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Alloying with Si is shown to destabilize the strongly bound hydrides LiH and Mdtdr the LiH/Si system,

a Liy 3sSi alloy forms upon dehydrogenation, causing the equilibrium hydrogen pressure ‘@ #®hcrease

from approximately 5« 10°to 1 bar. For the MgkISi system, MgSi forms upon dehydrogenation, causing

the equilibrium pressure at 30C to increase from 1.8 te 7.5 bar. Thermodynamic calculations indicate
equilibrium pressures of 1 bar at approximately’20and 100 bar at approximately 180. These conditions
indicate that the MghkISi system, which has a hydrogen capacity of 5.0 wt %, could be practical for hydrogen
storage at reduced temperatures. The LiH/Si system is reversible and can be cycled without degradation.
Absorption/desorption isotherms, obtained at 4800 °C, exhibited two distinct flat plateaus with little
hysteresis. The plateaus correspond to formation and decomposition of various Li silicides. TRSMgH
system was not readily reversible. Hydrogenation of,8Mappears to be kinetically limited because of the
relatively low temperatures150 °C, required for hydrogenation at 100 bar. These two alloy systems show
how hydride destabilization through alloy formation upon dehydrogenation can be used to design and control
equilibrium pressures of strongly bound hydrides.

1. Introduction wall carbon nanotubes, while promising because of their
structural and chemical versatility, have not consistently shown
superior hydrogen storage propertiet

Hydrogen can also be stored chemically in the form of
atoms, cations (protons), or hydride anions. The interaction of
hydrogen with transition-metal elements and alloys has been

hydrogen are desiréi The stored hydrogen should be recover- studied extensivel§2~15 However, stoichiometries generally

able and preferably rechargeable on-board at temperatures oFo not exceed two hy_o!rogen atoms per metf”ll atom, Wh'(.:h
<100-200 °C with pressures below approximately 100 bar argely precludes transition metals from achieving gravimetric

. . nsiti 5 wt %. Typical val re. %. Recentl
Hydrogen may be stored in molecular form as a liquid or densities of~5 wt %. Typical values are-13 wt %. Recently,

compressed gas, or it may be adsorbed on a suitable supportSalts of the complex hydride anion [Alft have received

Liquefaction consumes 30% of the energy content of the stored"Jlttemtion since the discovery that with Ti as a catalyst or
- i 0,
hydrogen, and liquid hydrogen can be difficult to maintain for dopant, three-fourths of the hydrogen in NaAlts.6 wt %)

. . o . can be stored reversibl18 A reversible transformation of
extended times without significant loss. Compression also "

. . - - LINH + LiH to LioNH, which theoretically stores 6.4 wt %
requires energy input, and acceptable storage densities requ'r%ydrogen has also been descriB®&Hydrides of many period
pressures in excess of 350 bar, which pose engineerin f '

challenges. Molecular adsorption can partially alleviate the92 and 3 elements are known to have relatively high, wt %,
ges. P P y hydrogen densities. However, most of these hydrides are very

extreme pressures and temperatures assouat.ed with IIquefIe%table and do not release hydrogen until the temperature exceeds
and compressed hydrogen. However, becausés onpolar 250 °C. Two examples are LiH and MgHLithium hydride

and contains only two strongly covalently bound electrons, contains 12.5 wt % hydrogen, but requires 91D for an
electrostatic and dispersive bonds to adsorbents are weak. Theequilibrium bressure of 1 bat I\}lagnesium hydride contains
best current materials, high surface area activated carbons, stiII7 7 wt % hydrogen and Isaa.l bar equilibrium pressure at
require cryogenic temperatures to achieve high (5.5 wt %) 2'75 °C 15

storage densities® Nanostructured carbons, including single- :

A commercially viable hydrogen storage technology is one
of the major obstacles to the widespread use of fuel cells for
transportation applications. In addition to safety and reliability,
high volumetric and gravimetric storage densities are neééed.
System-based densities of at least 62 Kgand 6.5 wt %

