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ABSTRACT

Lithium hydride is a nuclear material with a great affinity for moisture. As a result of
exposure to water vapor during machining, transportation, storage and assembly, a corrosion
layer (oxide and/or hydroxide) always forms on the surface of lithium hydride resulting in the
release of hydrogen gas. Thermodynamically, lithium hydride, lithium oxide and lithium
hydroxide are all stable. However, lithium hydroxides formed near the lithium hydride substrate
(interface hydroxide) and near the sample/vacuum interface (surface hydroxide) are much less
thermally stable than their bulk counterpart. In a dry environment, the interface/surface
hydroxides slowly degenerate over many years/decades at room temperature into lithium oxide,
releasing water vapor and ultimately hydrogen gas through reaction of the water vapor with the
lithium hydride substrate. This outgassing can potentially cause metal hydriding and/or
compatibility issues elsewhere in the device. In this chapter, the morphology and the chemistry
of the corrosion layer grown on lithium hydride (and in some cases, its isotopic cousin, lithium
deuteride) as a result of exposure to moisture are investigated. The hydrogen outgassing
processes associated with the formation and subsequent degeneration of this corrosion layer are
described. Experimental techniques to measure the hydrogen outgassing kinetics from lithium
hydride and methods employing the measured kinetics to predict hydrogen outgassing as a
function of time and temperature are presented. Finally, practical procedures to mitigate the

problem of hydrogen outgassing from lithium hydride are discussed.



INTRODUCTION

Lithium hydride (LiH) is widely used material in the thermonuclear, fusion and space
industries [1-3]. The unique properties of LiH include high hydrogen content, high melting point,
low dissociation pressure and low density [4]. LiH, however, has a high affinity for moisture.
The reaction of LiH with H>O generates hydrogen gas and heat, the effects of which may be
undesirable and pose compatibility or safety issues under certain circumstances. Unfortunately,
as a result of exposure to moisture during routine handling, a corrosion layer always forms on the
surface of LiH. Depending on the moisture exposure level and duration, lithium oxide (Li,O)
and/or lithium hydroxide (LiOH) are formed. At exposure levels greater than 15% relative
humidity (RH) at room temperature, hydrated lithium hydroxide (LiOH H,0) is formed [5]. Even
in the absence of a H,O source, hydrogen generation from within the LiH/Li,O/LiOH structure
has been reported [6-8].

In this chapter, the different chemical pathways through which hydrogen outgassing can
occur from LiH will be described. The morphology of the corrosion layer formed on LiH (and in
many cases, its isotopic cousin, LiD) under different conditions as experimentally observed by
scanning electron microscopy (SEM) and atomic force microscopy (AFM) will be presented.
The technique of temperature programmed reaction/decomposition (TPR), in conjunction with
the isoconversional thermal analysis method, was used to measure the outgassing kinetics and
will be reviewed in detail. Hydrogen outgassing prediction modeling based on the measured
kinetics will be demonstrated and compared against independent experimental isothermal data
for validity. Finally, techniques to mitigate the problem of unwanted hydrogen outgassing from

LiH will also be discussed.



CHEMICAL PATHWAYS FOR HYDROGEN OUTGASSING FROM LiH

The overall reaction of LiH with excess water proceeds according to the following
chemical equation [9]:
LiH(s) + H,O(l) — LiOH(aq) + Ha(g) + heat (D)
Fig. 1 shows the phase stability diagram for lithium, hydrogen and oxygen at 298 K. The phase
stability diagram suggests that the stable product for the reaction of LiH with H,O at room
temperature and at very low moisture levels is Li,O. At higher moisture levels, the stable product
is LIOH. At 15% or higher relative humidity (RH), the stable product is LiIOH-H,O. However,
the phase stability diagram only allows a LiH/Li,0 interface, a Li,O/LiOH interface and a
LiOH/LiOH-H;O0 interface. Consequently, the reaction of LiH with H,O vapor at room
temperature to form LiOH-H,O has to happen in multiple steps [10] as follows:
First, LiH reacts with water vapor to form Li,0O, establishing a LiH/Li,0 interface [10-11]:
2 LiH(s) + H,O(g) — Li,0(s) + 2H,(g) + heat 2)
As the Li,O layer grows thicker, further moisture reacts with the outer layer of the oxide to form
LiOH, establishing a Li,O/LiOH interface [10]:
Li,0(s) + HyO(g) — 2 LiOH(s) + heat 3)
As the LiOH grows thicker, further moisture reacts with the outer layer of the hydroxide to form
LiOH-H;O0, establishing a LiIOH/LiOH-H,O interface [10]:
LiOH + H,O(g) — LiOH-H,O + heat 4)
The cartoon in fig. 2 depicts the cross-sections of LiH samples that have been exposed to
different moisture environments at 298K. Note the variation in the nature of the corrosion layers

as a function of H,O partial pressures. Direct and indirect experimental proofs for the Li,O



buffer layer in between LiH and LiOH have been reported [8, 12-13], even though the exact
thickness of this buffer layer has not yet been quantitatively reported in the literature.

