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The oxidation behaviors of LiH under a high purity argon atmosphere, an argon atmosphere with some O2

and H2O impurities, and ambient air at both room and high temperatures, are investigated using a variety of
analytical instruments including X-ray diffractometry, thermogravimetry, mass spectrometry, scanning electron
microscopy, and specific surface area analysis. The oxidation behaviors of the ball-milled LiH under different
atmospheres are also studied and compared with those without ball milling. It is shown that no oxidation of
LiH occurs under a high-purity argon atmosphere. However, oxidation of LiH takes place when the argon
atmosphere contains some H2O and O2 impurities. At temperatures higher than∼55 °C, oxidation of LiH
proceeds via the reaction of LiH+ 1/4 O2 ) 1/2 Li 2O + 1/2 H2, whereas at room temperature oxidation of LiH
is likely caused by the simultaneous reactions of LiH+ H2O ) LiOH + H2 and LiH + 1/2 O2 ) LiOH. The
oxidation behavior of LiH in ambient air with a 27% relative humidity can be well described by the Johnson-
Mehl-Avrami equation. Furthermore, the ball-milled LiH oxidizes faster than the unmilled one, which is
due to the finer particle size and larger surface area of the ball-milled powder.

I. Introduction

Li3N-based materials have recently been investigated for their
potential as hydrogen storage materials.1-10 It is generally agreed
that the hydrogen storage in Li3N takes place in two steps, as
shown in equations 1 and 2, with a total gravimetric density of
10.4 wt % H2 and volumetric density of∼140 kg H2/m3.1,6,7,11

Lithium hydride (LiH) is present in both steps, and plays a
critical role in preventing the formation of ammonia (NH3).4,5

It has been shown that the reverse process of eq 2, i.e.,
dehydriding of the lithium amide (LiNH2) and lithium hydride
mixture, proceeds with two elementary reactions, as defined by
equations 3 and 4.4,5

As shown in eqs 3 and 4, one complete cycle of these two
elementary successive reactions consumes 50% LiNH2 and 50%
LiH in the powder mixture. Such successive reactions would
continue until all LiNH2 and LiH completely transform to Li2-
NH and H2. Reaction 4 takes place extremely fast, on the order

of microseconds.4 As such, escaping of NH3 from the hydrogen
storage system is prevented. However, if LiH is oxidized, the
oxidation product(s) would no longer capture NH3, and escaping
of NH3 occurs.4

Because of the unique role played by LiH in the hydrogen
storage reactions of Li3N-based materials, the stability of LiH
under a high-purity argon atmosphere, an argon atmosphere
containing some O2 and H2O impurities, and ambient air, would
be of interest from both scientific and technological viewpoints.
The understanding of such stability would shed light on how
to handle and store LiH powder in order to prevent its oxidation.
It may also provide a base to understand the cyclic stability of
Li 3N-based materials in hydrogen uptake and release cycles.
This becomes especially important if impurities enter the
hydrogen storage tank with each refueling.

The reaction of LiH with water vapor has been investigated
quite extensively.12-15 It is established that when the amount
of water is only sufficient to react with one surface layer of
LiH, Li 2O forms via the following reaction13

However, when the amount of water is sufficient to react with
several surface layers of LiH, LiOH forms via the following
reaction13

At even higher moisture levels, the formation of LiOH‚H2O is
observed.13-15

The stability of LiH in an environment with the co-presence
of O2 and H2O, on the other hand, is less investigated.14 This is
especially true for LiH under an argon atmosphere containing
trace amounts of O2 and H2O simultaneously. With this in mind,
this study investigates the oxidation behavior of LiH under a
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Li 3N + H2 ) Li2NH + LiH (1)

Li 2NH + H2 ) LiNH2 + LiH (2)

LiNH2 ) 1/2 Li 2NH + 1/2 NH3 (3)

1/2 NH3 + 1/2 LiH ) 1/2 LiNH2 + 1/2 H2 (4) LiH + 1/2 H2O ) 1/2 Li 2O + H2 (5)

LiH + H2O ) LiOH + H2 (6)
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high purity argon atmosphere, an argon atmosphere with some
O2 and H2 impurities, and ambient air at both room and high
temperatures. Comparisons in the oxidation behavior among
these different environments are performed. Furthermore, since
ball milling is widely used to enhance the kinetics of hydrogen
uptake and release of hydrogen storage materials,16-20 the
oxidation behaviors of the ball-milled LiH under these different
atmospheres are also investigated and compared with those
without ball milling.