Because of its stability, LiH has not been considered a
* Corresponding author. E-mail: vajo@hrl.com. practical hydrogen storage materlal. Magneslum hydride, al-
* Also at: Jet Propulsion Laboratory, California Institute of Technology, though more stable than desired for most applications, has been

Pasadena, CA 911009. studied in detaif223 Many of these studies have focused on
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processing, such as mechanical mill8g*2%and additives nometers (model 216FSF, Setra Systems, Inc.). Gas temperatures
that might improve reaction kinetics and increase equilibrium were measured with thermocouples spot-welded to the system.
pressures. The objectives of many processing studies have beeBample temperatures were measured with a thermocouple inside
to improve diffusion rates by, for example, reducing the particle a thermowell in the sample container. The sample container was
size, minimizing diffusion distances, and introducing defects. heated using a cylindrical band heater immersed in a glass dewar
Studies of additives have been directed at catalyzing the filled with 2-mm diameter glass beads. Pressures and temper-
absorption and desorption of hydrogen. Both processing andatures were recorded by computer using LabView software.
additives have produced considerable improvement in the Approximately 0.70.9 g of the milled mixtures were used and
kinetics2224 However, in almost all studies, equilibrium typically evacuated overnight. Samples were desorbed into
pressures, or more generally the thermodynamics of the inter-volumes of 220 crhfor the Li/Si experiments and 60 énfor
action of hydrogen with Mg, have remained virtually un- the Mg/Si experiments. Only a small volume of 20 &m
changed® containing the samples was heated. After desorption, the

Since the pioneering work of ReilRf;?” modification of composition of desorbed gas was monitored using a residual
hydrogenation/dehydrogenation thermodynamics has beengas analyzer connected to the desorption volume through a leak
accomplished using additives that form alloys or compounds valve. Hydrogenation measurements were conducted using an
with Mg in either or both the hydrogenated or dehydrogenated initial hydrogen pressure of 100 bar in a volume of 60%cm
stateg82? A well-known example is MgNi, which, upon The hydrogen had a purity of 99.9995% and was used without
hydrogenation, forms MgNiH4 with 3.6 wt % hydrogen and  further purification. After loading into the system, the temper-
an equilibrium pressure of 1 bar at 246.1530 Aluminum has ature and pressure were equilibrated for at least 1 h.

been found to destabilize MgHby forming a Mg/Al alloy upon The isotherm measurements were performed using an all-
dehydrogenatio® The reaction is reversible with MgHand metal Sieverts volumetric system constructed from electropol-
Al reforming and segregating during hydrogenation. At 280 ished 316L stainless steel tubing and components. The system,
the equilibrium pressure is a factor of 3 larger than that of pure consisting of a central manifold (50 énan extension to the
MgH>. sample (20 cr), two reference volumes (150 and 10003m

To address the low equilibrium pressure in strongly bound and a sample container (8 &n was assembled using a
hydride systems we also have considered additives that formcombination of orbital welding and various metal-to-metal
compounds or alloys with the dehydrogenated metals. If a interface seals to connect valves and pressure sensors. An
compound is stable with respect to its constituent elements, thenintegrated vacuum station (model RS-200, HOVAC, Inc.)
the hydride will be effectively destabilized. Destabilization consisting of an oil-free diaphragm and molecular drag pump
occurs because the system can cycle between the hydride angvas used to attain pressures below 207 Torr (2.7 x 10°°
the compound instead of the elemental metal. In this work, we Pa) at the pump inlet. A high-accuracy capacitance manometer
use Si to destabilize Li and Mg hydrides. Silicon forms relatively system (models 120AA/510B combination, MKS Instruments)
strongly bound compounds with Li and Mg that reduce was used for pressure measurements. Research grade hydrogen
dehydrogenation enthalpies and increase equilibrium hydrogengas was flowed through a point-of-use chemical filter (Millipore

pressures. Corporation) prior to entering the Sieverts manifold and
reference volumes. The stainless steel sample container was fully
2. Experimental Procedures immersed into a fluidized sand bath (Techne, Inc.) that was