Under most device applications (vacuum or dry environment), LiOH-H,O is not a stable
product (see the phase stability diagram in fig. 1) and decomposes into LiOH in a matter of hours
[8] according to:

LiOH-H,O — LiOH + H,O(g) (5)
LiOH, in turn, decomposes slowly with time into Li,O even at room temperature [7-8] according
to:

2LiOH(s) — LixO(s) + H,O(g) (6)
The kinetics of the decomposition of LiOH depends on the dryness/vacuum level and
temperature. It was discovered by different workers that vacuum thermal decomposition of bulk
LiOH powder (grain sizes on the order of tens to hundreds of micrometers) into Li,O follows a
reaction front moving from the surface inward [8,14]. Due to stress at the LiOH/vacuum
interface and defective and missing crystalline bonding at surface sites, lattice vibrations at the
surfaces/interfaces of most materials are at frequencies different than those in the bulk [15], a
phenomenon observed in most solids. The chemical reactivity and electronic properties at
surfaces and interfaces of materials are also different than those in the bulk [15]. It is, therefore,
expected that the amount of energy required to break bonds at the LiOH/vacuum interface is not
as large as in the bulk. In addition, in an environment where there is a moisture sink or in the
case of a continuously pumped vacuum chamber, H,O vapor is continuously removed and LiOH
decomposes into Li,0 from the LiOH/vacuum interface (where it is thermally less stable) inward
according to reaction (6) in an effort to maintain the equilibrium H,O vapor pressure at the

sample/vacuum interface. Since the equilibrium vapor pressure of H,O over the LiIOH/L1,0



system is dependent exponentially on temperature [16], the thermal vacuum decomposition of
LiOH is also a function of temperature. The inward vacuum thermal decomposition of LiOH into
Li,O releasing H,O is qualitatively illustrated in the cartoon of fig. 3.

In a closed system containing both LiH and LiOH, the H,O released from the
decomposition of LiOH reacts with LiH to form hydrogen gas according to reaction (2). Such is
the case of vacuum thermal decomposition of a corrosion layer previously grown on top of a LiH
substrate. Here, at room temperature, the equilibrium H,O vapor pressure near the Li,O/LiH
interface (according to the phase diagram in fig. 1) can be well below 10™*° Pa while that near the
Li,O/LiOH interface is on the order of 10" Pa (see fig. 1). The huge H,O concentration gradient
across the Li>O buffer layer in between the hydrophilic LiH substrate and LiOH, coupled with
the defective nature of LiOH at surfaces/interfaces as discussed above, effectively lowers the
energy barrier for LIOH decomposition here in comparison with bulk LiOH and turns the LiH
substrate into an effective moisture pump [10, 13]. As a result, in the case of vacuum thermal
decomposition of LiOH on top of a LiH substrate, the LIOH decomposition front starts at the
LiH/Li,O/LiOH interface. As a function of increasing time and temperature, the Li,O layer in
between LiH and LiOH gets thicker, causing the energy barrier for the LiIOH decomposition at
the LiOH/Li,O/LiH interface to increase, and eventually LiOH at the LiOH/vacuum interface
also starts to decompose into Li,0O for reasons described in the previous paragraph. Thereafter,
the Li,0O fronts keep moving inward from all directions until all the LiOH is gone. This vacuum
thermal decomposition process of LiOH previously grown on top of a LiH substrate is illustrated
in the cartoon of fig. 4.

It will be shown in the kinetic measurement section of this chapter that the activation

energy for the thermal decomposition of LiOH does not stay constant. It increases from the



lowest value of ~ 88 kJ/mol at the LiOH/Li,O/LiH interface to an intermediate value of ~ 117
kJ/mol at the LiOH/vacuum interface and ultimately to a value above 134 kJ/mol for bulk LiOH.
For dry/vacuum device applications involving temperatures not more than a few tens of degrees
higher than room temperature, the LiOH decomposition practically never gets to the final stage
presented in fig. 4. This will be discussed more in later sections.

In short, hydrogen outgassing from LiH occurs when LiH reacts with moisture to form a
corrosion layer. In the absence of an external moisture source, hydrogen outgassing results from

the decomposition of the LiOH corrosion layer in the presence of LiH.

GROWTH AND MORPHOLOGY OF THE CORROSION LAYER ON LITHIUM

HYDRIDE

Fig. 5(a) shows an SEM image [17] of a polycrystalline LiD sample used in some of the
experiments reported in this chapter. This sample was manually fractured into two smaller pieces
in laboratory air with 30-40 % RH. The LiD sample was composed of grains with an average
size on the order of hundreds of micrometers. A similar range of grain sizes is also observed for
polycrystalline LiH samples mentioned in this chapter. Upon exposure to laboratory air, a
corrosion layer with grain sizes in the range of tens of nanometers was seen to form on top of the
polycrystalline LiD sample [fig. 5(b) and (c)]. An AFM image [18] of the surface of a
polycrystalline LiH sample after laboratory air exposure, shown in fig. 6, also exhibits similar
formation of a corrosion layer composed of nanometer scale grains. The top portion of fig. 6
shows a line scan across the surface. Various morphologies of LiOH films grown on
polycrystalline LiH surfaces are shown in SEM images in fig. 7. Depending on the LiH substrate

facets, LiOH corrosion layers may be composed of: columnar structures with average width on



the order of a few hundred nanometers (a), nanometer-scale grains (b), wave like structures (c),
and some complex nanometer-scale structures (d). Fig. 7(a)-(d) were obtained by exposing a
clean polycrystalline LiH surface to roughly 15 minutes of room air with ~ 30 % RH at 296-300
K. Due to large lattice and volume mismatches among LiH, Li,O, and LiOH [19], the formation
of these nanometer-scale structures can be understood as a stress/strain relief measure for the
growth of the corrosion layer.

To study the nature of the corrosion layer as a function of moisture exposure time, a razor
blade was used to scrape the surface of a freshly cut polycrystalline LiD sample in laboratory air.
This scraping action in ~ 40% RH produced a powder composed of LiD inner cores covered
with lithium hydroxide outer layers as evidenced by x-ray diffraction (XRD) (see fig. 8). The
diffraction peaks labeled 1, 2 and 3 correspond to LiD, LiOH and lithium hydroxide
monohydrate (LiOH-H,O) respectively. After about 2 hours of air exposure, some lithium
hydroxide began to transform into LiOH-H,O. The fact that the buffer layer of Li,O in between
LiH and LiOH was not detectable by XRD implies that it was very thin (perhaps less than a few
nanometers at room temperature). The XRD results here are in agreement with the model for the
growth of corrosion layers on LiH/LiD presented in the previous section.

