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Abstract

Lithium reactive hydride composite 2LiBHVIgH, (Li-RHC) has been lately investigated owing toptgential
as hydrogen storage medium for mobile applicatiblavever, the main problem associated with thisenitis
its sluggish kinetic behavior. Thus, aiming to e the kinetic properties, in the present workeéffect of the
addition of Fe to Li-RHC is investigated. The adfitof Fe lowers the starting decomposition temieeaof Li-
RHC about 30 °C and leads to a considerably fastéghermal dehydrogenation rate during the firstirbgen
sorption cycle. Upon hydrogenation, Mgldnd LiBH, are formed whereas Fe appears not to take pahyn
reaction. Upon the first dehydrogenation, the faromaof nanocrystalline, well distributed FeB redadhe overall
hydrogen storage capacity of the system. Througbgeling, the agglomeration of FeB particles cawsdinetic
deterioration. An analysis of the hydrogen kinetiechanism during cycling shows that the hydrogenasind
dehydrogenation behavior is influenced by the @gtof FeB as heterogeneous nucleation center fgBMand its

non-homogenous distribution in the Li-RHC matrix.
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1. Introduction

One of the main constraints for the implementatibhydrogen as energy carrier is the lack of aitiefit (high
energy content per unit mass and volume), safe esmhomical (mild temperature and pressure operative
conditions) hydrogen storage system [1]. Hydrogerage in solid state through hydride compounds&ion is a
potential alternative to address this problem. g reason, many binary and complex hydrides Hasen
extensively investigated [2—9]. However, the hitbdmown binary and complex hydrides are too stablgptake
and release hydrogen at mild temperature conditimagor their hydrogen capacities are too low. Agxample,
MgH, is formed/decomposed with acceptable hydrogenaitypaf about 7 wt % at about 300 °C due to itshhig
enthalpy (74 kd/mol §J, while LaNiEHs is formed/decomposed at room temperature (25 KJ3obut its
hydrogen capacity is too low (1.0 — 1.5 wt% H) [12}-

Lithium reactive hydride composite (Li-RHC), i.eLiBH ;+MgH, mixture, presents potential characteristics for
use as hydrogen storage medium for practical agiits. According to the reaction: 2LiB§l + MgH, S
2LiH ) + MgBys) + 4Hyg, Li-RHC has suitable thermodynamic propertia#l (pake = 40.5 kd/mol B ASpiake =
81.3 J/K mol H, Tgesorpior 225 °C at 100 kPa) due to the exothermic formatibMgB, upon H release. It also
has high reversible gravimetric hydrogen storagpacity between 8 and 10 wt% H [13,14]. Moreover th
hydrogen absorption and desorption processes &HG can be performed at milder pressure and tempera
conditions than those needed for storing hydrogiencenventional methods, i.e. compressed and cnjoge
hydrogen storage [15,16].

However, before considering Li-RHC as a suitabladidate for mobile storage purposes, there arerakeve
drawbacks that have to be overcome. Due to kimatistrains, Li-RHC releases hydrogen at tempersigipeve
350 °C following a two steps mechanism accordingh® proposed reaction: 2LiBjj + MgHys) — Mgs) +
2LiBH ) + Hyg — 2LiH(s) + MgBy) + 4H,g) [17]. The first step of the reaction involving tbecomposition of
MgH. is quite fast in comparison with the second ore, the decomposition of LiBHand formation MgB
Moreover, the system reacts throughout differetiiyays depending on the temperature and pressuoditioms
[18]. A noticeable improvement in the kinetic beiaavof Li-RHC has been observed by the additiotrafsition
metal which forming transition metal borides appetar provide heterogeneous nucleation sites forfdhraation

upon desorption of MgH[19, 20, 21].



It has been reported that nanometric and well disgeFeB is formed from the reaction between Figésland
LiBH 4 [22,23]. The electronic structure of iron boridesomposed of the combination of covalent B-B Isoaid
metallic Fe—Fe bonds. This means that no electemster either from B to Fe or from Fe to B ocdarthese two
compounds and the oxidation state of Fe is the sesria the metallic state [24]. It is well knowrathransition
metals such as Fe are good catalyst for loweriegdshydrogenation temperature and enhancing theodead
sorption kinetics of Mgkl [25,26]. Therefore, the addition of Fe to the LH® can be beneficial mainly for its
dehydrogenation kinetics. It might lead to the fation of an iron boride compound, which, in turayid act as a
catalyst and/or nucleation site or grain refinerader the dehydrogenation of Mgldnd nucleation and growth of
MgB.,. Furthermore, Fe is cheap and it does not caus®bgn capacity loss by the formation of stablerbgpcts
such as lithium halides. For instance, fe&n cause hydrogen capacity loss owing to thedatien with LiH or
LiBH 4 and subsequent formation of stable compoundd.iikg23].