_ ) _ _ ) controlled to+ 1—2 °C at selected temperatures over the range
Lithium hydride (95% purity from Aldrich and 97% purity  from 75 to 575°C. Calibrated platinum resistance thermometers
from Fluka) and MgH (95% purity from Gelest) were used  ere honded to external surfaces of the manifold and reference
without further purification. Pieces of Si were cleaved from \glumes while sheathed type-K thermocouples were attached
electronic-grade Si wafers. All sample handling was performed gt three locations on the exterior of the sample container. A
in an Ar-filled glovebox. Mixtures of LiH+ Si and Mgh + computer operating with LabView software controlled a series
Si were prepared using mechanical milling. Approximately 1 g ¢ pneumatic valves to expose the sample to vacuum, gas supply,
of mixtures were milled with a Fritsch Pulversette 6 planetary g reference volumes as needed in addition to performing data

mill at 400 rpm fo 1 h in an80-cn? hardened steel vessel with  ¢gjjection and processing during automated isotherm measure-
30 7-mm diameter chromesteel balls. This mixing period is  yents.

much shorter than the-280 h of mechanical milling that have X-ray data were obtained with a Philips PW3040-Pro

been commonly used to produce nanocrystaline and amorphoUsyifiracrometer using Cu  radiation and an X-ray mirror.

phases in magnesium alloys and hydriéfe¥:° _ _ Samples were mounted into 1-mm glass capillary tubes in an
Temperature ramp dehydrogenation/hydrogenation and iso-ar glovebox and sealed prior to data acquisition. The capillary

therm measurements were performed in two custom Sieverts’ cqntribution to the diffraction data was subtracted from each
apparatus. The temperature ramp experiments were performeg the traces.

using an all-metal stainless steel system employing welded and

metal gasket couplings. The system was pumped using an oil-3_ Results

free pumping station (Tribodyn 100/120-HVP, Danielson Ass-

sociates). A base pressure at the pump inletbfx 108 Torr Dehydrogenation and rehydrogenation of LiH/Si mixtures
(1.3 x 1078 Pa) was routinely obtained. The pressure at the during temperature ramps are shown in Figure 1la and b,
sample, which was separated from the pump by approximately respectively. Figure 1la shows dehydrogenation of a mixture with
1 m of 0.953-cm outside-diameter tubing, several valves, and athe stoichiometry 4LiH+ Si and, for comparison, a similarly
2-um filter gasket, was measured by replacing the sample milled sample of pure LiH. Hydrogen desorption from this LiH/
container with an ionization gauge. After being pumped Si mixture begins at approximately 27€ and reaches 0.78
overnight, a pressure of & 1076 Torr (1.3 x 10°* Pa) was wt %. Given the sample mass and desorption volume, 0.78 wt
obtained. Hydrogen pressures were measured using low-rangéso desorption occurs at 0.4 bar, which is the equilibrium pressure
(0—100 psia) and high-range {B000 psia) capacitance ma- at 450°C for the LiH/Si system. In contrast, the sample of LiH
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Figure 1. Dehydrogenation and rehydrogenation in the LiH/Si system.
(a) Hydrogen desorption from milled LiH and 4LiHt Si. Curves a
and b show the wt % and temperature, respectively, during heating
4LiH + Si at 2 °C/min to 450°C. Hydrogen desorption begins at

In [P.q(bar)]
A
I
L

approximately 270C and accelerates at approximately 380 Beyond a3 o X215, desorption, aH - 1207 kimolss, |3
4.2 h, the amount of desorbed hydrogen becomes constant at 0.78 wt E pure LM o o o A = 200 e |3
%, corresponding to a pressure of 0.4 bar. Curve ¢ shows the wt % 8F — Pure LiH, AH = -190.1 k/mol-H, £
hydrogen during heating of pure LiH. As expected, no hydrogen S PN SN SN S
desorption occurs in this temperature range. (b) Hydrogenation of 120 125 1380 135 140 145 150
dehydrogenated milled LiH/Si mixtures. Curves a and b show the wt 1000 (K™)