The growth of the corrosion layer on LiH/LiD as a function of moisture exposure time
was also reported to be parabolic in the initial stage when the corrosion layer is very thin
(nanometer-scale thickness) and becomes linear in the later stage when the corrosion layer
thickness reaches many micrometers [20]. Fig. 9 shows the time dependence of the hydrogen
production probability (measured by the technique of modulated molecular beam mass
spectrometry) and the Li,O coverage (measured simultaneously by Auger electron spectroscopy)

upon exposing a fresh LiH surface in an ultrahigh vacuum environment to a 1.3 x 10” Pa H,O



molecular beam [20]. The hydrogen production probability was initially 0.11 and gradually
reduced to 0.007 as the surface concentration of Li,O reached the monolayer coverage. Fig. 10
shows the hydrogen production probability and the associated phase lag of the detected hydrogen
with respect to the scattered H,O molecules [20] as a function of H,O exposure time. As the
Li,O film grew beyond a monolayer, the phase lag of hydrogen product increased from zero to
20 degrees and the reaction probability reduced further. This observation suggests that during the
early stage of moisture exposure, diffusion of H,O (probably in the form of OH") through the
Li,O layer to react with the LiH substrate is the rate limiting step in the growth of the corrosion
layer. As the Li,O layer reaches a certain characteristic thickness, the rate at which Li,O is
formed at the Li,O/LiH interface [according to reaction (2)] equals the rate at which Li,O is
converted to LiOH at the Li,O/LiOH interface [according to reaction (3)]. When this happens, a
linear steady state growth stage begins and the Li,O buffer layer retains, thereafter, a constant
characteristic thickness [10]. In fig. 11, a plot of the hydroxide thickness vs. moisture exposure
time is presented. The LiOH thickness was measured by exposing the {100} surface of a LiD
single crystal to laboratory air with 50% RH and examining its cross section using SEM [20]. It
is seen from this plot that the corrosion growth rate is constant in the regime of micrometer thick
hydroxide layer. This also implies that H>O transport through the growing LiOH layer is much
faster than the diffusion of H,O through the Li,O buffer layer. In this regime of thicker LiOH
film growth, micro cracks generated in the film to release stress provide easy pathways for
moisture to reach the Li,O buffer layer. Experimental evidence of cracks in the thick LIOH
structure has been reported [7]. SEM images of the cross section of a very thick LiOH film
grown in air with 30-40% RH on the {100} surface of a single crystal LiD are shown in Fig.

12(a) and (b). Columnar growth is clearly observed for the LiOH film grown on the {100} plane



of LiD. Fig. 12 (c) shows the SEM image of the same film looking from the top down. Columnar
structures with voids and open spaces are distinctly seen in this image. However, voids and
cracks are rare in thinner hydroxide films (one micrometer thick or less) grown on LiH/LiD.
Cracks are, however, observed to form even in thin corrosion layers during heat-treatment to
convert hydroxide into lithium oxide due to the same stress/strain release mechanism discussed
above[13-14, 21]. Images of Li,O layers formed on LiH samples by decomposing the LiOH
layers at 550 K in vacuum are presented in fig. 13. In general, the corrosion films under
investigation were less than 1.5 um thick and retained the majority of their integrity even after
being converted to Li,O. However, local spallation [the right portion of fig. 13(a) and (d)],
blistering with spallation [fig. 13(b)], and blistering with cracks in the vicinity [fig. 13(c)] were
seen. This is in stark contrast to thick (>> 1 um) LiOH corrosion layers which tend to develop a

large network of cracks to relieve stress during growth.

KINETIC MEASUREMENT AND PREDICTION OF HYDROGEN OUTGASSING

e Experimental Method & Analysis:

Hydrogen outgassing from the LiH/Li,O/LiOH system was investigated mainly by the
technique of TPR. A schematic diagram of the TPR experimental setup is shown in fig. 14. In a
typical TPR experiment, the sample was attached to a sample holder by way of mechanical
clamps and transferred, through a differentially pumped load lock, into an ultrahigh vacuum
(UHV) sample chamber with a base pressure of 10 Pa. Within the sample chamber, the sample
holder sat on a rotatable XYZ manipulator. The sample temperature was measured via a type K
thermocouple inserted between the sample’s front surface and one of the mounting clamps.

Linear heating was achieved by passing current through a tungsten coil located 2 mm behind the



sample. The heating rate was computer-controlled. The sample chamber was connected by a 6
mm diameter orifice to a separately pumped detector chamber equipped with a Balzers
quadrupole mass spectrometer which was in line of sight of the sample. The base pressure in the
detector chamber was usually less than 10”7 Pa. During TPR experiments, the sample was
positioned ~ 2 mm from the orifice facing the detector chamber. This arrangement guaranteed
that only gases originating from the portion of the sample in line with the 6 mm orifice
contributed to the gas flux detected by the quadrupole mass spectrometer.

Experiments were performed mainly on 1 mm thick pressed polycrystalline LiH (100 pm
to 200 um grain size) with heating rates in the range of 0.0005 K/s - 0.25 K/s. The TPR
experiments reported here involved two types of LiH samples: fresh and baked. Here, the term
fresh samples refers to LiH samples that have been polished with 1200 (P-4000) grit silicon
carbide sand paper to remove hydroxide/oxide surface layers and then exposed to moisture levels
of interest for pre-determined lengths of time prior to introduction into the TPR chamber.
Polishing polycrystalline LiH samples with 1200 (P-4000) grit silicon carbide sand paper in a dry
nitrogen purged glove box (water vapor partial pressure of 0.4-1.33 Pa) produced shiny LiH
surfaces. Subsequent transport of the samples from the glove box to the TPR chamber in a
vacuum container followed by 3 hours of exposure to 36 Pa of H,O in the introduction chamber
resulted in the formation of a roughly 93 nm thick LiOH corrosion layer as determined by the
mass spectrometer employed in TPR experiments. In some cases, the polishing was performed in
laboratory air with 30-40% RH and the samples were left in the same laboratory air for 21- 30
minutes prior to being loaded in the TPR chamber, resulting in a corrosion layer on the order of
1.2 pm thick. Baked samples were fresh samples with a 1.2 pm corrosion layer which had been

