volume fraction in the pel-
let to retrieve the maximum gravimetric and volumetric hydrogen
storage density, respectively. For NaAlH,4 a theoretical gravimetric
storage density of 5.6 mass%-H, is assumed taking the following
two step reactions (1) and (2) into account [32]:

3NaAIN, = NasAlHg + 2Al + 3H, (1)
Na3AlHg = 3NaH + Al + (3/2)H, (2)

Doping NaAlH4 with 4 mol% CeCl3 reduces the theoretical gravi-
metric storage density to 4.7 mass%-H,. According to Dolotko et al.
[33] the LiNH,-MgH, mixture (2:1) releases hydrogen as stated in
reaction (3), where an initial dehydrogenation takes place followed
by the actual reversible process upon further cycling.

2LiNH, + MgH; — Li;Mg(NH), +2H, = Mg(NH,), +2LiH ~ (3)

The reversible hydrogenation is a two step reaction [34] with a
theoretical gravimetric storage density of 5.6 mass%-H,.

The theoretical volumetric storage densities of the materials are
determined by multiplying the gravimetric densities with the the-
oretical mass density of the corresponding hydride. This results
in 74g-H,1-1 and 81g-H, 17! for systems 1 and 2, respectively.
Based on that, the storage densities of the actual pellets contain-
ing porosity can be calculated. Those values are plotted in Fig. 4.
It should be noted that for both systems the expected trend holds
true, i.e. with increasing compaction pressure the volumetric stor-
age density increases, too. The only exception was found in system
2 for 5mass% ENG and a compaction pressure of 400 MPa where
a slightly higher fraction of residual porosity than expected was
present (cf. porosity data with Table 1).

In order to compare the storage densities of such pellets with
commonly used loose powders, the apparent density of the loose
powders was determined according to DIN ISO 3923/1. As a result,
a powder volume fraction of only about 26 vol.% and 22 vol.% was
found which results in a volumetric storage density of 19 g-H; 1!
and 18 g-H, 1= of the NaAlH4- and LiNH,-MgH,-based powders,
respectively. These values illustrate the enormous advantage of
compaction regarding volumetric hydrogen storage density (cf.
Fig. 4). In this regard, it is worth noting that the 2010 DOE target
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Fig. 4. Volumetric storage density vs. gravimetric storage density of the NaAlH,-
(blue) and LiNH,-MgH,-based (green) pellets at various ENG contents and com-
paction pressures. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

for the volumetric system storage capacity of 28 g-H, 1-! cannot be
met using loose hydride powders [3]. However, even by considering
the lowest volumetric hydrogen capacity of all pellets investigated
of 44 g-H, 1-1 (NaAlH,-based, 200 MPa, 25 mass% ENG), it is realis-
tic to assume that a tank system on the basis of suchlike compacted
hydride composites can fulfill this target. In view of the gravimetric
DOE system targets, low ENG contents and a light weight construc-
tion would be most favorable. In this regard, LINH,-MgH, pellets
with ENG contents below 10 mass% show the highest potential (cf.
Fig. 4).

3.3. Heat conduction properties

The effective thermal conductivities of the NaAlH4- and the
LiNH,-MgH;-based pellets are presented in Figs. 5 and 6, respec-
tively. The ENG content in the diagrams is given in volume percent
of the porous compact since the effective thermal conductivity
of a multi-component material is determined on the basis of
the respective volume fractions. Due to decreasing porosity, the
ENG volume fraction slightly increases with increasing compaction
pressure (cf. Table 1). For example, the NaAlH4- and LiNH,-MgH,-
based specimens with an ENG content of 25 mass% compacted at
200-400 MPa have an ENG volume fraction from 15.2 to 16.2 and
13.3 to 14.1 vol.%, respectively.