% hydrogen uptake and temperature, respectively, during heating a”dFigure 3. Van't Hoff plots for the lower x = 0.4—0.5) and upper

cooling of a vacuum dehydrogenated 4L1'+_H_S_i mixture in, initially, (x = 1.5) plateaus determined from the isotherms at-<48@0°C and,
100 bar of hydrogen. The mixture was initially dehydrogenated by for comparison, pure LiH from ref 31. Addition of Si increases the

heating under vacuum to 45€ for 3 h. Hydrogen uptake begins at  equjlibrium pressure by 10 times while lowering the dehydrogenation
approximately 230C and reaches 38 0.1 wt %. Curve ¢ shows the  enthalpy from 190 to 120 kJ/molH

hydrogen uptake for 2.5LiH- Si; in this case the uptake reaches 4.9

+ 01 wt %. The Sjshaped pehavior of the uptake_ curves at the s_tart Ofone hydrogen recovery and Storage Cyc|e_ Three such Cyc|es
heatlng_ and the slight de_clme upon cooll_ng are instrumental artifacts \yare performed with nearly identical kinetics; no degradation
due to imperfect accounting for gas heating. was observed.

To characterize the equilibrium behavior of the LiH/Si system,
isotherms were measured for a 2.5L4HSi mixture. A complete
absorption/desorption isotherm at 4%® is shown in Figure 2.

- The capacity is 5 wt % as expected for the 2.5Hi-8i mixture.
Vacuum pressure measurements indicated that the flux of 1, gistinct flat plateaus are observed. The first plateau occurs
hydrogen diminished considerably affeh at 450°C. Hydrogen  q0m 0.5 t0 1.5 wt % at a pressure of 0.15 bar. The second
uptake from an initial pressure of 100 bar begins at ap- piateau occurs between 2.5 and 5.0 wt % at a pressure of 0.74

proximately 230°C, and for a 4LiH+ Si mixture it reaches  par Between the two plateaus there is a transition region that
3.94 0.1 wt %. This hydrogen uptake suggests that the silicide 5y contain additional plateaus that are not resolved in the

formed during dehydrogenation had the compositian&i, not present measurements. The pressures of the plateaus are
Li,Si as given by the mixture stoichiometry. The X-ray data reversible, although there is hysteresis in the transition region.
presented below confirm this composition. If2kSi is the Isotherms were also measured at 396, 444, and 429
limiting dehydrogenated composition, then an initial mixture Qualitatively, these isotherms (not shown) are similar to that
of 2.3LiH + Si should yield 5.0 wt % hydrogen uptake after obtained at 476C, with two plateaus observed over the whole
dehydrogenation. As also shown in Figure 1b, hydrogenation range of temperatures. The variation in the plateau pressures
of a dehydrogenated 2.5LiHt Si mixture does exhibit uptake  measured ak = 0.4—0.5 H/Li, sSi andx = 1.5 H/Li,sSi are

of 4.9 wt % hydrogen. An initial mixture of 4LiH+ Si was shown in van't Hoff plots in Figure 3. The enthalpy for
initially chosen because a silicide with the approximate com- dehydrogenation for both plateaus is 120 kJ/mglIH contrast,
position of LiSi is a known phase, and this composition, if the equilibrium hydrogen pressure for LiH measured from 500
formed, would have yielded 6.6 wt % hydrogen. The data in to 560°C3! is >10* times lower with an enthalpy of 190 kJ/
Figure 1, together with the vacuum dehydrogenation, representmol Ha.

milled without Si showed no hydrogen desorption in this
temperature range. Figure 1b shows rehydrogenation of LiH/Si
mixtures dehydrogenated under vacuum at 480for 3 h.
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Figure 4. X-ray diffraction patterns from 4LiHt+ Si after milling,
dehydrogenation, and rehydrogenation. Curve ar afte milling is a
physical mixture of Si and LiH. After vacuum dehydrogenation, curve
b, Li,3Si is the predominate phase, although some LiH is still
detectable. Curve c, displayed on an expanded scale, shows that afte
rehydrogenation Si and LiH reform with broadened peaks. A small