heated to between 550 K and 580 K in a vacuum to convert all hydroxide into oxide (as verified
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by monitoring the H,O evolution with a mass spectrometer). After cooling under high vacuum,
the baked samples were then re-exposed to 3 Pa of water vapor for 2.5 hours. This H>O exposure
resulted in the formation of a quantity of LiOH equivalent to a LiOH layer with a mean thickness
of 0.28 um. TPR was also performed on laboratory grade bulk LiOH powder with grain sizes in
the range of many tens to many hundreds of micrometers obtained from Fisher Chemicals. Bulk
LiOH powder samples for TPR experiments were prepared by wrapping about 45 mg of LiOH
powder in square (1 cm on a side) platinum envelopes. The envelopes were constructed from
0.025 mm thick platinum foil. The side of each platinum envelope facing the mass spectrometer
was perforated so that gases generated from the samples during heating could freely flow toward
the mass spectrometer.

After the TPR spectra were obtained, the kinetics of the reactions was extracted by
analyzing the TPR spectra of similarly prepared samples at different heating rates in accordance
with the isoconversional method of thermal analysis as described below.

The rate equation for a solid-state reaction can be written as [22-25]:

”;—‘f i (@) =ve ¥ (@) ™

where t is time, « is the reacted fraction (0 to 1), k is the rate constant, f{) is an analytical
function determined by the rate-limiting reaction mechanism, £ is the activation energy for the
rate controlling process, R is the gas molar constant, 7 is temperature in Kelvin, and v is the pre-
exponential factor describing the initial state of the sample (particle shape, molecular mass,
density, stoichiometry, number of lattice imperfections, and so forth).

With a heating rate of f =dT / dt :

da v —R%
i { 5 S (a)}e (8)
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Taking the natural logarithm on both sides of equation (8) yields

do E
1(dt jz—ﬁﬂn{uf(a)} ©)
A plot of In(de/dt) vs. T A at some « value for a set of S values has the slope —E/R [26-27]. A
plot of E vs. a is thus obtained by repeating the above procedure at other chosen o values
between 0 and 1. This kinetic extraction procedure was first proposed by Friedman [26]. It is the
most general among all methods using derivatives but, like all derivative methods, suffers
inherent errors arising from noisy de/dt values (most severely near the beginning and the end of

the reaction).

Alternately, equation (7) can be rewritten as:
©da ¢ E

g(a):j—:ju exp| — — |dt (10)
0 z,

Where T, denotes the temperature at which the TPR experiment starts. Usually, v is not a

function of 7 and de/df = 0 at T'< T,. Then, in the notation of x = E/RT, equation (10) becomes:

B

R G d °
U_E'([TZ):‘EX exp (11)

The right hand side of equation (11) is also known as the temperature integral, p(x), which has no

analytical solution in closed form but can be approximated. The Kissinger-Akahira-Sunose

(KAS) method adopts the approximation:
p(x)=exp(-x)/x* (20 <x<50) (12)

so that, numerically,

B\ E(1)_ ) E ] de
ln(sz_ R(Tj 1n{(RUjjf(a)} (20 < E/RT < 50) (13)

0

A plot of In(B/T?) vs. T-1 at some o value for a set of £’ has the slope —E/R [27-29].
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The Ozawa-Flynn-Wall (OFW) method takes another approximation:

log p(x)=-2.315-0.4567x (20 < x <60) (14)
so that, numerically,
E(1 R} da
In(8)=-1.052=| = |-5333-1In!| — || ==
(8) R (Tj {UEM f(a)} (20 < E/RT < 60) (15)

A plot of In(f) vs. Tl at some « value for a set of £’s has the slope —1.052E/R [27, 30-31].
Since the KAS and OFW methods are integral based techniques, they are usually better-behaved
than the derivative based Friedman method, especially near the beginning and end of the
experiments. In practice, due to a general problem of a poor signal-to-noise ratio near the
beginning and the end of most chemical reactions, only data inside an o window of 0.1-0.9 are
analyzed for kinetic extraction even with the KAS and OFW methods, which are used for all
kinetics extractions for the rest of this chapter. It is noted that these variations of the
isoconversional technique of analyzing TPR spectra do not assume any particular rate limiting
model.

e Results & Discussion:

The Gibbs free energies associated with the reactions of LiH with H,O as described in
reactions (2) and (3) at room temperature are roughly -47 kcal/mol and -22 kcal/mol,
respectively [5]. Thermodynamically, the formation of an oxide/hydroxide corrosion layer on
LiH is very favorable. In an environment with a high partial pressure of water vapor, the growth
of the oxide/hydroxide corrosion layer is relatively fast. For example, at room temperature and
50% RH, the growth of the hydroxide corrosion layer in the steady growth stage is on the order
of 0.4nm/s (see fig. 11). In most industrial or device applications, LiH is placed in either an
initially dry or a vacuum environment with other materials that may release moisture slowly over

many months, years, or even decades. In such instances, the rate of hydrogen outgassing from
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the reaction of LiH with H,O can be reasonably approximated by the rate at which H,O is
released from the moisture containing materials [32] and will not be discussed any further. For
remainder of this chapter, the focus will instead be on measuring the kinetics of hydrogen
outgassing as a result of the thermal decomposition of LiOH (previously grown on LiH) in a dry
or vacuum environment without the presence of any moisture containing material.