II. Experimental Section

Lithium hydride with 95% purity was purchased from Sigma-
Aldrich. High-energy ball milling was performed using a
modified Szegvari attritor that has been shown to be effective
in preventing the formation of the dead zone and producing
uniform milling products within the powder charge.21 The
canister of the attritor and balls 6.4 mm in diameter were both
made of stainless steel. The loading of balls and the powder to
the canister was performed in a glovebox filled with ultrahigh
purity argon that contains Ar 99.999%, H2O < 1 ppm, O2 < 1
ppm, H2 < 3 ppm, N2 < 5 ppm, and THC< 0.5 ppm (to be
referred to as Ar of 99.999% purity hereafter). The ball-to-
powder weight ratio was 60:1, the milling speed was 600 rpm,
and the milling temperature was maintained at 20°C, achieved
by water cooling at a flowing rate of 770 mL/min. The high-
energy ball milling for all the samples studied lasted for 3 h.

All the samples before and after high-energy ball milling were
subjected to various characterizations and handled in a glovebox
filled with Ar of 99.999% purity. The specific surface area
(SSA) of the LiH powders before and after high-energy ball
milling were determined through nitrogen adsorption at 77 K
based on the Brunauer-Emmett-Teller (BET) method22 using
a gas sorption analyzer (NOVA 1000). The loading of the LiH
sample (∼0.40 g) into a sample cell with a Teflon stem filler
was performed in a glovebox filled with Ar of 99.999% purity.
The measurement was performed immediately after the sample
was loaded in the instrument without a degassing treatment.
The relative pressure (P/Po) was 0.05-0.3 and the reported SSA
data were calculated based on 5 points BET method.

The oxidation behavior of LiH in ambient air was evaluated
by installing LiH powders with and without ball milling
individually in an X-ray diffractometer holder and exposing the
powders to ambient air directly at room temperature. X-ray
diffraction (XRD) patterns of the interested powder as a function
of the exposing time were collected from the same sample
repetitively in a pre-designed time interval. The operation
conditions for the XRD data collection were CuKR radiation,
40 kV, 40mA, 5°/min, and 0.02°/step using a D8 ADVANCE
diffractometer. Before being installed in the XRD holder, some
LiH samples were mixed with pure silicon powder. Since silicon
is stable in air at room-temperature, the position of Si peaks
can provide a baseline for a quick correction of the instrumental
aberrations in the XRD patterns, and is thus useful for a better
phase identification and lattice parameter determination in the
oxidized LiH powder. A dehumidifier was installed next to the
XRD instrument in order to maintain a constant relative
humidity of ambient air during the XRD data collection. The
relative humidity was constantly monitored and all the data were
collected with 25-30% relative humidity.

Two types of experiments were performed to quantify the
oxidation behavior of LiH under an argon atmosphere. The first
was the thermogravimetric analysis (TGA) which was conducted
using a TA instrument (TGA Q500). LiH samples of 25-55
mg were loaded into a Pt-microbalance pan with a short

exposure to air (less than 30 s). The system was then flushed
immediately with Ar of 99.999% purity for 90 min before
heating from 20 to 600°C with a heating rate of 5°C/min. The
argon flow rate was maintained at 60 mL/min in the entire
holding and heating process. The outlet gas from TGA was
constantly analyzed using a quadrupole residual gas analyzer
(RGA) equipped with a mass spectrometer (model ppt-c300-
F2Y). The gases monitored included H2, N2, O2, H2O, and Ar.
To quantify the composition of the outlet gas, the RGA was
calibrated using two calibration gases, with one containing 21.71
vol % H2 and 78.29 vol % Ar and the other 301 ppm N2, 1210
ppm O2, 1990 ppm NH3, and balance Ar. Furthermore, the
detection limits of the RGA, determined using a flowing Ar of
99.999% purity, were 47, 49, 20, and 916 ppm for H2, N2, O2,
and H2O, respectively.

The second set of experiments to quantify the oxidation
behavior of LiH under an argon atmosphere was X-ray diffrac-
tion analysis of various types of LiH powders held inside a
sealed capillary tube which helped to prevent oxidation of LiH
powder during the XRD data collection. The loading of the
powder to the capillary tube was performed in a glovebox filled
with Ar of 99.999% purity. The capillary quartz tube had a wall
of 0.01 mm thick and thus was transparent to the X-ray. Four
types of LiH powders were studied in this set of experiments.
They included (i) the as-purchased LiH powder, (ii) the ball-
milled powder, (iii) the powder with ball milling and subse-
quently being stored in a glovebox filled with Ar of 99.999%
purity for 4 months (called the milled and exposed LiH
hereafter), and (iv) the powder without ball milling, but stored
in a glovebox filled with Ar of 99.999% for 4 months (termed
the purchased and exposed LiH hereafter).

