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Abstract

Recent investigations showed the formation of newda-chloride phases between Liplahd AICE
after milling and/or heating under hydrogen pressurhese phases exhibited a key role in the
improvement of the hydrogen storage propertiehefLtiNH,-LiH composite. In the present work,
we studied the effects of Al and Alddditives on the hydrogen storage behavior ot.tHdg-N-H
system. The dehydrogenation kinetics and the @agathway of Al and AIGImodified LiNH,-
MgH.composite were investigated through a combinatibRimetic measurements and structural
analyses. During the first cycle, the addition dfcAtalytically accelerates the hydrogen release at
200°C. In the subsequent cycles, the formation ofe&v phase of unknown nature is probably
responsible for both increased equilibrium hydrogesssure and decreased dehydrogenation rate. In
contrast, AIC} additive reacts with LiINptMgH, through the milling and continues during heating
under hydrogen pressure. Addition of AJ@tads to the formation of two cubic structuresidesd

in the Li-Al-N-H-CI system, which improves dehydeagation rate by modifying the thermodynamic
stability of the material. This study evidencesifes effect of cation and/or anion substitution on

hydrogen storage properties of the Li-Mg-N-H system

Keywords: hydrogen absorbing materials; mechanochemicagssing; kinetics; diffusion;

crystal structure.



1. Introduction

According to the Intergovernmental Panel on Climatange (IPCC) report, to limit the global
temperature increase to 1.5°C, as stated in th@li@isal climate accord in Paris, a larger emission
cut, in the range of 70-95%, would be requiredakt, despite the pledges to reduce the carbon foot
prints in several developed countries, the greesd@missions are continuously increasing [1]. In
the last years, in order to address this issuesthentific community has put great effort into the
implementation of zero-carbon energy sources [1, 2]

In this scenario, the molecular form of hydrogeansideal energy carrier for a sustainable future
due to its high energy density per unit weight (IM3d/kg) and the fact that its product of
combustion is only water [2]. However, for on-boamgplications, such as light-duty vehicle
combined with Fuel Cell (FC) systems, the storag@rnology represents the major technical barrier
to date. Storing hydrogen in solid-state materidts, example, has definite advantages over
pressurized gaseous or cryogenically liquefied dgdn due to the high volumetric hydrogen
storage density and safety [2-5]. Neverthelesgngive research is still necessary to develop a
material able to ab/desorb hydrogen at temperatoeésy 80°C with fast kinetics for more than
5000 cycles [5].

In the last decade, among the several classes tdriala investigated for hydrogen storage
purposes, the family represented by the amides; ()Ndlanates (Ali) and borohydrides (BH),
attracted a lot of attention [6-8]. These systemsimfact characterized by a high hydrogen content
in most cases matching with the restricted targetd by the energy department of USA and
Europe [8].

At first, the 2LINH, + LiH system, with a maximum hydrogen storage capaf 6.5 wt%, was
indicated as a promising candidate due to its gthem@modynamic characteristicaH, = 45
kJ/molH,) and reversibility under moderate pressures db&0of hydrogen at 300°C [9]. However,
further studies showed that the desorption reagsamot concerted and it has serious limitations,
such as the formation of NHluring the first dehydrogenation, and slow sorptianetics under

experimental conditions.



In order to deal with these issues, W. Luo etegdorted the destabilization of the Lidphase by

a partial substitution of lithium with magnesiumsi®wed in reaction (1) [10]:

2LiNH2s) + MgHy(s)— LizMg(NH)(s+ 2Hp(g) (1)

The formation of di-lithium magnesium imide,,Mg(NH),, is achieved during the desorption path
of reaction (1) with an important decrease of tlesadption temperature. Surprisingly, when the
ternary mixed imide is subjected to hydrogen pressf 30 bar Hunder temperatures slightly

above 200°C, the reaction proceeds with the foonadf magnesium amide and lithium hydride as

reported in reaction (2) [11]:

LioMg(NH)2(s) + 2Hyge>Mg(NH2)2) + 2LiH(s) (2)

Recent studies demonstrated that the Mg{dlH 2LiH composite is a prospective system for on-
board hydrogen storage applications, with a thealeenthalpy of 44 kJ/molHand gravimetric
capacity of 5.35 wt% H [11-14].