Fig. 15 (a), (b) and (c) show H; (darker solid lines) and H,O (lighter solid lines) TPR
spectra, at a heating rate of 0.025 K/s, of fresh LiH samples with 93 nm, 1.2 pum and 36 um thick
LiOH surface corrosion layers, respectively. Fig. 15(d) shows H,O TPR spectrum obtained at the
same heating rate from bulk LiOH powder for comparison. The H, emission from the fresh LiH
sample with a 93 nm LiOH corrosion layer occurs over a broad temperature range from 300 K to
530 K and exhibits 2 peaks: one around 420 K and another around 480 K. H; evolution from the
fresh LiH sample with a 1.2 um thick LiOH corrosion layer covers a temperature range from 300
K to 550 K and is heavily biased toward higher temperatures with a peak around 510 K. The H,
TPR spectrum for the fresh LiH sample with a 36 um thick LiOH corrosion layer exhibits a peak
at an even higher temperature (~ 600 K). From the data, it appears that the energy barrier for H,
outgassing from LiH increases with LiOH film thickness. The H,O signals recorded in the TPR
spectra originated from the vacuum thermal decomposition of LiOH according to reaction (6).
The H,O signal from the fresh LiH sample with a 93 nm thick LiOH corrosion layer is very
weak, but non-zero, below 475 K with a clear peak around 480 K. The fresh LiH sample with a
1.2 um thick LiOH corrosion layer shows a much stronger H,O signal at around 510 K. For the
fresh LiH sample with a 36 um thick LiOH corrosion layer, the peak of the H,O signal shifts to
600 K while that from bulk LiOH powder exhibits a peak at around 610 K. Qualitatively, it

seems like the energy barrier for the vacuum thermal decomposition of LiOH is significantly
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lower for thin LiOH films grown on LiH and increases with increasing thickness of the corrosion
layer, eventually reaching the value of bulk LiOH powder decomposition for thick LiOH films.
In the temperature range below 475 K, the measured intensity of H, is much higher than that of
H,O. The fact that the H,O signal is non-zero in the temperature range below 475 K confirms
that the thermal decomposition of LiOH according to reaction (6) is taking place in this
temperature range for LiOH grown on the surface of LiH. The presence of the much stronger H,
intensity in this temperature range suggests that most H,O molecules generated from the
decomposition of LiOH diffuse quickly through the Li,O buffer layer in between LiOH and LiH
to react with LiH according to reaction (2). The sequel of reactions responsible for the H,O and

H, outgassing in the lower temperature range where the ratio of H, signal to H,O signal is very

high are:
2LiOH(s) — LixO(s) + H,O(g) (16)
2 LiH(s) + H,O(g) — Li,O(s) + 2Hx(g) (17)

Why is the ratio of intensities of H, to H>O so high below 475K? A plausible explanation is
that at lower temperature, LiOH near the LiOH/Li,O/LiH interface starts to decompose first
according to reaction (16). Due to its close vicinity to the LiH substrate, which acts as a moisture
sink, most H,O molecules created from reaction (16) quickly diffuse through the thin Li,O buffer
layer to react with LiH to form H, gas according to reaction (17). As the temperature increases,
the Li,O buffer layer between the LiH substrate and LiOH gets thicker while LiOH from the
vacuun/LiOH interface also starts to decompose inward toward the bulk as illustrated in figs. 3
and 4. The rate of LIOH inward decomposition increases exponentially with temperature, as can
be seen in equation (7). Beyond 475 K, the rate of vacuum thermal decomposition of LiOH

becomes very high and the Li,O buffer layer between LiH and LiOH is sufficiently thick that a
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good fraction of H,O generated by reaction (16) can escape from the sample and is detected by
the mass spectrometer. The almost perfect alignment of the hydrogen peaks with the water peaks
above 475 K, as seen in fig. 15(a), (b) and (c), implies that the rate limiting step in the process of
hydrogen outgassing from LiH is the actual decomposition of LiOH, not the diffusion of H,O
[33] through the Li,O buffer layer. In a closed system containing LiH and LiOH, all H,O
generated from LiOH decomposition rapidly reacts with LiH to form H, [6]. Thus, in the absence
of any external H,O source, LiOH is involved in all aspects of hydrogen outgassing from the
LiH/Li,O/LiOH system.

From the sequential reactions (16) and (17), it can be seen that two LiOH decomposition
events generate one intermediate H,O molecule which, in turn, produces two H, molecules.
Overall, there is one mole of H, formed for the decomposition of one mole of LiOH. Therefore,
in vacuum device applications involving both LiH and LiOH, the total equivalent hydrogen
outgassing flux (I'equiv. hydrogen, 10 UnNits of molecules.m'z.s'l) resulting from all LiOH

decomposition events can be approximated by doubling the H,O TPR flux (I’ , ) and adding the
results to the H, TPR flux (T, ):

=20, , +T, (18)

Fequm hydrogen
Fig. 16 shows TPR spectra, at different heating rates, of the total equivalent H; release
rates in units of molecules.m™.s™ from (a) fresh LiH with a 93 nm thick LiOH corrosion layer,
(b) fresh LiH with a 1.2 um thick corrosion layer, (c) baked LiH (with a subsequent exposure to
3 Pa of H,O for 2.5 hours), and (d) LiOH powder. In all cases, the maximum outgassing peak
shifted to higher temperature as the heating rate was increased. The outgassing peak shifts
presented in fig. 16 are on the order of many tens of degrees in going from the slowest heating

rate to the fastest heating rate in each set of data. The peak shifting to a higher temperature with
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increasing heating rate is consistent with a thermal process with a positive activation energy
barrier.