The phase composition of the oxidized LiH powders as a
function of the exposing time was calculated from the XRD
patterns by the normalized-intensity-ratio (NIR) method. The
NIR method uses the kinematics XRD theory to calculate the
volume fraction of thejth crystalline phase (Xj

(V)) in a combi-
nation ofn crystalline phases through the equation:

whereI jg, e2Bjg, mjg, LPjg, andFjg are the integrated intensity,
the Debye-Waller temperature factor, the multiplicity, the
Lorentz-polarization factor, and the structure factor of thegth
Bragg reflection of thejth phase, respectively. The termVj is
the unit cell volume of thejth phase, whereasK is a constant
that depends on both diffractometer and sample features. In
practice,Ijg and Vj in eq 7 are obtained from the XRD data,
whereas the rest of factors in eq 7 are readily calculated from
the crystal structure of thejth phase, thus avoiding the use of
internal or external standards. Consequently, the volume fraction
of all phases in the specimen are calculated by formulating and
solving a square system constituted by a set of eq 7. However,
usually the constantK is not evaluated explicitly, and therefore,
the magnitudes calculated directly from the resolution of the
square system are the productKXj

(V). After knowing allKXj
(V),

the correspondingXj
(V) are then calculated by imposing the

normalization condition as follows:

Xj
(V) )

IjgVj
2e2Bjg

KmjgLPjgFjg
2

(7)

Xj
(V) )

KXj
(V)

∑
j)1

n

KXj
(V)

(8)
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In the present study, the termsIjg andVj for eq 7 were obtained,
respectively, from the area and position of the CuKR1 component
of the Bragg reflections of the phases present, which were
determined by analytical profile fitting assuming Voigt functions
with CuKR1 and CuKR2 components for the modeling of the
Bragg reflections and a first-order polynomial function for the
modeling of the background; the fits were conducted iteratively
by the Levenberg-Marquardt nonlineal least-squares algorithm.
These areas directly yielded the integrated intensities, whereas
these positions yieldedVj through the Bragg law coupled with
the plane-spacing equations for the different crystal systems.

III. Results and Discussion

3.1. Stability of LiH Under a High-Purity Ar Atmosphere
at Room Temperature.The experimental XRD patterns of the
as-purchased LiH and the purchased LiH with a subsequent
exposure to an argon atmosphere of 99.999% purity at room
temperature for 4 months are shown in Figure 1. Note that the
ratios of LiH/LiOH integrated intensities are identical for the
LiH powder with and without 4-month exposure to the argon
atmosphere. The phase composition calculated from eqs 7 and
8 for the as-purchased LiH is 94.1 vol % LiH+ 5.9 vol %
LiOH. The corresponding value for the purchased LiH with a
subsequent exposure to an argon atmosphere for 4 months is
93.9 vol % LiH + 6.1 vol % LiOH. The minute difference
between the two samples is within the experimental error (about
0.5 vol %), and thus it is concluded that there is no discernible
difference in the phase composition between the two samples.
This result indicates that there is no oxidation when the as-
purchased LiH is stored at room temperature under an argon
atmosphere of 99.999% purity with H2O < 1 ppm, O2 < 1 ppm,
H2 < 3 ppm, N2 < 5 ppm, and THC< 0.5 ppm. The result
also reveals that the as-purchased LiH contains 6.0 vol % LiOH.

Figure 2 shows the experimental XRD patterns of the as-
milled LiH and the milled LiH with a subsequent exposure to
an argon atmosphere of 99.999% purity at room temperature
for 4 months. Note that the same phenomenon as the LiH
without ball milling is found, that is, the ratio of LiH/LiOH
integrated intensities are identical for the ball-milled LiH with
and without 4-month exposure to an argon atmosphere. The
phase composition for the as-milled LiH is found to be 94.0
vol % LiH + 6.0 vol % LiOH, and the corresponding value for
the milled and exposed LiH is 93.7 vol % LiH+ 6.3 vol %
LiOH. Since the minute difference in the phase composition
between the two samples is within the experimental error (about

0.5 vol %), it can be concluded that no oxidation takes place
when the ball-milled LiH powder is exposed to an argon
atmosphere of 99.999% purity for 4 months at room temperature.

Two additional conclusions can be made by comparing the
LiH with and without ball milling. First, there is no oxidation
during the ball milling process, indicating that the seal of the
canister of the attritor is airtight, and there is no leaking of argon
gas during ball milling. Second, the oxidation of LiH, if any,
under a high-purity argon atmosphere is extremely slow at room
temperature, regardless of the powder particle sizes. It is well-
known that ball milling can reduce powder particle sizes
dramatically, often from tens of micrometers to tenths of
micrometers.23,24The measurement of the specific surface area
(SSA) of the LiH powder with and without ball milling confirms
this trend. Using the BET method, it is found that the
as-purchased LiH has a SSA of 4.614 m2/g, whereas the ball-
milled LiH has a SSA of 13.104 m2/g. Based on these SSA
data and assuming that the particles are spherical, the equivalent
particle radius can be calculated, and is found to be 0.79µm
for the as-received LiH and 0.28µm for the ball milled LiH.
Thus, the above data unambiguously show that both coarse and
fine LiH particles are stable at room temperature under an argon
atmosphere of 99.999% purity, as one would expect since argon
is an inert gas.