For these reasons, considerable effort has beeninpoutimproving the hydrogen storage
properties of both composites exploring differettategies [15-35]. Very recently, Chen and
coauthors reported that LiBH added in stoichiometric amount, can considerahlter the
thermodynamic and kinetic properties of the Mg-amidmposite, leading to a full reversibility at
temperatures lower than 100°C [15]. In the pagfreat deal of effort was devoted to the influence
of metal hydrides, hydroxides and halides[19-38}. &ample, KH and RbH, widely recognized as
excellent additives for improving the sorption Kine of the Li-Mg-N-H systems, can decrease the
dehydrogenation temperature by 50-100°C [20]. Im@dohydrogen storage properties were also
observed due to the addition of CsH and RbH [31,3Zfhium halides can also enhance
significantly the hydrogen storage properties ef 2hiNH, + MgH, and Mg(NH), + 2LiH systems.

Interestingly, the 0.2LiBr-doped sample reversildipored 3.7 wt% Hat about 185°C [22].



Concerning the mechanism, it was demonstratedLiBatreacts preferentially with LiNB which
was formed during the first desorption step, chaggdhe reaction enthalpy of the whole system. To
this regard, Anderson et al. reported that lithimmagnesium halides, reacting with LillHorm new
amide-halide phases with improved sorption properéind reduced ammonia gas evolution, when
compared to the halide-free system [36]. Similancttires have also been observed in the LHINH
based systems when AlCis introduced as additive [37]. Recently, Genrgtrial. proved the
superior effect of AIG to destabilize the thermodynamic and kinetic proge of the LiNH and
LiNH,-LIH systems [37-39]. Considering the remarkabléectf of AICl; on the above reported
compounds, it is expected to achieve comparabl®mpeance by introducing it into Mg(Nh: +
2LiH or 2LiNH, + MgH, systems. However, by our knowledge, no data qrerted on the Li-Mg-
N-H systems doped by Algadditive.

Based on these considerations, we present a dketaNestigation on the hydrogen sorption
properties of the Li-Mg-N-H system doped with AdGInd Al. The results achieved confirm the
benefit of AlCkand Al additives on the kinetics of dehydrogenatainthe Li-Mg-N-H system.
However, the cyclability of each modified compositas affected by the formation of new Al-based
phases. A plausible reaction pathway for hydrogdease/uptake process of Al@bped Li-Mg-N-

H system is here proposed.

2. Experimental methods

2.1 Preparation of aluminum doped Li- Mg-N-H sample

Commercial LiINH (Aldrich, purity 95%), MgH (Aldrich, 98%), Al (Aldrich 99.99%) and AlGI
(Merck, 98%) were used as starting materials.

According to a previous work [17], the preparatadrthe Mg(NH), + 2LiH-based systems were
carried out by a prolonged mechanical milling & thNH, and MgH reagents in a molar ratio 2:1.
The mixture was ball milled for 27 hours under MPa argon at 500 rpm using a planetary mill
(Fritsch Pulverisette 6) with a ball to powder @atf 40:1 [17]. The preparation of the Al- and

AICls-doped samples was performed by the mechanicaintezd for 5 hours of the 2LiNH+



MgH,+ 0.09AI and 2LINH + MgH, + 0.09AICE mixtures. Before introducing the dopants, the
2LiINH, + MgH, powders were pre-milled for 22 hours.

The starting reagents LiNFand Mgh (2:1) were also ball milled without additives @7 hours.

All samples were handled in an argon-filled MBradmlab glove box, with oxygen and moisture
levels lower than 1 ppm.

2.2 Characterization methods of the composites

Structural information of as-prepared and as-tcba@mples was obtained by X-ray powder
diffraction (XRPD, PANalytical Empyrean, Cudakiadiation, graphite monochromator) and Fourier-
transform infrared spectroscopy (FTIR, Perkin ElfSpectrum 400) analyses. To prevent oxidation
during XRPD data collection, the samples were sealeder argon atmosphere using an air-tight
sample holder. Qualitative and quantitative analysi the XRPD patterns were performed by
Rietveld refinement using MAUD software [40].

For FTIR spectroscopy measurements, pressed pellete prepared under purified argon
atmosphere by grinding of the samples with dry K®&lid state FTIR spectra were measured in the
range of 4000-1000 chusing a specially-designed cell closed in the glbux. The gases released
during dehydrogenation at different temperaturesevemalyzed using a degassed quartz optical cell
with KBr windows.

The mass change of as-milled and as-treated sam@esmeasured using thermogravimetric
equipment (TG-HP50, TA Instruments) under heliurs figw at a heating rate of 5°C/min. Samples
of about 5-7 mg were loaded into aluminum capsalesed in the glove box and transferred under
inert atmosphere.