Plots of E vs. a for fresh LiH samples, baked LiH samples and bulk LiOH powder are
presented in figs. 17 (a) and (b). In fig. 17, the dashed and solid lines are activation energy
barriers derived from the OFW and KAS methods, respectively. The activation energy barrier for
the outgassing process from fresh LiH samples is seen, in fig. 17(a), to increase with the reacted-
fraction, a, and the LiOH film thickness. This is easily seen if the activation energy barrier for
outgassing is plotted against the equivalent LiOH decomposition thickness for fresh LiH samples

[fig. 18], where the LiOH decomposition thickness, Xrion, is estimated from:

r .
Xpon = myion I equiv. hydrogen dT (19)

Prion B

In equation (19), mzion (3.99 x 10%2°kg.molecule™) and pyion (1460 kg.m™) are the mass of a
LiOH molecule and the density of bulk LiOH, respectively. During moisture exposure, most of
the LiOH formed early in the process is interface/surface LiIOH. However, there is a limit to the
number of sites available to form interface/surface LiOH. Once these sites are used up, the
remaining LiOH creation is almost exclusively bulk. As a result, one expects an inverse
relationship between the activation energy barrier for hydrogen outgassing in the LiH/LiOH
system and the LiOH corrosion layer thickness. From fig. 18, it is seen that the activation energy
barrier for the decomposition of LiOH starts out at a low value of ~ 88 kJ/mol for interfacial
LiOH (LiOH states within a ~ 60 nm distance from the LiH/Li,0 interface). This activation
energy barrier increases quickly to ~ 117 kJ/mol for an LiOH corrosion layer thickness of about
100 nm and approaches the value for bulk LiOH decomposition (> 134 kJ/mol) when the
corrosion layer surpasses a thickness of about 1 um. The activation energy barrier for hydrogen

outgassing from baked LiH samples [fig. 17(b)] is lower, and has a different shape than that of

17



fresh LiH samples with a mean LiOH layer thickness of 1.22 um [fig. 17(a)], from which the
baked LiH samples were made. The cartoon in fig. 19 illustrates the re-hydroxylation process
following vacuum baking and subsequent low moisture exposure through the cross-section of a
hypothetical fresh LiH sample. Vacuum baking of the LiH/LiOH system at high temperature
converts LiOH into Li,O. During baking, local spallations and cracks are formed within the Li,O
to relieve stress. Upon subsequent low H,O exposure for a short duration, only a small amount of
Li,O (primarily near the surface and in cracks) is converted back to, mostly, surface LIOH. This
is because Li,O surface states (near the vacuum/surface and in cracks) are readily accessible to
H,0O molecules and are converted to LiOH surface states first. Li,O near the Li,O/LiH interface
is less accessible to H,O molecules, except near cracks. Bulk Li,O and interfacial Li,O near the
Li,O/LiH interface are converted to LiOH last and only in longer moisture exposures since it
takes time for H,O molecules to diffuse inward to reach these locations. As explained earlier,
surface LiOH is thermally more stable than interface LiOH but less stable than bulk LiOH. In
addition, the ratio of surface LiOH to interface and bulk LiOH is much higher in systems baked
and subsequently exposed to low H,O pressure for a short duration. The activation energy barrier
for the decomposition of LiOH formed on baked samples is, therefore, expected to cover the
range of values in between that of interface LiOH (~ 60 nm of LiOH closest to the LiH/Li,O
interface on fresh LiH samples) and that of bulk LiOH (many micrometers thick LiOH layer on
fresh LiH samples). From the plots of £ vs. & in fig. 17, surface LiOH states are deduced to
have thermal decomposition activation energies higher than 88 kJ/mol (interface LiOH) but
lower than 134 kJ/mol (bulk LiOH). LiOH states at or near the LiOH/vacuum interface have
higher activation energy barriers than and contribute less than interfacial LiOH states to

outgassing at lower temperatures. Bulk LiOH, with an activation energy barrier of decomposition
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greater than 134 kJ/mol, is thermally stable, even at 350 K in a good vacuum, and practically
causes no outgassing concern in device applications. Since hydrogen outgassing from the
LiH/LiOH system, in the absence of an external moisture source and at lower temperatures, is
attributed mostly to interface LiOH and, to a lesser degree, surface LiOH, it is dependent more

on the sample’s geometrical surface area than on the LiOH corrosion thickness.

OUTGASSING KINETIC PREDICTION

e Isoconversional Kinetic Prediction Method:

Using the integral form of the rate equation [equation (10)] for isothermal conditions gives:
_E _E
g(a) = {Ue RT } [t {ue RT }t (20)

For non-isothermal conditions with a constant heating rate, 3, [34]:

r _E 2 _E
g(a)z%je KT GT z%%e R Q1)
0

Depending on the accuracy needed for the applications of interest, more elaborate (but at the cost
of simplicity) approximations to the analytical solution to the g(«) expression for non-isothermal
conditions have been documented [35].
The time, ¢,, at which a given conversion, a, is reached at an arbitrary temperature 7, can be
approximated from non-isothermal experiments for many processes by equating the g(a) forms
above for the isothermal and non-isothermal conditions [36-37]:

£, 7! , _E
t, = [ ﬂe”o} RT, w. (22)

E

a
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Here, T, is the temperature corresponding to a given conversion « at the heating rate of f. E, is
the experimentally determined value of the overall activation energy barrier at that level of
conversion. Thus, using values of £, vs. « obtained from the KAS or OFW methods, a TPR
spectrum with a heating rate of f can, with equation (22), be used to predict & as a function of
time for a given temperature, 7,. To scale up the results from the above kinetic prediction (which
is derived from experiments on small samples) for comparison with actual isothermal outgassing
experiments involving large samples, the geometrical surface area of the LiH sample has to be
taken into account according to the simple formula:
Total outgassing = outgassing per unit area x geometrical area of the LiH sample (23)
Using the methodology presented here, time dependent kinetic predictions for hydrogen
release from the LiH/LiOH system can be made at any temperature and as a function of sample
pre-treatment. The isoconversional method of kinetic measurement and prediction presented in
this chapter has advantages as well as disadvantages. Its primary advantage is that it is a model-
independent technique which has all the known/unknown reactions embedded in data from a
series of dynamic thermal experiments on identical samples at different heating rates. The main
disadvantage of the isoconversional method is that it requires collection of data from a set of

very similarly prepared and treated samples at widely different heating rates.