Figure 5. Hydrogen desorption from milled MgHand 2MgH + Si.
Curves a and b show pressure and temperature, respectively, for milled
MgH; heated to 300C at 2°C/min. At 300°C, the pressure equilibrates
at 1.65 bar. Evacuating the desorbed hydrogen, drop at 6 h, and then
allowing desorption to continue demonstrates equilibrium. Curves ¢
find d show the temperature and pressure, respectively, for a milled
amount of LiSi is also present. The unmarked peaks in curve c mixture of 2MgH, + Si. In this case, the pressure does not equilibrate
P but continues to rise to 7.5 bar. In contrast to pure MgkHhe stability
correspo_nd_t_o_ an orthorhombic phase that does not ma_tch any O.f theof Mg.Si that forms upon dehydrogenation drives the reaction to
Isgg‘l’(vg flc;Ir ;Iil,lcll?l—?, ii’gg? l;r:]ciljsi_ig?/?grcr)]lslgggvg?gsIgggt;arévoggrlqajor completion. The slight decline in pressure as the sample is cooled (at

4072, 89-6178, and 872075, respectively. 5.4 h) is accounted for by gas cooling.

X-ray diffraction patterns from the milled reactants and
the products after dehydrogenation and rehydrogenation are
shown in Figure 4. The milled reactants are a physical mix-
ture of Si and LiH. No new phases appear to have formed. After
vacuum dehydrogenation some LiH remains, but the Si is
entirely reacted. The main component is lithium silicide
with a stoichiometry of Li 35Si. Upon rehydrogenation Si and
LiH are formed, demonstrating that Si is not incorporated in a
hydride phase. Compared to the as-milled mixture, after
rehydrogenation the peaks for both Si and LiH are broad,
suggesting that the crystallite size is small. In addition to Si 10 20 30 40 50 60
and LiH, small amounts of the LiSi intermetallic are detectable, Two Theta (degrees)
presumably because of incomplete rehydrogenation. X-ray Figure 6. X-ray diffraction patterns from a 2Mght Si mixture after
diffraction measurements were also performed on severalmi"ihng f”m? aftff[r deh¥?\;0?ﬂenaéiosﬁ a;gwacﬁr\ée a, aft(ir milling, iSb

i a physical mixture o and Si. After dehydrogenation, curve b,
partially hydr(_)g(_anated_ samples (.data.l not s_hown_)gﬁetO._??, Mgzsyi is formed with a 2mal| amount of res?/duaIgSi. Symbols show
nearly pure L12_8'7! equivalent _to !‘1-7_18" was identified. Given location of major peaks for Si, Mghiand MgSi from ICDD cards
the overall stoichiometry of LisSi, Li1.71Si would be expected  gg—2749, 74-0934, and 652988, respectively.
to occur atx = 0.79, i.e., a composition of 0.79LiHt Liq 71Si.

At x = 1.4, Si and LiH were evident in addition to what shown in Figure 5 is 3.7 wt %, although desorption was still
appeared to be a pure orthorhombic phase. The diffraction continuing when the sample was cooled. Heating to 400
pattern for this phase did not match the pattern of any known yielded 4.3 wt %. In this case, the amount of recovered hydrogen
Li silicide compounds, although given the degree of hydrogena- appears to be kinetically limited by buildup of the p&j

tion the composition should be approximately LiSi. Some of reaction product.

this phase remains after rehydrogenation as shown in Figure 4. X-ray diffraction patterns from a milled mixture of 2MgH
Work is continuing to characterize all the phases that form in + Si and a mixture dehydrogenated at 40D are shown in

the LiH/Si system. Figure 6. After milling, a physical mixture of MgHand Si is

Dehydrogenation of Mghkland a 2MgH + Si mixture both observed. After dehydrogenation, Mj is the predominant
milled identically are shown in Figure 5. In this case, the phase, with a small amount of residual Si. The identity of the
hydrogen pressure, rather than the wt % desorbed, is shownMg,Si phase was also indicated by its characteristic dark blue
versus time. For pure Mghidesorption begins at approximately color.

