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The reaction rate of MgH, with NH3 is studied using a two-layered structure containing a top MgH, layer
and a bottom LiNH, layer. Quantification of the effluent gas composition from the two-layered structure
indicates substantial NH3 emission, while the X-ray diffraction analysis reveals little formation of the
reaction products between MgH, and NHs. In contrast, the study of the two-layered structure containing

a top LiH layer and a bottom LiNH, layer reveals that the reaction between LiH and NHs3 is much faster
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than that between MgH, and NHs.
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1. Introduction

Hydrogen sorption and desorption behavior and mechanisms
of the lithium amide (LiNH,) and lithium hydride (LiH) mixture
have been studied extensively for its potential as hydrogen storage
materials [1-17]. It is generally agreed that the overall dehydriding
reaction of this system can be expressed as [1]

LiNH, + LiH — Li;NH + H,. (1)

Furthermore, many studies [4,5,11,17] have indicated that Reac-
tion (1) proceeds with two elementary reactions. First, LiNH,
decomposes to produce lithium imide (Li; NH) and ammonia (NH3),
as shown in Reaction (2).

2LiNH; — Li;NH + NHs. (2)

Then, LiH reacts with NH3 to form LiNH, again and liberate Hj,
as shown in Reaction (3).

NHs + LiH — LiNH, + H,. (3)

For a mixture of LINH; + LiH (with a molar ratio of 1:1), the reac-
tion would continue to repeat the cycle of Reactions (2) and (3) until
all LiNH, and LiH transform to lithium imide (LiNH) and H, com-
pletely. The reaction rate of LiH with NH3 has been shown to be very
fast, in the order of microsecond [4]. This feature has been proven to
be critical in avoiding NH3 emission from the LiNH, + LiH mixture
[1117].
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In spite of the high storage capacity and fast reaction rate
between LiH and NHs, the lithium imide/amide/hydride system
still requires relatively high operating temperatures (~280°C) to
obtain 1 atm of hydrogen sorption and desorption pressure [1-17].
In order to increase the equilibrium pressure and lower the sorption
and desorption temperatures, many studies have focused on desta-
bilization of lithium amide through partial substitution of lithium
by magnesium [7,8,12,18-36]. This approach has indeed resulted in
encouraging results. For example, the (2LiNH; + MgH, ) system has
been demonstrated to absorb and desorb 5.2 wt.% of hydrogen with
a hydrogen pressure of 30 atm at 200°C [19,20], showing a much
higher hydrogen pressure than the lithium imide/amide/hydride
system at this temperature. However, recent works [35,36] indicate
that LiH-containing systems have faster hydriding and dehydrid-
ing reaction kinetics than MgH,-containing systems. Furthermore,
it is found that the MgH,/LiNH, system exhibits NH3 emission,
whereas the LiH/LiNH, system does not, or its NH3 emission, if
any, is below the detection limit of the mass spectrometer [36].
It is suggested that the slow kinetics of MgH,-containing systems
is due to the sluggish reaction between MgH, and NH3 [35,36].
This proposal is consistent with the observation that the reaction
kinetic between LiH and NH3 during ball milling at room temper-
ature is faster than that between MgH, and NH3 under the same
ball milling condition [35,37]. In this study, we have used a two-
layered powder structure described by Hu and Ruckenstein [4] to
compare the reaction rates of NH3 with MgH, and with LiH at
high temperatures up to 450 °C. Such a study is necessary because
hydriding and dehydriding reactions of LiH- and MgH,-containing
systems are all currently carried out at temperatures above ambient
[1-36].
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2. Experimental

In order to compare reaction rates of NHs with MgH, and with
LiH, an experimental setup of a two-layered powder structure
described in Ref. [4] were utilized in this study. Specifically, LiH
or MgH, powder of a known quantity was placed on top of a layer
of LiNH, powder in an alumina-microbalance crucible which was
subsequently loaded into a thermogravimetric (TG) analyzer (TA
instrument, TGA Q500). The weight ratios of LiH to LiNH; and MgH,
to LiNH; in the two-layered setup depend on the quantitative rela-
tionship to be evaluated in each experiment. Table 1 summarizes
all the ratios that were investigated in this study. These experimen-
tal setups allowed us to evaluate effects of the molar ratio, surface
area ratio, and volume ratio of the hydrides to LiNH,. Note that the
two-layered powder structure was used in this study because the
specific surface area of the individual component involved could be
controlled precisely, which would not be the case if the ball-milled
powder mixture were used for investigation. All the powder han-
dling was performed in a glovebox before being transferred to the
TG analyzer. The transfer resulted in a short exposure of the sample
to air (less than 30 s) and the loaded TG analyzer was flushed imme-
diately with Ar of 99.999% purity for 90 min before heating. This Ar
flushing at room temperature for 90 min is necessary to minimize
oxidation of hydrides in the subsequent heating process.