Hydrogen volumetric measurements were performedamnn-house made Sieverts’ system,
coupled with a mass flow controller. Each sample wansferred in the glove box into a stainless
reactor which was connected to the Sieverts’ devidtee whole system was evacuated prior to
measurement and purged several times with hydrggenFor isothermal measurements, the sample
was heated up to 200°C under hydrogen pressureVBd), kept at this temperature for 0.5 hour

before measuring the hydrogen desorption (undéxr BlPa). Re-hydrogenation measurements were



performed at 200°C at a constant hydrogen pressfir6.0 MPa. In order to perform PCI
measurements, each sample was heated up to 206e€ &0 MPa of hydrogen for 0.5 hour before
measuring the first dehydrogenation PCI curve. fiygrogen contents were expressed as wt% with

respect to the total mass of each mixture.

3. Results and Discussion

3.1 Dehydrogenation properties of the Al and AlG+doped 2LiNH,; + MgH,samples

In order to assess the effects of aluminum additove the hydrogen storage properties of the Li-
Mg-N-H system, the hydrogen desorption and decoitippsbehaviors were determined by
volumetric and thermogravimetric analyses, respelti The results are showed in Figuresl and 2.
For comparison purposes, the corresponding curvigge qristine ball-milled system (black circles),
are also included.

It can be seen from Figure 1A that the as-milledemals exhibited a two-step dehydrogenation
process: the first step, between 150 and 200°Ctlandecond one, between 200 and 400°C. For the
AICl3-doped system the decomposition profile was idahtic that of the undoped sample up to
200°C, which suggests that Aladid not influence the decomposition behavior a$ tmixture. In

the case of the Al addition, the decomposition terajure decreased, which hints toward a possible
participation of Al in the first dehydrogenationcty. Mass loss achieved upon heating to 200°C was
3 wt% H for the Al-doped sample, while for the updd and AlCJ-doped samples it was around 2
wt% H. Increasing the temperature up to 400°C iedua mass loss exceeding 5.5 wt% H
(theoretical wt% loss from reaction 1), mainly @sable to the release of minor amounts of
ammonia by-product. In fact, FTIR gas analysis stibpresence of NdHduring dehydrogenation at
temperatures higher than 300°C. Moreover, the anametease increased with temperature.

After thermal treatment at 200°C under 6.0 MPa wdrbgen, the two-step dehydrogenation
process shifted to a higher temperature, with itis¢ $tep taking place between 150 and 225°C, and
the second one between 225 and 400°C (Figure 1&h Boped composites display improved

dehydrogenation rates at temperatures lower thadfQ0It is noted that a change in the



decomposition behavior occurs at 200-225°C, antlahmmonia emission gains relevance at higher
temperatures due to the thermal decomposition NHLiupon heating. Due to NHemission, the
mass loss measured was higher than the theorbtidadgen capacity for each sample (Fig. 1A and

1B). For these reasons, additional kinetics angtgiral studies were performed at 200°C.
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Figure 1: TG curves of Al-doped and Al&loped samples obtained after: A) milling and Brthal

treatment. The as-milled and treated 2LiNWgH, samples are showed as reference.

All as-milled samples underwent heating under 6 Pa\bf hydrogen up to 200°C for 0.5 hour.
After this procedure, isothermal dehydrogenatiorves at 200°C were acquired and displayed in
Figure 2. For simplicity, the three thermally tehtsystems are indicated as LM, LMAI and
LMAICI. It can be seen that the first dehydrogeoatcycle of the Al-doped sample was accelerated
with respect to that without the additive, botheesding a total hydrogen content of 5.0 wt%.
Considering the slope of hydrogen released asaifumof time (Fig. 2) between 0.02 wt% and 0.25
Wt%, a dehydrogenation rate of 0.22 + 0.05 wt% ivas obtained for the LM sample during the
first cycle, in comparison to 0.42 + 0.05 wt% ifor the LMAI sample. This improvement in

dehydrogenation rate was not observed during tleenske cycle, where Al-doped and undoped



samples exhibited a similar initial rate with auwetion in the hydrogen storage capacity of the Al-
doped sample. Additional cycling of the Al-dopedmgde showed a similar dehydrogenation
behavior to the second cycle. On the other hantydiegenation kinetics of the AlgEtHoped
sample was also faster than that of the LM. In, faclehydrogenation rate of 0.66 + 0.05 wt% tin
was obtained for the LMAICI sample during the ficgtle, in comparison to 0.22 + 0.05 wt% fin
for the LM sample. Again, a strong reduction of #mount of hydrogen released was observed in
the second cycle for the AlEtiopedsystem. It can be concluded that the dehgdaign rate was
about two and about three times faster due toddéian of Al and AIC§, respectively.