3.2. Stability of LiH in Ambient Air at Room Tempera-
ture. Shown in Figure 3a and 3b are selected experimental XRD
patterns of LiH with and without ball milling, collected in situ
during the exposure to ambient air at room temperature. It can
be seen that as the exposure time increases, the integrated
intensities of LiOH peaks increase, which is accompanied by a
continued decrease in the integrated intensities of LiH peaks.
This is true for both milled and unmilled LiH powders,
indicating that LiH is oxidized and the oxidation product is
LiOH for both milled and unmilled powders.

The result from the quantitative phase composition analysis
based on the XRD data is shown in Figure 4. As expected, the
volume fraction of the oxidation product, LiOH, continues to
increase, while the volume fraction of LiH decreases with the
exposure time. Both the milled and unmilled LiH exhibit the
same trend. However, the oxidation rate of the milled LiH is
faster than that of the unmilled LiH, as shown in Figure 5.

There are several possible reaction routes that can lead to
the formation of LiOH when LiH is exposed to air at room
temperature. Thermodynamic calculations25 indicate that all of
the reactions 5, 6, and 9-11, listed below along with their

Figure 1. Experimental XRD patterns for the as-purchased LiH (solid
line) and the purchased and exposed LiH (dashed line). For comparison,
the two patterns have been normalized by imposing the same peak
intensity for the 111 Bragg reflection of the LiH phase.

Figure 2. Experimental XRD patterns for the ball-milled LiH (solid
line) and the milled and exposed LiH (dashed line). For comparison,
the two patterns have been normalized by imposing the same peak
intensity for the 111 Bragg reflection of the LiH phase.
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corresponding standard Gibbs free-energy changes, are ther-
modynamically possible.

Both reactions 6 and 9 lead to the formation of LiOH directly,
while reactions 5 and 10 produce Li2O first which subsequently
reacts with H2O to form LiOH. Since in the entire exposure
period there is not any trace of Li2O, it can be concluded that
either reactions 5 and 10 do not occur at all, or reaction 11
proceeds extremely fast so that Li2O disappears as soon as it
forms from reactions 5 and 10. The latter is very unlikely
because a previous study26 has shown that the conversion
between Li2O and LiOH as defined by eq 11 can be easily
followed using elastic proton backscattering in a matter of
several hours, indicating that reaction 11 is sluggish. Thus, the
oxidation of LiH in ambient air with∼27% relative humidity
must proceed with reaction 6, 9, or both.

Both reactions 6 and 9 are thermodynamically possible and
have indeed occurred. As will be shown in Section 3.3, LiH

reacts with H2O as well as O2 even when LiH is exposed to an
argon atmosphere containing 515 ppm O2 (i.e., 0.0515 vol %)
and 5692 ppm H2O (0.569 vol %) at room temperature. For the
ambient air studied here, the concentrations of O2 and H2O are
20.9 and 0.81 vol %, respectively, both of which are higher
than those of O2 and H2O in the argon atmosphere to be
discussed in Section 3.3. Thus, it is reasonable to deduce that
LiH reacts with both O2 and H2O in ambient air with a 27%
relative humidity at 25°C to form LiOH, as indicated by
reactions 6 and 9. In what follows, the reaction kinetics will be

Figure 3. Experimentally measured XRD patterns of LiH exposing
to ambient air at room temperature as a function of the exposure time:
(a) without milling and (b) with milling for 3 h at 20°C in Ar of
99.999% purity.

LiH + 1/2 H2O ) 1/2 Li 2O + H2 ∆G ) - 93.98 kJ/mol
(5)

LiH + H2O ) LiOH + H2 ∆G ) - 133.01 kJ/mol (6)

LiH + 1/2 O2 ) LiOH ∆G ) - 370.24 kJ/mol (9)

LiH + 1/4 O2 ) 1/2 Li 2O + 1/2 H2 ∆G ) - 212.59 kJ/mol
(10)

Li 2O + H2O ) 2 LiOH ∆G ) - 78.06 kJ/mol (11)

Figure 4. Volume fraction of the phases present in (a) the as-purchased
LiH and (b) the ball-milled LiH as a function of the exposure time to
ambient air at room temperature. The error bars are lower than the
point size, and the solid curves are guides for the eyes.

Figure 5. Comparison in the oxidation rate under ambient air at room
temperature between the LiH powders with and without ball-milling.
The error bars are lower than the point size. The solid lines are generated
using the Johnson-Mehl-Avrami models (to be discussed in the text).
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discussed for both reactions 6 and 9. However, reaction 6 will
be analyzed first, and the result will be applied to reaction 9.