e Kinetic prediction
In order to test the validity and accuracy of kinetic measurements and predictions based
on the isoconversional analysis of TPR outgassing spectra, a set of long-term (i.e. > 180 days)
isothermal outgassing experiments were undertaken. The isothermal outgassing experiments

involved stored LiH and annealed LiH. Stored LiH was maintained in an environment with < 10
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ppm of H,O, over an extended period of time, until insertion into previously baked and
thoroughly outgassed UHV stainless steel containers, each equipped with a Baratron capacitance
manometer gauge for measuring pressure and two valves to allow pump-down (by a turbo
molecular pump) and gas sampling. Annealed LiH was stored LiH which had been annealed in a
vacuum of < 1.3x10™* Pa at 503 K for 40 hours, cooled down and then re-exposed to 30 ppm of
H,O for 2-3 hours. Diffuse Reflectance Infrared Fourier Transform spectroscopy (DRIFT)
indicated that the LiOH surface thickness was on the order of 0.26 um for both stored LiH and
annealed LiH. Similar to the case of fresh LiH and baked LiH described earlier, a significant
reduction in the LiOH content is expected for annealed LiH in comparison with stored LiH.
However, DRIFT measurements of LiOH thicknesses for stored LiH and annealed LiH were on
the same order of magnitude. It is likely that DRIFT measurement of LiOH thickness on stored
LiH and annealed LiH is not as sensitive as the mass spectrometer based measurement employed
for fresh LiH and baked LiH. After pump down, the containers were placed within ovens set at
different temperatures. Empty control vessels served to establish a background outgassing level.
At the end of the isothermal experiments, the gas content in each container was analyzed and
found to be mostly H, (~99% H, and ~ 1% trace amounts of N, + O, + Ar).

A comparison between experimental isothermal hydrogen outgassing from stored LiH,
with a total geometrical surface area of 0.0190 m* and an outgassing prediction based on the
model-free kinetic analysis for fresh LiH, with a similar surface area, at 343 K is presented in
Fig. 20(a). Figs. 20(b), (c) and (d) show comparisons between experimental isothermal
hydrogen outgassing from annealed LiH, with a total geometrical surface area of 0.0205 m?, and
outgassing predictions based on the model-free kinetic analysis for baked LiH at 348.7 K, 330.1

Kand 315.5 K, respectively. The heavy lines indicate experimental isothermal hydrogen
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outgassing data while the lighter bands are predicted from the isoconversional kinetic analysis of
TPR spectra. Despite scatter in the experimental isothermal outgassing curves, experimental and
predicted curves are in good agreement. Given the likely differences in preparation conditions
and variations in LiH sample treatment between the TPR and isothermal experiments, it is
remarkable that the isothermal data falls within the kinetic prediction bounds and, more
importantly, that the curve shapes are well represented, adding credence to the kinetic prediction
method presented here.

In fig. 21, plots of predicted a vs. time are presented for the vacuum thermal conversion
of LiOH into Li,O for a fresh LiH sample with a 93 nm corrosion layer at 300 K (a), for a baked
LiH sample at 300 K (b), for bulk LiOH powder at 300 K (c¢) and for bulk LiOH powder at 343
K (d). The shaded bands around the prediction lines represent a 35 % associated error in the
accuracy of the prediction models. From fig. 21, it is observed that bulk LiOH powder, which is
composed of LiOH grains with sizes ranging from of tens to hundreds of micrometers, is
thermally very stable against vacuum decomposition into Li,O and H,O, even at 343K. For
comparison, about 12-24 % of the LiOH in the baked LiH sample, which is composed mostly of
surface LiOH, decomposed at 300K over many decades. Since the equivalent LiOH film
thickness in the baked LiH sample is 0. 28 um, it is estimated that about 34-68 nm surface Li,O
would be formed at the sample/vacuum interface in one hundred years. In contrast, for the fresh
LiH sample, 45-95% of the LiOH in the 93 nm corrosion layer, which is composed mostly of

interfacial LiOH and some surface LiOH, decomposes in about twenty years at 300K.

OUTGASSING MITIGATION
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As mentioned above, high temperature baking converts LiOH into Li,O. Limited re-exposure
of baked samples to moisture for a short duration of time forms surface LiOH near the
sample/vacuum interface and around cracks (small amount of interface LiOH may also be
formed if some of the cracks reach close to the LiH/Li,O interface). Mitigating unwanted
hydrogen outgassing from LiH, therefore, involves vacuum baking of LiH before device
assembly and a few common-sense practices. If device applications require high temperature
operation (well in excess of 343K), a thorough conversion of all LiOH into Li,O is
recommended. In this case, since the equilibrium vapor pressure of H,O over the LiOH/Li,0
system at 500K is higher than 13 Pa [5], vacuum baking at 535K for a couple of days in a low
vacuum environment is sufficient (fig. 22). However, since bulk LiOH is thermally stable in a
good vacuum even at 343K [fig. 21(d)] and surface LiOH is unavoidable even with baking
followed by low moisture exposure, it is practically sufficient to get rid of the least thermally
stable interfacial LiOH. This can be achieved by baking LiH at 480 K in a high vacuum for a few
hours (see fig. 23) if the operational temperature does not exceed 343 K. The advantage of
vacuum baking LiH at a lower temperature for a shorter time is the reduction in crack formation,
and thus the total amount of less stable interface and surface LiOH that might form after limited
moisture re-exposure. After vacuum baking, assembly of LiH parts into devices should be
performed in a dry room to minimize re-hydroxylation. Care should also be taken in the design
of devices so as to minimize the amount of material that can release moisture over time in the

same enclosure with LiH to avoid the direct reaction of LiH with H,O to form hydrogen.