Apparently, some changes in the Al- and Al@bped samples occurred during hydrogen cycling
as a consequence of the interaction between tretards, which could partially change phases
present in the system and, consequently, the kgatid/or equilibrium hydrogen pressure at 200°C.
In the following part, structural modifications tine samples doped by different aluminum additives

will be studied and analyzed.

—o—LM
—o— LMAICI
—+—LMAI

Hydrogen desorbed (wt.%)

0 ' 10'00 ' 20'00 ' 30'00 ' 40'00 ' 50'00 ' 6000
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Figure 2: Isothermal hydrogen desorption at 200fCAledoped (LMAI) and AICk-doped (LMAICI)

samples. The numbers 1 and 2 indicatard 2° cycle, respectively. Sample 2LiNH MgH, milled for 27

hours and thermal treated (LM) is showed as reteren



3.2 Structural modifications of the Al- and AICk-doped 2LiNH, + MgH,samples during

hydrogen sorption

In order to clarify the structural changes in saspiluring hydrogen sorption and the effect of
aluminum additives, several samples were colleatatifferent stages for FTIR (Figures 3 and 5A)
and XRPD (Figures 4 and 5B) analyses.

In the case of the sample modified by Al addititm FTIR spectrum of as-milled sample
exhibited the characteristic N-H vibrations atttdul to the amide ions in Mg(Nh at 3328 and
3274 cnt, demonstrating that during the milling, Mg(Mkwas formed (Figure 3A). After thermal
treatment under 6.0 MPa of hydrogen at 200°C, ditexh to the Mg(NH), phase, the characteristic
N-H vibration doublet of LiNH at 3315 and 3260 chwas detected. Simultaneously, bands at 3198
and 3164 cil correlated with the formation of Mg,(NH); as a consequence of partial
decomposition of Mg(NE).. The XRPD diffraction analysis confirms the presemf crystalline
Mg(NH). (70 wt%), in the hydrogen-treated sample (Figurea#d the characteristic diffraction
peaks of LiH (25 wt%), Al (2 wt%), and unreacted Mg(3 wt%) and LiNH (< 1 wt%). No
diffraction peaks of LLMg2(NH); were detected probably due to the formation ofamamounts of
this phase, or with a very small crystallite si2dter the first dehydrogenation, N-H vibrations
related with Mg(NH), disappeared, and the band at 3174 caoharacteristic of the bMg(NH).,
was clearly identified (Figure 3A). This result atite XRPD pattern (Figure 4) confirm the
complete conversion of Mg(N#p into cubic LpMg(NH), (96 wt%) during the first hydrogen
desorption. At this stage, crystalline Al (3 wt%)H (< 1 wt%) and MgH (< 1 wt%) phases were
identified. The reversible hydrogen absorption-dggon cycling was just partial: the bands
associated with LiNkEand LbMg(NH), remained in both dehydrogenated and hydrogenaste s
(Figures 3A and 3B, respectively), as it was algofiemed from X-ray diffraction (Figure 4). The
guantitative Rietveld analysis concluded on théofwing composition: Mg(NH). (38 wt%), LiH

(12 wt%), Al (2 wt%), MgH (2 wt%), LbMg(NH), (46 wt%), and LINH (< 1 wt%). Moreover, a

10



new band was detected at 3232 cin the hydrogenated state and its intensity irsgdawith
cycling (Figure 3B). These findings suggest thameav species was possibly generated during
successive hydrogen ab/de-sorption at 200°C, wtaoehd not be assigned to any known reported
phase. Recently, a new intermediate.il«(NH)..oN2x was identified during an interaction
between LiINH and Al, which preceded the formation ogAIN,. However, its N-H vibration was
blue-shifted (ranging from 3220 to 3120 thrompared with our result (3232 &{41]. Moreover,
LiAI(NH) » was formed during the decomposition ofAlH s-doped Mg(NH).-LiH sample [42], but

its N-H position was also blue-shifted. Additiorstlidies are required to clarify the nature of this

interaction.
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Figure 3: FTIR spectra of the Al-doped sample (LMadter A) first and second desorption at 200°C; B)
first and second absorption at 200°C. For comparishe spectra of Al doped-sample after mechanical

milling and thermal treatment under 6.0 MPa of loggn at 200°C are also included.