Based on the formula of reaction 6, it can be stated that the
rate control mechanism for oxidation of LiH in air can be (i)
evaporation of the H2 gas, (ii) concentration of the reactant,
LiH, (iii) diffusion of oxygen, hydrogen, or water through the
LiOH layer, (iv) movement of the LiH/LiOH phase boundary,
or (v) nucleation and growth of LiOH. It is well established
that if the oxidation is controlled by evaporation of the gaseous
product, the volume fraction of the oxidation product will follow
a linear-rate law27

wheref stands for the volume fraction of the oxidation product,
k1 is a rate constant, andt is the time during an isothermal
reaction. If the oxidation rate is controlled by the concentration
of the reactant, then the functional dependency off on t is given
by the following equation28

wheren is the order of reaction,m0 is the initial mass of the
reactant, andk2 is a rate constant. If the reaction is a first order
reaction, the volume fraction of the reaction product can then
be expressed in a relatively simple form28

If the oxidation product, LiOH, forms a dense layer on the
surface of LiH, the oxidation rate will be controlled by the
diffusion of water through the LiOH layer, or by the diffusion
of oxygen because the diffusion rate of hydrogen is typically
much faster than that of oxygen if water dissociates into oxygen
and hydrogen.29 A parabolic-rate law will be observed for such
a diffusion-controlled reaction.27 Given that the LiH in this study
is in a particle form, it is reasonable to assume that the oxidation
of LiH would occur via growth of a shell of LiOH into the
interior of a LiH particle if the oxidation of LiH is diffusion-
controlled (see Figure 6). It is easy to show that with such a
LiOH-growth mechanism, the volume fraction of LiOH as a
function of the reaction time is

whereR is the original average radius of LiH particles andk3

is a rate constant. However, if the oxidation of LiH is controlled
by the movement of the LiH/LiOH phase boundary, the volume
fraction of LiOH as a function of time would have the following
form:15

wherek4 is a rate constant. Finally, if the oxidation of LiH is
controlled by nucleation and subsequent growth of LiOH, the
volume fraction of LiOH as a function of time can then be
expressed by the well-known Johnson-Mehl-Avrami (JMA)
equation30

wherem is the mechanism constant which varies from 1 to 4,
depending on the detail of nucleation and growth of LiOH, and
k5 is the rate constant affected by nucleation and growth
mechanisms as well.

To find out the rate-controlling mechanism, eqs 12, 13, 15,
16 and 17 should be fitted to the experimental data obtained
from the quantitative XRD analysis, and the degree of discrep-
ancy between the theoretical prediction and the experimental
data be quantified in terms of the reduced chi-squares (ør

2).
Curve fitting through the least-squares method results in two
linear relationships from each of these attempts, one for the
unmilled LiH and the other for the milled LiH. Once the
parameters for all of the five possible rate-controlling mecha-
nisms are determined, comparisons between these possible rate-
controlling mechanisms and the experimental data can be
performed by plotting the predictions from various rate-
controlling mechanisms and the experimental data in a single
f-versus-t chart. Of course, the most likely rate-controlling
mechanism is the one yielding the lowestør

2. Shown in Figures
7a and b are such plots for the unmilled LiH and milled LiH,
respectively. It can be seen that the nucleation and growth
mechanism, i.e., eq 17, fits the experimental data best (ør

2 )
0.00049 for the unmilled LiH andør

2 ) 0.0001 for the milled
LiH), followed by the movement of the LiH/LiOH phase
boundary mechanism (ør

2 ) 0.0011 for the unmilled LiH and
ør

2 ) 0.0042 for the milled LiH). Thus, it can be concluded
that the oxidation of LiH in air at room temperature is not
controlled by evaporation of H2 (ør

2 ) 0.00711 for the unmilled
LiH and ør

2 ) 0.02214 for the milled LiH), the higher order
reaction of the concentration of LiH in the powder (ør

2 )
0.00952 for the unmilled LiH andør

2 ) 0.00815 for the milled
LiH), and diffusion of oxygen or hydrogen atoms through the
LiOH layer (ør

2 ) 0.02518 for the unmilled LiH andør
2 )

0.01129 for the milled LiH). Instead, the oxidation rate of LiH
in air is controlled by the nucleation and growth of LiOH or by
the movement of the LiH/LiOH phase boundary. Note that the
difference between these two mechanisms is, in fact, very small,
as discussed below.

The JMA equation describing the mechanism of the nucle-
ation and growth of LiOH, obtained through the curve fitting
for the oxidation of the as-purchased LiH in air at room
temperature, is

and it becomes

for the ball-milled LiH. The equations describing the mechanism
of the LiH/LiOH phase boundary movement, obtained via curve
fitting, are

and

for the as-purchased and ball-milled LiH, respectively.