295 °C, and a constant, equilibrium pressure of 1.65 bar was Attempts at directly rehydrogenating a dehydrogenated
attained at 300C. This pressure is similar to the 1.83 bar that 2MgH, + Si mixture using 100 bar hydrogen were unsuccessful.
was measured previous¥.The occurrence of equiliborium  The difficulties in hydrogenation may be due to kinetic
was checked by evacuating the desorbed hydrogen and therdimitations. Rehydrogenation was attempted at temperatures as
allowing desorption to continue. For the 2MgHt Si mixture, low as 150°C for times up to 20 h. Addition of 5 atomic % Ti
desorption also begins at 296; however, hydrogen evolution  as a catalyst lowered the temperature for the onset of dehydro-
did not stop at the equilibrium value for pure MgHut rather genation from 295 to 21€C, but rehydrogenation was still not
continued to increase until the temperature was lowered at 5.4observed. An uptake of 0.8 wt % hydrogen was achieved by
h. At 300°C, the equilibrium pressure is, therefore7.5 bar, milling pure M@:Si in 50 bar of hydrogen for 48 h. In this case,
which is at least a factor of 4 larger than the pressure for pure mechanical activation may have helped overcome the kinetic
MgH,. The amount of hydrogen desorbed in the experiment barriers to hydrogenation at low temperatures.

Intensity

70 80
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(a) AH,/B (b) MgH,/Si The results presented here show that Si can significantly
_ A+H.  Dehydrogenated 0 — Mo+ H destabilize the strongly bound hydrides LiH and MgHor the
: stat:: Ar? large, A (796%2%) LiH/S[ system, seyeral Li siliqi.de. phases form upon dehydro-
Pegq low genation, which yield an equilibrium pressure of 1 bar at 490
% N 389 kJimol ) °C and an enthalpy of dehydrogenation of 120 kJ/mal IH
ETE O anama | | F sowiwy contrast, pure LiH has an equilibrium pressure of 8075 bar
w : Poq higher H at 490°C or, alternatively, 1 bar at 91 and an enthalpy of
: 364 kJimal dehydrogenation of 190 kJ/mol ,13t31 These destabilized
Yy AH, +xB Hydrogenated state | .75.3 kiimol A Mgh, + 1128i equilibrium condm_ons remain outS|de_ the range needed for
5350.00-121 today’s transportation applications but illustrate the large extent

Figure 7. Energy diagrams illustrating hydride destabilization through 0 Which the thermodynamics can be altered.

alloy formation upon dehydrogenation. (a) Generic case for a binary = The phase transformation behavior of the LiH/Si system, as
hydride (AH) with an alloying element (B). (b) Example of Mgi$i. shown in Figure 2, results in two distinct flat plateaus in the
Alloy formation stabilizes the dehydrogenated state. The hydrogenatedsqiherms. These plateaus likely represent sequential formation

state enthalpy does not change. Thus, the enthalpy for dehydrogenatio e - . - L
of the pure hydride (solid arrows) is reduced (dotted arrows). For XgH "and decomposition of increasingly Li-poor silicide phases as

Si, the stability of MgSi reduces the standard enthalpy from zero (pure nydrogenation proceeds. Ultimately pure Si.and LiH phases are
Mg + Hy) to —38.9 kJ/mol (1/2MgSi + H.), and thereby, the ~ formed. The complementary X-ray diffraction measurements

dehydrogenation enthalpy is reduced from 75.3 to 36.4 kJ/mol. Inclusion indicate that the phase sequence upon hydrogenation is

of Si also reduces the capacity from 7.6 to 5.0 wt % hydrogen. Li2.3sSi, Liz 71Si (Li12Siz), and LiSi. Hydrogen appears to form
) ] only the LiH phase over the whole composition range. The
4. Discussion flatness of the plateaus is due to several factors. These are: (a)

In general, for two components, hydride destabilization the absorption and desorption of hydrogen occurs in only phase-

through alloy formation upon dehydrogenation involves the Séparated LiH, (b) the LiH that does form is at or near
reaction stoichiometry, and (c) the LiH forms in the presence of pure Li

silicides with discrete compositions. Thermodynamic activities
NAH, + mBH, <> A B, + 1/2(x+ myH, (1) of separate pure solid phases are nearly unity. Thus, the solid

phase activities are constant, i.e., near unity, throughout the two-
phase regions. This constancy requires similarly constant
hydrogen activities (or pressures), which give flat plateaus.
Destabilized multiple phase systems composed of stoichiometric
compounds with little mutual solubility may, therefore, be good
candidates for hydrogen storage systems in which flat isotherm
@) plateaus are desirable.