From Figs. 5 and 6 it is evident that the thermal conductivi-
ties of the cylindrical pellets show a high degree of anisotropy
regarding the heat flow perpendicular (radial) or parallel (axial)
to the direction of compaction. Both systems exhibit a strong
increase of their effective thermal conductivity in radial direc-
tion with increasing ENG content. They principally cover a similar
range of approximately 2-40Wm~1K-! for ENG contents from
0-25mass%. In contrast to that, the axial thermal conductivity
remains at a low level (~1Wm~1K-1). Moreover, the slight vari-
ations of thermal conductivity of the pellets with equal ENG
content but different compaction pressures (which refers to
different fractions of residual porosity) indicate only a small
influence of the porosity on the effective thermal conductivity.

] axial radial E E E E
40 | —0— —€—400 MPa  |-r-------- qmmeeenes 2 N WO
) 4| —m— —m—300MPa | ! ;
\¢ 35_|| —A— —A—200MPa ________ ______ .
E 30 (e
25 ot : }

N
o
|

—
o
|

[¢)]
|

thermal conductivity [W
o
|

o
|

ENG [vol.%)]

Fig. 5. Thermal conductivity in axial (gray) and radial (blue) direction vs. ENG con-
tent of the NaAlH4-based pellets. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

For example, at an ENG content of 5mass% ENG the radial
thermal conductivity varies between 4.6-62Wm~1K-! and
4.6-5.3W m~! K~ for the NaAlH,- and LiNH,-MgH,-based pellets,
respectively. In our previous work powdery magnesium hydride
admixed with the same ENG contents and compacted at simi-
lar pressures were investigated [22]. The MgH,-ENG compacts
covered a comparable range (about 1-43Wm~! K-1) and showed
similar behavior (only slight dependence of porosity) in their
effective radial thermal conductivity. Those findings suggest that
the chosen hydride powders have no major influence on the

. axial radial
—0— —€@— 400 MPa
4| —#— —— 300 MPa
—A— —A— 200 MPa

25

N
o
|

15

10 oot I

thermal conductivity [W

ENG [vol.%]

Fig. 6. Thermal conductivity in axial (gray) and radial (green) direction vs. ENG
content of the LiNH,-MgH;-based pellets. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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compression direction
e S e

LiNH,-MgH,-based

Fig. 7. Optical micrographs of the NaAlH4- and the LiNH,-MgH;-based pellets with (a and c) 5mass% and (b and d) 25 mass% ENG compacted at 200 MPa.

effective radial thermal conductivity of compacted hydride-ENG
composites as long as the intrinsic heat conductivity of the hydride
is much smaller than that of ENG. Consequently, the ENG content
is a suitable control parameter to tune the thermal conductiv-
ity properties of pelletized hydride-ENG pellets in a wide range.
It is demonstrated that the effective thermal conductivity in
radial direction exceeds the stated target in the hydrogenated
state and, thus, sufficient heat transfer during de- and rehy-
drogenation can be ensured. The geometrical integrity on cyclic
dehydrogenation-rehydrogenation processing has to be investi-
gated yet to guarantee a long material life time.

3.4. Microstructure and phase alignment

A cross-section optical micrograph of the NaAlH4- and
LiNH,-MgH,-based pellets with 5 mass% and 25 mass% ENG com-
pacted at 200 MPa is given in Fig. 7. Here both hydride phases
appear grayish, ENG is black and the very bright areas are metallic
residues (aluminum or magnesium, respectively). Porosity may be
present between hydride particles, at ENG-hydride phase bound-
aries as well as within the ENG. The spatial dimensions of the
residual porosity cannot be resolved clearly in the optical micro-
graphs because of the low contrast between porosity and ENG.
Since the NaAlH4-based specimens are very reactive at ambi-
ent conditions, it was not possible to avoid oxidation during

preparation completely. Thus, the differently contrasted areas in
Fig. 7a are assumedly slightly oxidized. However, the main focus is
set on the distribution, shape and alignment of the ENG which is
not affected by that.

The metallographic examination revealed that the distribution
of ENG only insignificantly changes with increased compaction
pressure. This is further supported by the small differences of the
thermal conductivities of pellets with equal ENG content at vari-
ous compaction pressures. Therefore, only micrographs of samples
prepared at 200 MPa are presented here.