Figure 6. Schematic of the oxidation of LiH particles in ambient air.

f ) k1t (12)

f ) 1 - [ n - 1

k2m0
n-1t]1/n-1

(13)

f ) 1 - exp(-k2t) (14)

f ) 1 - [1 -
k3

1/2

R
t1/2]3

(15)

f ) 1 - [1 -
k4

R
t]3

(16)

f ) 1 - exp(- k5t
m) (17)

f ) 1 - exp(- 0.018t1.01) (18)

f ) 1 - exp(- 0.028t1.01) (19)

f ) 1 - (1-0.0056t)3 (20)

f ) 1 - (1-0.0080t)3 (21)
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It is well established that, for solid-state transformations with
one-directional growth, themconstant in the JMA equation will
be between 1 and 2.30 Furthermore, whenm ) 1, the reaction
product nucleates at the beginning of the reaction, and the
subsequent transformation is controlled by the one-directional
growth of the reaction product.30 Based on this established
mechanism and themconstant in eqs 18 and 19, it can be stated
that the oxidation of the as-purchased and ball-milled LiH in
air at room temperature proceeds by the formation of all the
LiOH nuclei on the surface of the LiH particles at the beginning
of the reaction, followed by the subsequent growth of these
nuclei into the interiors of the LiH particles, as shown
schematically in Figure 6.

The difference between eqs 18 and 20 is that eq 18 takes
into the consideration of nucleation events, whereas eq 20
assumes that nucleation takes place instantaneously and the
entire transformation process is controlled by the growth of
LiOH into the LiH particle only. Since eq 18 fits the experi-
mental data better than eq 20 as shown in Figure 7a, it is
reasonable to conclude that the nucleation event accounts for a
noticeable period of time during the oxidation of LiH in air at
room temperature. The same conclusion can be made for the
milled LiH powder by comparing eqs 19 and 21, as supported
by the observation of Figure 7b.

Note that since themconstants in eqs 18 and 19 are the same
for the uilled and milled LiH powders, it can be concluded that
the oxidation mechanisms for these two powders are identical.

However, the milled LiH powder oxidizes faster because it has
a largerk5 (see eq 17) ork4/R (see eq 16) than the unmilled
LiH powder, i.e., 0.028 vs 0.018 in eqs 19 and 18, and 0.0080
vs 0.0056 in eqs 21 and 20, respectively. The faster oxidation
rate of the milled LiH is due to its finer particle size and larger
surface area.

The conclusions obtained above are consistent with the SEM
observation. Shown in Figure 8 are SEM images of the typical
surfaces of (i) the as-purchased LiH particles with an exposure
to air at room temperature in less than 1 min before being coated
with a thin layer of Au and (ii) the purchased and exposed LiH
particles which have been intentionally exposed to air at room
temperature for 10 min before being coated with a thin layer of
Au. It is very clear that the density of microcracks on the surface
of the oxidized LiH particle increases from less than 1-min
exposure to 10-min exposure. The increase in the microcrack
density is consistent with the measurement of the specific surface
area, which has the experimental error of(0.35 m2/g and shows
that the SSA of LiH particles increases from 4.61 m2/g to 6.56
m2/g after exposure to air for 10 min at room temperature. This
increased density of microcracks eliminates the dependence of
the continued oxidation of LiH particles on the diffusion of
oxygen or hydrogen through the LiOH surface layer. As a result,
the oxidation of LiH is controlled by the formation of LiOH
nuclei and the subsequent movement of the LiH/LiOH phase
boundary.

Finally, it should be pointed out that the conclusions obtained
for reaction 6 are also applicable to reaction 9. This is true
because the formation of LiOH from reaction 9 will be on the
surface of LiH particles. As a result, the subsequent oxidation
will also rely on the movement of the LiH/LiOH phase
boundary.

3.3. Stability of LiH Under an Ar Atmosphere with O 2

and H2O Impurities. The stability of LiH under an argon
atmosphere with some impurities of O2, H2O, N2, H2 and NH3

was evaluated using a TGA apparatus in conjunction with a
RGA for the outlet gas analysis. Shown in Figure 9 is the outlet
gas composition from the TGA apparatus with an empty pan
(i.e., a blank sample) and a flowing argon atmosphere of
99.999% purity. It is clear that immediately after the close of
the TGA chamber (the zero point of time), all of the gaseous
species (N2, O2, H2O, and H2) except Ar exhibit a general trend
of decreasing concentrations with time. Ar is the only exception
to this rule. It increases with time initially and in less than 10
min the argon concentration has reached its steady-state value.
In contrast, the concentrations of all other species decrease
continuously even after 180 min at which the experiment is
stopped. As expected, the onset of heating at 90 min and the
subsequent heating do not impose any interference to the
variation of the gaseous composition with time. All of these
phenomena can be explained based on the fact that ambient air
in the TGA chamber is gradually replaced by the flowing argon.
The quantitative analysis indicates that the concentrations of
H2O, O2, H2, and N2, in the outlet gas at 90 min are 5692, 515,
585, and 88 ppm, respectively, and the corresponding values
for these gaseous species at 180 min are 4541, 443, 530, and
72 ppm.

Figure 10 shows the weight change of the as-purchased LiH
as a function of time after the heating starts at 90-min of holding.
There are several interesting features in this figure. First, LiH
is oxidized during 90-min of holding at room temperature. This
oxidation has resulted in a 1% increase in weight and is due to
the presence of O2 and H2O impurities in the TGA chamber
(see Figure 9 and additional discussion below). The 1% increase

Figure 7. Comparisons among all of the possible rate-controlling
mechanisms using the least-squares prediction equations and the volume
fraction of the experimentally determined LiOH as a function of the
oxidizing time for (a) the as-purchased LiH and (b) the ball-milled
LiH in air at room temperature. The error bars for experimental data
are lower than the point size. See the text for details.