Within the precision of the van't Hoff plots, both plateaus in
the LiH/Si isotherms yield similar dehydrogenation enthalpies
of approximately 120 kJ/mol 5 However, the difference in
plateau pressures is a clear and sensitive indication that there
are energetic differences between the phase equilibria occurring
] ) ) ) ) on each plateau. With a simple model of the isotherm and
Both reactions 2 and 3 are instances of reaction 1 in which B {gp1ated thermodynamic data for LiHpHand Si, the plateau
is a nonhydriding species, i.¢.;= 0. Because the formation of  ragsures can be used to estimate free energies for the different
SiH, is endothermic, hydrogenation of Siis not expected under | j sjjicide phases. We assume that the lower pressure plateau
the conditions gsed in this work, a_nd thus reactions 2 and 3 corresponds to equilibrium between 5iSi and Li 7:Si and that
could be reversible. Because the Si does not hydrogenate, thgne higher pressure plateau corresponds to equilibrium between
Si addition reduces the gravimetric hydrogen density from that Li,~:Si and Si. The free-energy change at standard skate (
of th_e_ pure hydrides. For reactions 2 _and 3, the hydrogen 1 bar) and temperaturg given byAGS, can be expressed in
densities are 6.6 and 5.0 wt %, respectively. terms of the free energy for each compone@g)( As an

The stability of the silicide (LiSi or Mg;Si) is expected to example, for the higher pressure plateau
destabilize the corresponding hydrides. For,Bigthe standard

enthalpy of formation is-77.8 kJ/moF? Therefore, formation o _ of] i ; o _

of Mg.,Si reduces the standard enthalpy of dehydrogenation of AGr = Gi(Liy 7:51) + 0.8555¢(H,) _ _

MgH; from 75.3 kJ/mol for pure Mgkito 36.4 kJ/mol for MgH 1.71Gy(LiH) — Gy(Si)

+ 1/2Si. Figure 7 shows an energy diagram for the M@H

system, together with the generic case of a metal dihydride In addition, because the plateau represents equilibriv@},=
(AH2) and a nonhydriding alloying element (B). Destabilization —RTIn K, whereR is the gas constant aidis the equilibrium

of the hydride increases the equilibrium pressure or, equiva- constant. If the activities for all of the solid phases are unity,
lently, reduces the temperature necessary for a particularthen K = P", whereP is the plateau pressure amdis the
equilibrium pressure. These thermodynamic data enable estimaappropriate stoichiometric coefficient. Using pressures of 0.74
tion of the equilibrium conditions. The data for Mgj indicate and 0.15 bar (from Figure 2) ar@; at 476°C for LiH, Hy,

that an equilibrium pressure of 1 bar hydrogen occurs at and Si (from ref 32) yields53(Li1 7:Si) = —123.5 kJ/mol or
approximately 20°C.32 At 50 and 100 bar, the equilibrium  —72.2 kJ/g atom Li andG(Li»3sSi) = —159.2 kJ/mol or
temperatures are approximately 120 and i60respectively. —67.7 kJ/g atom Li. As expected from the phase sequence in
These values imply that if reasonable reaction rates can bethe isotherms, decreasing Li content stabilizes the silicide on a
achieved at<150 °C, MgH,/Si could be a practical hydrogen per Li atom basis and, consequently, yields a lower dehydro-
storage system. genation enthalpy and a higher plateau pressure. Although not

where AH, and BH;, are binary or more complex hydrides, and
n and m are specified by the stoichiometry of the AB alloy.
Two examples that we present here are the LiH/Si system with
the reaction

4LiH + Si< Li,Si+ 2H,
and the MgH/Si system with the reaction

2MgH, + Si< Mg,Si + 2H, @)