As suggested by the X-ray diffraction patterns, metallic residues
are visible (aluminum and magnesium in the NaAlH4- and
LiNH,-MgH,-based systems, respectively). Again, due to possible
oxidation in Fig. 7a the aluminum is not clearly visible.

From Fig. 7 it can be clearly seen that - as a general trend - ENG
shows a strong anisotropic alignment, i.e. thin graphite veins per-
pendicular (radial) to the direction of compression are visible inside
the hydride matrix. Furthermore, the connectivity between single
ENG veins increases with increased ENG content. From the metal-
lographic analysis, which provides a two dimensional impression
of the hydride-ENG pellet, it can be deduced that a percolated net-
work of graphite intercalating the whole pellet has been formed
at 25 mass%. Considering the three dimensional structure of the
pellet, however, it can be assumed that the percolation thresh-
old is already reached at lower ENG contents. The heat can be



C. Pohlmann et al. / Journal of Power Sources 205 (2012) 173-179 179

transported very fast within the ENG and therefore in radial direc-
tion which explains the strong anisotropy in heat conductivity
shown in Figs. 5 and 6. Obviously, the ENG phase is the domi-
nant factor to control the effective thermal conductivity of such
composite pellets.

It should be noted that the NaAlH,4-based pellets with 25 mass%
ENG show large ENG-free areas up to 1 mm in dimension (compare
the inset in Fig. 7b). Thus, the mixing process was not sufficient for
those high ENG contents apparently. Lower ENG contents did not
show this effect. This could also explain the higher volume frac-
tions of residual porosity found at those high ENG contents. It can
be assumed further that local agglomeration of ENG will result in
a stronger spring back during pellet withdraw. In this regard, a
homogeneous ENG distribution is required. Moreover, a direct heat
transfer from the hydride to the ENG network relies on a homoge-
nous distribution of ENG, too. Since pellets with 25 mass% ENG
strongly exceed the earlier stated target of 10-20Wm~! K-! this
effect is not of high importance for the preparation of hydride-ENG
pellets. Yet, if ENG contents significantly higher than 10 mass% are
required this effect needs to be investigated to ensure a homoge-
neous microstructure.

In future investigations a further important question needs to be
addressed: How do phase alignment and phase distribution influ-
ence the cyclic dehydrogenation and rehydrogenation properties?
In this regard, thermogravimetric experiments are under way using
a specially designed pellet container to simulate given geometric
confinements in a realistic tubular storage tank.

4. Conclusion

NaAlH4 doped with 4 mol% CeCl; and a 2:1 molar mixture of
LiNH, and MgH, were admixed with ENG and compacted into
cylindrical pellets. Thereof, investigations regarding thermal con-
ductivity, phase fraction and microstructure were conducted. Four
different ENG contents of 0 mass%, 5 mass%, 10 mass% and 25 mass%
were used at compaction pressures of 200 MPa, 300 MPa and
400 MPa. Because of pelletization a significant decrease of reactiv-
ity with air and humidity was achieved for both systems. Easier
and safer handling as well as increased volumetric hydrogen stor-
age capacities are clear advantages of the pelletized state. For
example, the volumetric storage density of loose powders of 19 g-
H, 11 and 18 g-H, 1-! was increased to 59 g-H, 1-1 and 64 g-H; 1!
by compaction of the NaAlH4- and LiNH,-MgH,-based materials,
respectively.

The compaction of complex hydrides without ENG was not pos-
sible for pellet heights larger than 1.5 mm due to the build-up of
internal stresses during compaction. The ENG acts as lubricant dur-
ing compaction and as a binding agent for the hydride powders and,
therefore, dimensional stabilization of taller pellets is achieved.

Furthermore, it was demonstrated that ENG strongly improves
the heat conduction properties of the investigated systems. It was
found that ENG causes a strong anisotropy in thermal conductivity
of the compacts. These findings are due to the fact that percolated
graphite veins are oriented in radial direction preferably. For exam-
ple, the thermal conductivity in radial direction of the NaAlH,4-
and LiNH,-MgH-based pellets compacted at 400 MPa could be
advanced up to 38Wm~1 K1,
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