10572 J. Phys. Chem. B, Vol. 110, No. 21, 2006 Ren et al.



in weight would represent oxidation of 0.41 vol % LiH in the
system if the oxidation occurs via either reaction 6 or 9. Second,
the weight gain (i.e., another 3% increase) is observed in the
entire heating period (from 25 to 600°C), indicating the
continued oxidation of LiH during heating. Last, the slope of

the weight gain appears to increase at∼390 °C, suggesting an
increase in the oxidation rate above 390°C.

Shown in Figure 11 is the outlet gas composition as a function
of temperature for the as-purchased LiH in the TGA chamber
with an identical experimental condition as that in Figure 10.
The important features to be noted from this figure are as
follows. (i) The hydrogen concentration exhibits obvious
increases at∼40 °C, suggesting the increased oxidation rate
right after the increase in temperature. (ii) Two hydrogen
concentration peaks are observed, one at 130°C and the other
at 600°C after which the TGA chamber starts to cool. (iii) The
oxygen concentration exhibits a precipitous decrease at∼55
°C, and continues to decrease as temperature increases. How-
ever, the oxygen concentration starts to increase when the
cooling is initiated after reaching 600°C. (iv) Heating does not
affect the gradual decrease in the N2 concentration. The latter
is caused by the gradual replacement of ambient air by the
flowing argon. (v) The concentration of H2O exhibits a general
trend of decrease as temperature and time increase. However,
two peaks are superimposed on this general trend with one
appearing at∼150 °C and the other at 600°C.

The composition change as a function of temperature and
time observed in Figure 11 provides direct evidence for deducing
the oxidation mechanism of LiH in a flowing argon with less
than 5692 ppm H2O, 515 ppm O2, 585 ppm H2, and 88 ppm N2
impurities. Based on the phenomena observed in Figure 11 and
the comparison with eqs 5, 6, 9, and 10, the following
conclusions can be made. First, the weight gain observed in
Figure 10 is not induced by N2 because N2 exhibits a continuous
and gradual decrease with time for the entire holding and heating
period. Second, the weight gain from∼55 to 600°C is caused
by the O2 impurity. Furthermore, the oxidation of LiH proceeds
with reaction 10 because this reaction results in a decrease in
O2 and an increase in H2 simultaneously. This is exactly what
is observed in Figure 11. Third, reactions 5 and 6, which also
produce H2, play a minimal role in the oxidation of LiH from
∼55 to 600 °C under the condition investigated. This is
supported by the fact that the H2O concentration in the outlet
gas continues to decrease at the cooling stage after 600°C,
whereas the O2 concentration increases, instead, at the cooling
stage. The increased O2 concentration at the cooling stage
[Figure 11c] indicates a decrease in the oxidation rate of LiH
and thus less consumption of O2 in the flowing argon as the
temperature decreases. In contrast, the continued decrease in
the H2O concentration after cooling from 600°C [Figure 11b]
can only be explained by the continued replacement of the

Figure 8. SEM images of the as-purchased LiH with a subsequent exposure to air at room temperature for (a) less than 1 min and (b) about 11
min.

Figure 9. The composition profile of the outlet gas for a blank sample
in the TGA apparatus as a function of the holding time. A flowing
argon atmosphere of 99.999% purity was provided immediately after
the close of the TGA chamber at 25°C. The time at which the TGA
chamber is closed is taken as the zero point, and at 90 min the TGA
chamber is heated at a heating rate of 5°C/min.

Figure 10. TGA curve of the as-purchased LiH in a flowing argon
atmosphere with a constant heating rate of 5°C/min. The sample has
been held in the TGA chamber with a flowing argon of 99.999% purity
for 90 min at room temperature before the heating starts, and the cooling
is initiated when temperature reaches 600°C.
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residual H2O from ambient air by the flowing argon. Therefore,
it can be concluded that H2O plays a minimum role in the
oxidation of LiH in the heating stage from∼55 to 600°C.
Fourth, the two H2O peaks are generated via the following
reaction

This conclusion is supported by the fact that the two H2O peaks
appear at the same time as the two H2 peaks, that is, the
increased H2 concentration drives reaction 22 toward the
formation of H2O. Fifth, the two H2 peaks are believed to be
related to the change in the oxidation rate of LiH with
temperature and possibly with the formation of a Li2O shell on
the surface of the LiH particle. The exact mechanism(s) for this
phenomenon are not investigated in this study. However, one
possible explanation would be the formation of the Li2O shell
which leads to a reduction in the oxidation rate of LiH at
temperatures higher than 135°C but below 400°C. The

subsequent cracking of this Li2O shell results in a substantial
increase in the oxidation rate at temperatures higher than 400
°C. This proposition needs to be verified in a future study.