11



& Al xLiH = Mg(NH,), oLiMg(NH), +MgH,
) T T T T

I
* *
* *
+ X
+ & % nd
.‘ AR " 2" ab
0
—_ [o] + +
5 & & 2 2" des
S *
.‘é‘ x * + /0 *+* . t
] i1 1% ab
] .
£ o
+ + st
Y " 0 19es
*
8 .
* +
&l s 8 LA
1 n 1 L 1 "
20 40 60 80

20 (degree)

Figure 4: XRPD patterns of the Al-doped sample (UM&fter thermal treatment (TT), first and second

cycles of hydrogen sorption at 200°C' des, ab; 79 des, ab).

S 2
eI >
=g
s L\
w . )
o P o
c Tl i
© . o
b= . N
£ L— T
”n (. v
c b i
© o o
S g vy
8 K
® ™
3500 3400 3300 3200 3100 3000

Wavenumber (cm'1)

Figure 5: FTIR spectra of the Algdoped sample, LMAICI, after first hydrogen desamptcycle (' des)
and first and second hydrogen absorption cycl¥stl 2%ab) at 200°C. For comparison, the spectra of Al-
doped sample after mechanical milling (MM) and thalr treatment (TT) under 6.0 MPa of hydrogen at

200°C are also included.

12



In the case of AlGtdoped system, Figure 5 shows that after ball ngjlthe AlCt-doped sample
consisted of Mg(Nh),, as it can be inferred by the stretching ban®3a8 and 3274 cthpositions.
After the thermal treatment, the bands from Mg¢NHdecrease, while those related with
Lio,Mg(NH), appear, suggesting a partial reaction of Mgf{¥HSimultaneously, peaks at 3315 and
3260 cnt, characteristic of LiNb| are identified. These two spectra are similahtse obtained for
Al-doped samples (Figure 3). However, the XRPDgratbbtained for the Al@ldoped sample after
the thermal treatment under hydrogen reveals siraicthanges (Figure 6). Although a significant
amount of LiH phase is present (28 wt%), Mg@Hvas not clearly detected by XPRD either due to
the detection limit (> 3 wt%), or due to its prolmbmorphous nature. Interestingly, two new sets of
diffraction associated with the formation of twdfeient cubic structures are visible[38]. One of
these cubic compounds (Space Gi@w), with a cell parameter af = 10.477A, was previously
associated with the reaction between LiN&hd AICE during heating, reaction which induces the
formation of a Li-Al-N-H-Cl phase with stoichiom#gtLisAls(NH)sClox [38]. The second sequence
of peaks, indexed with &m-3m space group and with a cell parameteraof 5.152 A, was
previously observed as a direct interaction of Al&id LiNH: during the ball milling of the product
(Fm-3m, a = 5.231A, referred as Li§NH,)Cls,) or upon the dehydrogenation of Li-Al-N-H-Cl
phase in the presence of LiAN-3m, a = 5.232-5.172A) [38]. These phases abundaneelaand

42 wt% in the thermal-treated mixture. Finally, 8&of MgH, is also found in the system.

*Mg(NH,), ©oLi,Mg(NH), +MgH, XLiH oLi(NH).Cl &FCC *Mg(NH,), oLi,Mg(NH), +MgH, XLiH eLi(NH,).Cl 4aFCC
A |
“D B o
. I'n o L
\ 0 o ":{ i | '
o e o/ \
N i\ X W Al
3 ST MR 2] : 0o
3 o . PN
8 A %o u -
2 o | > 1" ab 13 4
7] - | o \
é MWM Vl: .rv‘ .ﬁ P 1" des « M \ -
- M ) . M - .,,«m:".‘\"“" \ b oy AN .t.
| + - I + s M N ranataca AL
M\W* f, * d v 7o o\,
> 4 + \ N \ N
e I\l T A Y iy
L L L L L L L L L L
20 40 60 80 26 28 30 32 34 36 38 40
20 (degree) 20 (degree)

13



Figure 6: XRPD patterns of the Al@ioped sample, LMAICI, after thermal treatment und® MPa of
hydrogen (TT), first hydrogen desorption cyclé' des) and second hydrogen absorption cyclealf?, at

200°C. In panel B, detail in the angular ran@e=225-40 is given.