LiNH, with 95% purity was purchased from Fisher Scientific,
while LiH with 95% purity and MgH, with 98% purity were pur-
chased from Alfa Aesar. All the as-purchased LiH, LiNH, and MgH,
powders were subjected to ball milling for 45 min using a modi-
fied Szegvari attritor in order to produce powders with the desired
specific surface areas which can facilitate the direct comparison
of the reaction rates of NH3 with MgH, and LiH. The ball-milled
powders were then used to set up the two-layered structure, as
described above, which was subsequently heated with a heating
rate of 5°Cmin~! up to 450°C using the TG analyzer. The flow rate
of argon of 99.999% purity was maintained at 60 mlmin~—! in the
entire heating process. The outlet gas from the TG analyzer was con-
stantly monitored using a quadrupole residual gas analyzer (RGA)
equipped with a mass spectrometer (Model ppt-c300-F2Y). The
gases monitored included H,, NHs3, N5, O,, and H,0. The RGA unit
was calibrated using two gas-mixture calibrations, with one con-
taining 21.71 vol.% H, and 78.29 vol.% Ar and the other 301 ppm Nj,
1210 ppm O,, 1990 ppm NH3, and Ar balance.

The specific surface area (SSA) of each powder after high-energy
ball milling was determined through nitrogen adsorption at 77 K
based on the Brunauer-Emmett-Teller (BET) method [38] using a
gas sorption analyzer (NOVA 1000). The measured SSA was used
to calculate the surface area ratio of the hydride to LiNH; in the
two-layered structure. Similarly, the volume of each component
in the two-layered structure was computed by dividing the mea-
sured sample weight by the density of the component involved.
The molar ratio of the hydride to LiNH; in the two-layered structure
was determined in a similar manner by involving the measured and
molar weights of each component. The molar ratios, surface area
ratios, and volume ratios of all the hydride to LiNH, samples are
summarized in Table 1.

In order to identify the solid products formed from the two-
layered structure, the samples before and after different heating
schedules at different locations within the two-layered structure
were analyzed using X-ray diffraction (XRD). The operation con-
ditions for the XRD data collection were Cu Ka radiation, 40KV,
40mA, 0.03°min~!, and 0.02°/step using a Bruker D8 Avance
diffractometer. To quantify the change in the concentrations of the
reactants and products, all the samples were mixed with 10 wt.%
coarse-grained Si powder as an internal standard before XRD anal-
ysis. To prevent oxidation during XRD data collection, the sample
was sealed in a capillary quartz tube and the loading of the sam-
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Fig. 1. The composition profile of the effluent gas from (a) the two-layered
LiNH; +LiH system (Sample 1 in Table 1) and (b) the two-layered LiNH; + MgH; sys-
tem (Sample 2 in Table 1) as a function of temperature. The heating rate is 5°C min~!
with an argon flowing rate of 60 ml min~'in in the entire heating process.

ple to the tube was performed in a glove-box filled with argon of
99.999% purity. The capillary quartz tube had a wall thickness of
0.01 mm and thus was transparent to the X-ray.

3. Results and discussion

Fig. 1 shows the composition profile of the effluent gas
from Sample 1 (LiNH; +LiH system) and Sample 2 (LiNH, + MgH,
system) as a function of temperature during heating. Several phe-
nomena are noted. First, H is clearly the major component of the
effluent gas for both (LiNH; +MgH,) and (LiNH, +LiH) systems.
Second, N5, O, and H,0 concentrations change little in the entire
heating process. Third, the NH3 concentration, quantified using the
intensity of NH,* species with the mass-to-charge ratio of 16 (called
M16 hereafter), In16, is much higher for the (LiNH, + MgH; ) system
than the (LiNH; +LiH) system. The intensity of NH3* species was
not used to quantify NH3 because of the presence of OH* species
the intensity of which is 21.2% of the H,O" intensity [17]. Fourth,
the onset temperature for hydrogen release appears to be very low
(starting almost at the onset of heating). This is likely due to the
reaction between the hydride and a trace amount of oxygen in the
TG chamber, which results in the first hydrogen peak at about 90 °C.
However, all the other hydrogen peaks at higher temperatures are
related to the reactions between hydrides and NH3 because they
coincide with the increase of the NH3 concentration in the efflu-
ent gas. Emission of the NH3 from the decomposition of LiNH; and
the H, from the reaction between the hydride and NH3 forms a
blanket to prevent oxidation of the hydride at higher temperatures.
Finally, it is noted that a substantial amount of H, is released at
or above 400 °C, which is almost 200 °C higher than the previous
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Table 1