13982 J. Phys. Chem. B, Vol. 108, No. 37, 2004 Vajo et al.

tabulated in databases, the free energies of formation from theweight or more desirable stoichiometries could increase the
elementsAGy for several Li silicide phases have been deter- hydrogen storage density or further improve the equilibrium
mined electrochemicall§? At 477 °C, AG(Li,Si) = —31.1 pressures. In addition to Si and Al, interesting possibilities
kd/g atom Li andAG{(Li,eSi) = —29.8 kJ/g atom Li were include B, C, N, P, and S. Strongly bound complex hydrides
measured. These values are similarNG{{(Li171Si) = —30.6 with high hydrogen densities such as LiBlhight also be
kJ/g atom Li andAG{(Li» 3sSi) = —29.2 kJ/g atom Li deter-  favorably altered. Replacing a nonhydriding alloying element,
mined here from th&$ values above using the expression such as Si, with an appropriate hydride could enable destabiliza-
tion without reducing storage densities. An interesting possibility
AG{(Li ,Si) = G(Li,Si) — nG(Li) — G¥(Si) occurs if, instead of stoichiometric compounds, A and B in
reaction 1 form a continuous solid solution. In this case, the
Although the compositions differ, the same trend of increasing equilibrium may be tuned by varying and m. Finally, the
stability with decreasing Li content is observed. In addition, number of components need not be restricted to two; an arbitrary
the differences in stability between the two pairs of phases are number may be used to achieve optimal performance.
similar.
For the MgH/Si system, MgSi forms upon dehydrogenation, 5 summary
and the equilibrium pressure 7.5 bar at 300°C. Thermo-
dynamic calculations based on the energetics shown in Figure Alloy formation with Si that occurs upon dehydrogenation
7 indicate that the equilibrium pressure should actually be has been shown to destabilize LiH and Mgifor the LiH/Si
>1000 bar at 300C. Experimentally, the observed pressure system, the equilibrium pressure at 49D is approximately 1
was limited by the sample size and the desorption volume. Underbar, which is>10* times the pressure for pure LiH. Van't Hoff
moderate conditions, the calculations indicate equilibrium plots obtained from isotherms measured at-4800 °C yield

pressures of 4100 bar at temperatures of 2@50 °C, an enthalpy for dehydrogenation of approximately 120 kJ/mol
respectively. These conditions indicate why rehydrogenation wasH>. In contrast, the dehydrogenation enthalpy of pure LiH is
not observed in the MgiSi system. At temperatures150°C, approximately 190 kJ/mol H The reversible capacity for a

pressures in excess of 100 bar are required for hydrogenation2.5LiH + Si mixture is 5.0 wt %. For the MgSi system,
At temperatures<150 °C, the kinetics are likely too slow for ~ Mg.Si forms upon dehydrogenation. Experimentally, the equi-
significant hydrogenation. Although the intrinsic diffusion librium pressure at 30€C is more than 7.5 bar, which is more
coefficient for Mg is known to be very low? reasonable than 4 times the pressure for pure MgHCalculations using
hydrogenation rates could be achieved by reducing particle sizestabulated thermodynamic parameters predict an equilibrium
to decrease diffusion distances and by catalysis to reducepressure of 1 bar at approximately 2€ and 100 bar at
activation barriers and facilitate hydrogen dissociation. However, approximately 150C, which represent an increase of more than
initial attempts with Ti as a potential catalyst did not result in a factor of 1000 over the pressure for pure MgHhese
measurable hydrogenation. The effects of other additives will conditions make the MgiSi system, which has a capacity of
be examined in future work. 5.0 wt %, a candidate for practical hydrogen storage at reduced
As mentioned above, alloy formation has been used previ- temperatures. However, thus far, the kinetics at AG@re too
ously to destabilize metal hydrides, most notably MgH slow for direct hydrogenation. Overall, the results illustrate that
However, the modifying elements have been predominately the strategy of using alloying elements to form stable compounds
metals such as Ni, Fe, Al, or Cu. Destabilization has been or alloys upon dehydrogenation can be used to increase the
achieved, but the effect has been relatively small, with an equilibrium pressures of hydrogen-rich but strongly bound
increase in equilibrium pressure of less than a factor of 10. Only hydrides.
relatively small changes have been achieved because either the
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