The successive dehydrogenation leads to the fasmafithe cubic LiMg(NH), (a = 5.022A) as
it can be inferred from XRPD pattern (Figures 6 &hdand the disappearance of LiH. Furthermore,
an imide phase with = 5.159 A is also identified in the pattern. Semitell parameters and peaks
sequence have been found in the imide product timodecomposition of the 3LiNH- 1/3 MgC}h
system, reported by Anderson et al. [36], and endbhydrogenation of the LiNFD.11AICk system
[38]. The latter was indexed as a FCC-like sequevittea cell parameter between 5.232 and 5.172

A

Experimental
— Fit
c-Li,Mg(NH),
Li,AlL (NH,).CI_

——FCC
—— MgH,

Intensity (a.u.)

20 (degree)

Figure 7: XRPD pattern and the Rietveld analysistte AlCk-doped sample, LMAICI, after first

hydrogen desorption cycle¥{#les) at 200°C.

FTIR confirms the presence of ,Mg(NH), as well as the Li-Al-N-H-CI| phase. Consecutive
hydrogen absorption-desorption cycles induce tlugnessive increase of the Li-Al-N-H-CI phase
by consumption of LiNH, as it was demonstrated by the absence of theskatr@B15 and 3260 ¢m

! and the corresponding XRPD pattern reported guiféi 6.
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3.3 Thermodynamic studies of Al- and AlC}-doped samples

Considering that the addition of Al and A¥Gb 2LINH, + MgH, modifies the dehydrogenation
kinetics, it is of relevance to evaluate the thetymamic stability of each composite. The pressure
composition isotherms (PCIs) of the doped 2LINHMgH, samples were obtained after thermal
treatment of as-milled samples at 200°C with 6.0aM® hydrogen pressure. Typical hydrogen
desorption isotherms are presented in Figure 8. fifee dehydrogenation PCI for the Al-doped
sample displays a flat plateau at an equilibriuraspure slightly inferior to that of the undoped
2LINH, + MgH, sample (1.38 and 1.48 MPa, respectively). However, the second
dehydrogenation cycle, the hydrogen equilibriunspoee increases, showing a sloped plateau with
an average equilibrium pressure higher than 2.0.MR& is additional evidence that a modification
in the nature of the Al-doped sample happened #ftefirst hydrogen desorption cycle. In contrast,
the equilibrium pressure of the first dehydrogesratof AICl-doped sample was about 1.7 MPa,
which is a higher value than the one of the undapaterial. This is an indication that the 2LiNH
MgH, + 0.09AICk composite constituted a destabilized system amd ntlodifications in the
composite took place before the first dehydrogenatiTherefore, both additives induced a
destabilization of the 2LiINFH+ MgH, sample after interactions between the Al compowamdsthe

reactants.
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Figure 8: Pressure composition isotherms of dewor@t 200°C for Al-doped and AlgHoped 2LINH

+MgH, sample. The numbers 1 and 2 indicate the numbeyabé.

3.4 Kinetic investigations

To gain quantitative information on the kinetic stants involved in the hydrogen sorption of the
Al- and AlCls-doped samples, the isothermal kinetic curves Vitteel by analytical equations based
on different solid-state reaction models, extergivdiscussed in previous manuscripts and

summarized in Table 1 [43-46].

Reaction Model Code Equation

One-dimensional Diffusion D1 a’? = kt

Two-dimensional Diffusion D2 l1-a)ln(l—a)+a=kt
: . Ty 1

Three-Dimensional Diffusion D3 (1-(1-a)?)? =kt

(Jander)

-Di i i i 2a
Three-Dimensional Diffusion D4 (1 __) (- =kt
(Ginstling and Brounshtein) 3
First-order kinetic F1 —In(1 —a) =kt
Two-dimensional growth phaseR2 1-(1- a)% — kt
boundary
Three-dimensional  growth  phas R3 1-(1- a)% — kt
boundary

Table 1: List of the kinetic models and the rateisippns used for fitting the isothermal desorption

experimentsa = reacted fractiork = kinetic rate constant= reaction time (s).