The molar ratio, surface area ratio, and volume ratio of the hydride to LiNH; in the two-layered structures and the NH; concentrations in the effluent gases from these

two-layered structures

Sample ID System Molar ratio hydride/LiNH; Surface area ratio hydride/LiNH; Volume ratio hydride/LiNH; NH3 conc. (ppm)
Sample 1 LiNH, +LiH 1144 2276 0.570 387
Sample 2 LiNH, + MgH, 0.975 4184 0.929 2670
Sample 3 LiNH, +LiH 1.927 3.833 0.959 27
Sample 4 LiNH; + MgH, 0.930 3.993 0.886 3132
reported data [17,35,36]. The discrepancy is attributed to the cur- B S
rent two-layered structure in contrast to the ball-milled mixture in ¢ LiH
the previous reports [17,35,36]. " : :::NNHI_Z;

In order to provide quantitative comparisons in NH3 emission, Top LiH layer a Liio
the NH3 concentrations determined from the effluent gas profiles 7 Xva ., > ¥ LiOH
were analyzed based on the molar ratio, surface area ratio, and vol- —~ e 12 ! v ¢ W w X q
ume ratio of the hydride to LiNH,, as summarized in Table 1. As 3 P X
shown in Reaction (2), the LiNH, in the bottom of the two-layered > [|LiHlayer close Y &
structure will decomposes to Li;NH and NH3 during heating. The - Ll / x ‘ o
newly formed NHj3 gas will then enter the top hydride layer (either E x X i I ¢ R S X i
LiH or MgH,) and react with the hydride. If all NHs is consumed in S Ml :
the reaction, there will be no NH3 in the effluent gas. Otherwise, | :
the effluent gas will contain NH3. For a complete reaction, 1 mol As Milled LiH \ > ' 5
of LiNH; will need 1 mol of LiH to capture all NH3 to form Hj, as b ‘ vwov* I vo o
defined by Reaction (1). In contrast, for the (LiNH, + MgH,) system, |~ e E e (N A D | U
1 mol of LiNH, .will only need half a mole of MgH, to capture all 10 i 2'0 : 3'0 ' lm ' 150 ' :30 ' 70
NH3, as shown in Reaction (4) [19,20].

26 (deg.)

LiNH, + (1/2)MgH, — (1/2)Li;MgN,H, + Ho. (4)

Thus, a comparison between Samples 1 and 2 (Table 1) indicates
that LiH is much more effective in reacting with NH3 than MgH,
on the molar ratio basis. As indicated by Reactions (1) and (4), if
reaction rates between NH3 and hydrides are very fast, hydride-to-
amide molar ratios of 1:1 and 0.5:1 would be sufficient to capture
all NH3 from LiNH; +LiH and LiNH; + MgH, systems, respectively.
However, Sample 2 with a hydride-to-amide ratio 95% higher than
the required 0.5:1 molar ratio still exhibits a high NH3 concen-
tration (i.e., 2670 ppm) in the effluent gas. In contrast, Sample 1
with only 14% higher than the required 1:1 molar ratio manifests
a very low NH3 concentration (387 ppm), which is only 14.5% of
the NH3 concentraion exhibited by Sample 2. Therefore, it can be
concluded that the reaction between NH3; and MgH, is slower than
that between NH3 and LiH when the hydride and LiNH, in the two-
layered structure are loaded with the molar ratios as defined by
the mass balance of Reactions (1) and (4). Moreover, the reaction
between NH3; and MgH, is still slower than that between NH3 and
LiH even when the hydride and LiNH; in both systems are loaded
in a 1:1 molar ratio.

A comparison between Samples 3 and 4 indicates that when
LiH and MgH; powders have the similar surface area, the NH3 con-
centration in the effluent gas of the (LiNH; + MgH,) system will be
more than 100 times that of the (LiNH; +LiH) system. Thus, the
reaction rate of NH3 with LiH per LiH surface area is 100 times
faster than that of NH3 with MgH, per MgH, surface area. A com-
parison between Samples 3 and 4 also reveals that the reaction
volume per unit time for LiH is about 100 times faster than that
for MgH,, because the NH3 concentration in the effluent gas of the
(LiNH, + MgH, ) system is about 100 times that of the (LiNH; +LiH)
system when LiH and MgH, powders have the similar volume. Such
a conclusion can also be obtained by comparing Samples 2 and 3.
In short, the present study unambiguously establishs that the reac-
tion rate of NH3; with LiH per LiH surface area, the reaction volume
of LiH per unit time, and the number of moles of the reacted LiH
per unit time are all higher than the corresponding values for MgH,
reacting with NHs.