SUMMARY
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LiH readily reacts with moisture to form a corrosion layer, releasing hydrogen gas. This
corrosion layer is composed of a thin Li,O buffer layer at the LiH substrate interface, followed
by a layer of LiOH, which is then followed by another layer of LiOH-H,O on top of the LiOH
layer if the environment has a humidity level higher than 15% RH. The growth rate of this
corrosion layer initially follows a parabolic behavior then becomes linear in later stage. This
growth rate remains constant in the steady state when the corrosion layer thickness is in the
micrometer range. Kinetic measurements show that the activation energy for the vacuum thermal
decomposition of LiOH starts out at a low value of ~ 88 kJ/mol for interfacial LiOH (LiOH
within a 60 nm distance from the LiH/Li,0 interface). This activation energy barrier increases to
an intermediate value of ~ 117 kJ/mol for surface LiOH (LiOH within a 34-68 nm distance from
the LiOH/vacuum interface) and ultimately to a value above 134 kJ/mol for bulk LiOH. In a
dry/vacuum environment, LiOH in the corrosion layer near the LiH/Li,O interface and near the
LiOH/vacuum interface slowly decompose over many years and decades, respectively, even at
room temperature into lithium oxide, releasing water vapor which then reacts with the lithium
hydride substrate to form hydrogen gas. The outgassing associated with the vacuum thermal
decomposition of LiOH into Li,O is dependent on the LiOH corrosion layer thickness and
baking treatments, and is directly proportional to the total LiH geometrical surface area. This
hydrogen outgassing can potentially cause unwanted metal hydriding and/or compatibility issues
elsewhere in the devices. In the course of this chapter, measurement and prediction of hydrogen
outgassing using TPR and isoconversional analysis have been demonstrated. Practical techniques
to mitigate the hydrogen outgassing problem based on various vacuum baking schemes were also

discussed.
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FIGURE CAPTIONS

Fig. 1: The phase stability diagram for lithium, hydrogen and oxygen at 298 K.

Fig. 2: A cartoon depicting the cross-sections of LiH samples that have been exposed to different

moisture environments at 298K.

Fig. 3: The inward vacuum thermal decomposition of LiOH into Li,O.
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Fig. 4: A cartoon depicting the cross-sections of a LiH sample with a corrosion layer on top
during vacuum thermal heating.

Fig. 5: (a) SEM image of a freshly cut polycrystalline LiD sample with grain sizes on the order
of hundreds of micrometers; (b) A layer of nanostructures with grain sizes on the order of tens of
nanometers was seen to form on top of the polycrystalline LiD sample after air exposure; (c) An
area of (b) at a higher resolution.

Fig. 6: An AFM image of the surface roughness measured on a pressed polycrystalline LiH. The
top portion of this figure shows a line scan across the surface.

Fig. 7: SEM images of LiOH corrosion layer grown on different facets of pressed polycrystalline
LiH after 15 minutes of air exposure at 30% RH (a through d). Larger nanometer-scale grains
observed by SEM on some facets of pressed polycrystalline LiH after exposure to room air for
40 minutes (e and f).

Fig. 8: XRD spectra of powder scraped off a pressed polycrystalline LiD surface in air with ~
40% RH as a function of time.

Fig. 9: The time dependence of the reaction probability of HO with LiH through hydrogen
production along with oxygen containing species coverage measured simultaneously by AES.
Fig. 10: The H,O reaction probability and phase lag of desorbed hydrogen with respect to
scattered water molecules for the H,O/LiH reaction.

Fig. 11: Hydroxide thickness, X, as a function of moisture exposure time on LiD.

Fig. 12: Cross-section SEM images of a LiOH film grown in air with 30-40% RH [(a) and (b)]

and SEM image of the same film looking from the top down (c).
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Fig. 13: Occasional spallations, blisters and cracks were observed in the morphology of a less
than 1.5 pum thick LiOH corrosion layer grown on polycrystalline LiH after heating to 550 K in
vacuum.

Fig. 14: A schematic diagram of the TPR experimental setup.

Fig. 15: H, (darker solid lines) and H,O (lighter solid lines) TPR spectra, at a heating rate of
0.025 K/s, for fresh LiH samples with 93 nm (a), 1.2 um (b), 36 um (c) thick LiOH surface
corrosion layers and for bulk LiOH powder (d).

Fig. 16: TPR spectra, at different heating rates, of the total equivalent H, release rates in units of
molecules.m™.s™" from (a) fresh LiH sample with a 93 nm thick LiOH corrosion layer, (b) fresh
LiH sample with a 1.2 pum thick corrosion layer, (c) baked LiH sample, and (d) LiOH powder.
Fig. 17: Plots of E vs. a for bulk LiOH powder and fresh LiH samples (a) and bulk LiOH
powder and baked LiH samples (b) according to the OFW (dashed lines) and KAS (solid lines)
methods.

Fig. 18: Activation energy barrier for outgassing vs. the equivalent LiOH decomposition
thickness for fresh LiH samples.

Fig. 19: A cartoon representing the re-hydroxylation process following vacuum baking and
subsequent low moisture exposure at the cross-section of a hypothetical fresh LiH sample.

Fig. 20: Comparison between experimental isothermal hydrogen outgassing and isoconversional
kinetic prediction for stored and fresh LiH samples at 343 K (a) and annealed and baked LiH
samples at 348.7 K (b), 330.1 K (c¢) and 315.5 K (d).

Fig. 21: Predictions of a vs. time for the vacuum thermal conversion of LiOH into Li,O at 300 K
for the fresh LiH sample with a 93 nm corrosion layer (a), for the baked LiH sample (b) and for

bulk LiOH powder (c).
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Fig. 22: Predicted o vs. time for vacuum thermal conversion of bulk LiOH (near the LiH/Li,O
interface) into Li,O at 535 K.
Fig. 23: Predicted o vs. time for vacuum thermal conversion of interfacial LiOH (near the

LiH/Li,0 interface) into Li,O at 480 K.
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