Two main models, the diffusion controlled (D) ate {phase-boundary controlled (R), describe
the experimental kinetic curves of the doped amdbped systems. In addition, the empirical model
F1 was also tested. In the first model, the diffasis the rate-limiting step, while in the shringin
core model, the chemical reaction at the phasedaryrcontrols the rate. By applying the equations
in Table 1 to the experimental curves (Figure Bg best linearity obtained with respect to the
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reaction time allows to distinguish between the treaggpropriate

kinetic rate constant.

models used for estimating the
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Figure 9: Plot of different kinetic equations witrspect to reaction time, applied to thiedésorption step,

operated at 200°C, for the systems LM (A), LMAI @)d LMAICI (C).

The results reported in Figure 9, suggest thatldtg/drogenation performance of the doped and

undoped systems correspond more closely to thesibifi-controlled models (D), indicating that

diffusion controls the rate of the reaction. Howegveis not possible to fully discriminate between
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D3 and D4, although the best linear fit is obtaif@dthe second kinetic model. The same approach
was also applied to the second desorption cycleafbthe systems, confirming the diffusion-

controlled rate of the reaction. The values forhddaetic rate constant are tabulated in Table 2.

System Temperature (°C) k (1/s) Kinetic Model
LM 200 °C 3.14 *10° (1°des cycle) D4
5.49 *10° (2"%es cycle)
LMAI 200 °C 4.02 *10° (1% des cycle) D4
1.03 *10° (2" des cycle)
LMAICI 200 °C 4.52 *10° (1*' des cycle) D4
7.12 *10° (2" des cycle)

Table 2: Kinetic constants obtained for the LM, LMand LMAICI systems during the first and second
desorption cycles at 200°C.

From the results tabulated in Table 2, it is pdsdib realize that system doped with AiGhows
the highest kinetic rate (4.52 *2G*), followed by the Al-doped and undoped systemsweéicer,
this trend cannot be confirmed for the second gesor steps where a significant decrease in the
kinetic rates for both doped systems is observeahing values inferior to those of the undoped

mixture.

3.5 Reaction pathway for hydrogen release from Aland AICls-doped samples

The structural investigations and the thermodynaamitt kinetic studies of the doped composites
provided relevant information about the intermesli@ind final products at different stages of
synthesis and/or hydrogen cycling. The 2LINHMgH, mixture was first ball milled for 22 hours to

favor the formation of Mg(Nb). via metathesis reaction [17]:

2 LiNH2(5)+ MgHz(s)D ball miIIing_> Mg(NH2)2(5)+ 2LiH(s) (3)
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No clear reaction of Mg(N}J, with Al occurred during extra milling for 5 hounshile it is quite
evident between AlGland metal amide phases. For the Al-doped Mg{dH 2LiH composite, the
thermal treatment at 200°C under 6.0 MPa of hydmodal not induce detectable structural
modifications. After the first dehydrogenation, tiRPD and FTIR studies showed that Mg@#H

transformed into LIMg(NH), by the well-known two-step reaction [47]:

2Mg(NH,), + 3LiH-> LioMga(NH); + LiNH, + 3H, (4)

LioMg2(NH)3 + LINH, +LiH-> 2Li,Mg(NH), +H, (5)

There was no evidence indicating an interactiorwbeh Al and the reactants at this stage.
Therefore, taking into account that the equilibritiydrogen pressure at 200°C for the Al-doped
Mg(NH,), + 2LiH composite is about the same as for the padmne, but with an improvement in
its dehydrogenation kinetics (Figure 2), the roléAbseems to be catalytic. However, subsequent
hydrogen cycles induced changes in the composgdalthe formation of an unknown phase (FTIR
band identified at 3232 c¢h), which could be responsible for the decreasééndehydrogenation
rate (Figure 2) and the increase in the hydrogerliequm pressure observed in the second cycle.
It was previously showed that the Al generated frdecomposition of 3Mg(NE. + 2LisAlH¢
inhibited mass transfer between the phases, negulti low desorption rates and reduced overall
reversible capacity [48]. The evidence collectednst enough to clarify the nature and/or
composition of this Al-containing phase, and addisil investigations are necessary. However, the
interactions between the phases clearly modifieditbermodynamic stability of the system.