Fig. 2. XRD patterns of the LiH layers before and after heating at different locations
within the LiH/LiNH, two-layered structure. The top LiH layer refers to the layer on
top of the LiH layer close to the bottom LiNH; layer. The two-layered structure was
heated to 300°C at 5°Cmin~! in the TG analyzer followed by rapid cooling before
the XRD analysis.

Fig. 2 shows XRD patterns of the (LiNH, + LiH) system before and
after heating at different locations within the two-layered struc-
ture. Note that the as-milled LiH before heating contains a small
amount of Li; O and LiOH which are mainly from the as-purchased
LiH powder. After heating at 5°Cmin~! to 300°C in the TG ana-
lyzer followed by rapid cooling, the LiH layer close to the LiNH,
layer in the two-layered structure shows the presence of a large
amount of LiNH, with small amounts of the remaining LiH and
newly formed Li; NH. In contrast, the top LiH layer far away from the
LiNH, layer exhibits the formation of only small amounts of LiNH,
and Li;NH. Using the Si internal standard, the relative amounts of
the remaining LiH and newly formed LiNH, in the LiH layer at dif-
ferent locations have been quantified and summaried in Table 2. It
is clear from Table 2 that the degree of the reaction of the top LiH
layer with NHj3 is small (i.e., only about 7% LiH has reacted with
NHs under the experimental condition empolyed). However, the
reaction of the LiH layer close to the LiNH, layer with NH3 is quite
extensive with 82% LiH having reacted with NHs. As indicated by
Reaction (3), the reaction products between LiH and NH3 are LiNH,
and H,. Thus, itis expected that the LiH layer close to the LiNH; layer
would contain a large amount of LiNH; after reaction. This is indeed
the case, as revealed in Table 2. It is also noted that a small amount
of Li;NH is present in the LiH layer after reaction. This Li,NH comes
from the decomposition of the newly formed LiNH,, as indicated by
Reaction (2). Finally, the concentration of Li,O in the top LiH layer

Table 2
The degree of the reaction between LiH and NH3 as quantified by the change in the
ratios of LiH (2 00) and LiNH; (11 2) intensities to Si (11 1) intensity

Intensity ratio As-milled LiH Top LiH layer LiH layer close to LiNH;
Iin/Isi 0.357 0.332 0.064
Iiinnz /Isi 0.0 0.005 1136
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Fig. 3. XRD patterns of the MgH, layer before and after heating within the
MgH;/LiNH, two-layered structure. The two-layered structure was heated to 360 °C
at 5°Cmin~"! in the TG analyzer followed by rapid cooling before the XRD analysis.

is clearly higher than that of the ball-milled counterpart, indicating
some oxidation during the TG analysis as discussed previously.

Fig. 3 shows XRD patterns of the MgH; layer before and after
heating within the two-layered structure. The presence of MgO
is attributed to the impurity in the as-purchased MgH, powder
as well as slight oxidation during ball millnig. After heating at
5°Cmin~! to 360°C in the TG analyzer followed by rapid cooling,
the MgH, layer close to the LiNH,, layer in the two-layered structure
shows no formation of new phases (based on the XRD data only).
However, it has been established that the reaction between MgH,
and NHj results in the formation of Mg(NH,), and Hs, as shown
below [30,36,37].

2NH3 + MgH, — Mg(NH; ), + 2H,. (5)

The Mg(NH, ), from Reaction (5) can further decompose to form
MgNH and NHs, as shown in Reaction (6) [36]:

Mg(NH;), — (1/2)MgNH + (1/2)NH3. (6)

The presence of Hy in the effluent gas (Fig. 1) and the absence
of Mg(NH,), and MgNH in the MgH, layer after reaction (Fig. 3)
suggest that the reaction between MgH, and NH3 has taken place
during heating; however, the reaction rate is slow, and thus the
quantities of the Mg(NH;), and MgNH formed from Reactions (5)
and (6) are too small to be detected by the XRD analysis. This result
is in excellent agreement with the effluent gas analysis (Fig. 1 and
Table 1), showing that the reaction between MgH, and NHj3 is much
slower than that between LiH and NHs. In order to confirm this
conclusion, XRD analysis was also performed for the MgH,/LiNH,
two-layered structure with a heating rate of 10°C min~!. The result
obtained was similar to that shown in Fig. 3, i.e., no noticeable new
phase peaks were found in the MgH, layer while there was H, and
NHj3 emission in the effluent gas.

4. Concluding remarks

The present set of experiments unambiguously establishes that
the reaction between MgH, and NHj3 is very slow. It is slower than
the reaction between LiH and NH3 on the basis of per hydride
surface area, per the reaction volume of the hydride, and per the
number of moles of the hydride. Therefore, to minimize the prob-

lem of NH3 emission from LiNH;-containing systems, the use of
MgH, should be avoided, while LiH should be utilized.
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