Finally, it is worthwhile to examine the oxidation mechanism
of LiH at room temperature under the flowing argon atmosphere
with H2O and O2 impurities. This can be done by studying how
the concentrations of H2O and O2 in the outlet gas vary with
the holding time for a LiH sample before heating starts at 90-
min of holding. Shown in Figure 12 are details of H2O and O2

concentrations as a function of the holding time near 90-min
of holding for a LiH sample in the TGA chamber. A comparison
with the blank sample (Figure 9) reveals that at 90-min of
holding the concentration of H2O in the outlet gas with a LiH
sample in the TGA chamber is lower than that of H2O without
a LiH sample by a factor of 0.1, indicating that some H2O in
the TGA chamber has reacted with the LiH sample. Similarly,
the concentration of O2 in the outlet gas with a LiH sample in
the TGA chamber is lower than that of O2 without a LiH sample
by a factor of 0.2, indicating that some O2 in the TGA chamber
has also reacted with the LiH sample.

The fact that the outlet gas has lower concentrations of O2

and H2O when the TGA chamber contains a LiH sample
provides clear evidence for the reaction of LiH with the O2 and
H2O impurities in the flowing argon at room temperature. Such
reactions are most likely due to reactions 6 and 9. This
conclusion is reached based on the following argument. First,
reaction 5 is unlikely because the H2O impurity in the present
study (5692 ppm) is much higher than what is needed to react
with one surface layer of LiH. Reaction 5 only occurs when
the amount of water is only sufficient to react with one surface
layer of LiH.13 Second, reaction 10 has been identified to occur
at temperatures higher than∼55 °C. Below 55°C different
oxidation mechanisms are present because a sudden increase
in the oxygen consumption takes place at∼55 °C (Figure 11c).
Thus, reactions 6 and 9 are the remaining reactions that can
account for the decrease in the O2 and H2O concentrations
observed at room temperature. Finally, the conclusion that
reactions 6 and 9 are operational at room temperature is
consistent with the formation of only LiOH observed when LiH
is exposed to ambient air, as discussed in Section 3.2. It is also
in good agreement with a previous study31 which shows that at
a given oxidation environment, LiOH is preferentially formed
at lower temperatures, while Li2O is formed predominately at
higher temperatures.

IV. Summary and Conclusions

The stability of LiH in high purity argon, argon with some
O2 and H2O impurities, and ambient air has been investigated.

Figure 11. The variation of the outlet gas composition as a function
of temperature for the as-purchased LiH sample in the TGA chamber
with the experimental condition identical to that in Figure 10: (a) H2,
(b) H2O and N2, and (c) O2. Note that the cooling is initiated at 600
°C. Thus, the composition changes after the onset of cooling should
be taken as the variation as a function of time.

H2 + 1/2 O2 ) H2O (22)

Figure 12. The variation of H2O and O2 concentrations in the outlet
gas as a function of the holding time near 90-min of holding for the
as-purchased LiH sample in the TGA chamber. The experimental
condition is identical to that shown in Figures 10 and 11.
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Effects of ball milling on the LiH stability have also been
examined. Based on this study, the following conclusions can
be offered.

1. No oxidation of LiH occurs at room temperature under an
argon atmosphere of 99.999% purity with H2O < 1 ppm, O2 <
1 ppm, H2 < 3 ppm, N2 < 5 ppm, and THC< 0.5 ppm.

2. This conclusion remains true even after LiH particles have
been subjected to ball milling with an increase in the specific
surface area to 13.1 m2/g and a reduction in the equivalent
particle size to 0.56µm in diameter.

3. The oxidation product of LiH in ambient air with a relative
humidity of 27% at room temperature is LiOH.

4. The oxidation kinetics of LiH in ambient air at room
temperature is controlled by nucleation and growth processes.
LiOH nucleates on the surface of the LiH particle at the
beginning of the reaction, and the subsequent reaction is
controlled by the one-directional growth of LiOH into the LiH
core.

5. The oxidation kinetics of LiH in ambient air at room
temperature can be described very well by the Johnson-Mehl-
Avrami equation:

The ball-milled LiH has a faster oxidation rate than the unmilled
LiH because the ball-milled LiH has a larger specific surface
area and finer particle size.

Oxidation of LiH occurs under an argon atmosphere contain-
ing 5692 ppm H2O, 515 ppm O2, 585 ppm H2, 88 ppm N2, and
1.3 ppm NH3. At temperatures ranging from∼55 to 600°C,
oxidation of LiH proceeds via the following equation:

7. At room temperature, oxidation of LiH in ambient air and
in an argon atmosphere containing 5692 ppm H2O, 515 ppm
O2, 585 ppm H2, 88 ppm N2, and 1.3 ppm NH3 is most likely
due to the following two reactions:
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