For the AlICk-doped sample, the thermal treatment promotedrttegaction between Algland
Mg(NH,),, leading to the formation of two cubic phaseshie Li-Al-N-H-CI system. One of these
phases was previously identified agsAlg(NH2)3Clox (Space Grouf2;3) [38], which constituted a
new amide-chloride compound reported as isostractuith cubic-Liy(NH2)sCl [36]. The second
FCC phase (space groupm3m) displayed structural similarities with an imidkd phase

previously formed by milling AIGl and LiNH or by the dehydrogenation of 3l 3,(NH>)3Clox in
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the presence of LiH [38]. This last phase showeTéR band at 3150 ci[38], which is not
observed in Figure 6. In contrast, LiIH,)Cls, was related with a band at 3245 tnn a similar
way to the L§Al3(NH)sClgx. Consequently, the reaction of as-milled 2LINHMgH, + 0.09AICk

during heating under hydrogen pressure can be esgueas follows:

Mg(NHz)z(s) + 2LiH(S) + XA|C|3(3)D thermal treatment — 1/6LizAl 3X(NH2)3C|9X(S) +

1/2LiAl x(NHZ)C|3x(s)+ 1/2 Mgl‘b(s)+ 1/2 Mg(NHZ)Z(s) + LiH(S) (6)

where LiIAL(NH)Clsy is the imide-like phase, by analogy to similarN-H systems containing
LiCl, MgCl; or AICI; [36, 38].

The reversibility of the new composite obtainedceafthe thermal treatment (reaction 6) was
restricted by two factors: first, the relative ambuof LiH with respect to Mg(Nb)-,
LisAl3(NH2)3Clox and LiAlL(NH2)Clsy; and second, the experimental conditions selectethis
study (200°C and 6.0 MPa). In fact, dehydrogenatstrydrogenation of Mg(NE), were previously
demonstrated via reactions 4 and 5 under similgemental conditions [17]. In addition, cubic
LizAl 34(NH2)sClox phase showed reversibility at 300°C and 6.0 MPlaydfogen [38]. According to

previous work [36, 38], dehydrogenation of amidésdde phase could be described by the reaction

(7):

LizAl3x(NH2)3Clox(s) + 3 LiH(s)=> 3 Li2Alx(NH)Clsx(s) + 3 H(0) (7)

Therefore, the dehydrogenation of Mg(Nfand LsAls(NH2)3Clox according to reactions (4),
(5) and (7) is only partial, due to both the aualley of LiH and the experimental conditions
applied. Moreover, the fastest dehydrogenationobgerved for the AlGldoped sample (Figure 2)
can be associated with the highest hydrogen equilib pressure of the resulting Mg(MN+
LizAl 3¢(NH2)sCloy-LIH composite (Figure 7). The increased kinetideranoted in the first

dehydrogenation step for the Al&loped system is a further evidence of the uniqopgties of
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these amide structures improving their hydrogenage performance by introducing new elements

(i.e. Al, Mg), as also predicted by Rijssenbee&lef49].

4.Conclusions

Aluminum-compound-doped 2LiNHMgH, composites were prepared by ball milling and heat
treatment under 6.0 MPa of hydrogen and their hyeinostorage properties were investigated.
Initially, the Al addition to the 2LiNKH+ MgH, composite improved the dehydrogenation process at
200°C, apparently due to a catalytic effect. AstBtage, no structural modifications due to the
reaction between Al and Li-Mg-N-H were detectedpd@sterior dehydrogenation cycle led to the
observation of a new amide phase, which accourdedht increase of the equilibrium hydrogen
pressure. Simultaneously, the dehydrogenationofatee Al-modified sample decreased due to mass
transfer constrains. Interestingly, the Aj@dbped 2LINH + MgH, sample exhibited the better
dehydrogenation rate at 200°C, which was aboutttinees faster than that of the pristine material.
Structural analyses performed by XRPD and FTIR detrated that AIGI reacted with LiNH
(during milling and thermal treatment) to form twabic structures belonging the Li-Al-N-H-ClI
system. The formed amide-chloride phases modifiedh bthe reaction pathway and the
thermodynamic stability of the Alglkdoped Li-Mg-N-H system. Then situ interaction of AIC}
with 2LINH; + MgH, composite improved the dehydrogenation kinetiaghout modifying the rate
controlling step. However, the formation of amiddecide phases influenced the reaction pathway.
This investigation showed the possibility of impirmy the dehydrogenation rate and to modify the

reaction pathway by anion and/or cation doping.
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Hydrogen storage behavior of Al- and AICl;- doped 2LiNH,-MgH, was investigated

Al addition accelerates first dehydrogenation cycle due to a catalytic effect

AICl; induces the formation of Li-Al-N-H-Cl cubic phases during milling/heating
Li-Al-N-H-Cl phases improve dehydrogenation rate by thermodynamic destabilization
Positive effect of cation/anion substitution on the hydrogen storage properties