In this work, we investigate the role of Fe as dditve on the hydrogenation-dehydrogenation prigeiof the
Li-RHC. To the best of our knowledge, no studies arailable in literature regarding the possibleiation of Fe
compounds in RHCs. Several experimental techniggewell as equilibrium thermodynamic calculationsrev
applied to investigate this issue. To identify tmgstalline phases and to characterize their mirosire, ex—situ
synchrotron radiation powder X—ray diffraction (PRD) technique was utilized. The chemical state koal
structure around the Fe atoms were investigated-tay absorption spectroscopy (XAS). Anomalous $aagle
X-ray scattering (ASAXS), high resolution transnss electron microscopy (HR-TEM), scanning electron
microscopy (SEM) and dispersive X—ray spectrosd&i)S) were applied to study the sizes and distidbudf the
additive in the Li-RHC material. Finally, the theahbehavior and hydrogen kinetic behavior uponiogcivere
assessed via thermogravimetry coupled with diffégaérscanning calorimetry (TG-DSC) and the voluricetr

technique. All these investigations led to the ust#ading of the underlying mechanism of Fe onL.iHeRHC.



2. Experimental
2.1 Material preparation

As starting materials the following chemicals wered: MgH (Alfa Aesar, powder, purity > 98 %), LiBH
(Sigma—Aldrich, powder, purity 98 %), LiH (Alfa Aesar, powder, purity 99.4 %), Kg (Alfa Aesar, powder,
325 mesh, purity ~99 %) and Fe (Alfa Aesar, powdetQ um, purity > 99.9+%). 2LiH+MgBand 2LiBH+MgH,
reactive hydride composites plus Fe additive wespgred by ball milling using a Spex 8000M mill ey a
50 cn? milling chamber and ball to powder ratio of 40MgB, and MgH were pre-milled for 5 hrs and then
milled with LiH and LiBH;, respectively, after adding the selected additieemixture was milled further for 5 hrs.
All samples were prepared and stored for less thvanweeks in the glove box before characterizingrthwith
different methods. All the materials are designatedughout the paper as: Li-RHC (2LiH+MgB Li-RHC-H
(2LiBH4+MgH,), Li-RHC5Fe (2LiIH+MgB+5 % mol Fe), Li-RHC10Fe (2LiH+MgB-10 %mol Fe) and Li-RHC-
H-10FeB (2LiBH+MgH>+10 % mol FeB).

2.2 Material characterization
2.2.1 Synchrotron powder X—ray diffraction (SR-PXD)

Ex—situSR—PXD (Beamline D3 at DORIS Ill synchrotron sg®aing at DESY, Hamburg, Germariyz 0.5 A)
was carried out for phase identification. The s@®plere put into glass capillaries and sealed wéth. Exposure
time per sample was 60 — 120 seconds. All scaffetata in this contribution are reported using shattering
vector q = 477sin(@)/A, where @ is half of the scattering angle andis the wavelength of the radiation. The
crystallite sizes of MgB(101), MgH (110) and LiBH (101) were determined by the Scherrer equatioh [27
2.2.2 Thermogravimetry coupled with differential sanning calorimetry (TG-DSC)

TG-DSC measurements were performed with samples laftirogenation at 350 °C and 5.0 MPa. A TG-DSC
Netzsch STA 409 C device was utilized,®@{ crucibles were used as reference and sample Boltlee mass of
the measured samples was about 10 mg. All measaotemere done at a heating rate of 5°C/min froomro
temperature to 450 °C under a constant Ar flowES/min.

2.2.3 X-ray absorption spectroscopy (XAS)
XAS measurements at the Fe K edge were carriechbthie Al-beamline at DORIS Il (DESY, Hamburg,

Germany). The XAS spectra were collected in the XAN(X-ray absorption near edge structure) and EXAFS



(Extended X-ray absorption fine structure) regiddsreover, XAS spectra of reference compounds kgm&-
Aldrich, powder, purity > 99.9+%), FeB (Alfa Aes@owder, purity 98 %) and b (Alfa Aesar, powder, purity:
98 %) were also collected. The appropriate quastitif material were calculated in order to obtairedge jump
Apx near 1, with a total absorbance after egg@&) < 2 with the program “XAFSMASS” [28]. The samplesre
then mixed with boron nitride (=25 mg, Sigma Aldigpowder, purity: 98 %) in a mortar, pressed urilBrMPa
into pellets of 10 mm diameter and sealed with Kapttape (5%um in thickness) to prevent the
oxidation/hydrolysis. The measurements were dontainsmission mode at the K-edge of Fe (7112 eMhin
range of energy from 6960 to 8112 eV and under fiagluum (~18 MPa). XAS data processing and fitting were
performed by using the “IFEFFIT” software packag®e][ We used theoretical phases and amplitudesileséd by
the FEFF9 code [30,31] on the basis of metalliaRe FeB crystallographic structures [32]. Khmnge was set
from 2—-14 A*and the Fourier transform was fitted in the reglo#-3.0 A. The passive reduction facgtwas
restrained to 0.76 for the Fe K-edge analysis. Vhlge was obtained from the fitting of metallic f6d standard
by constraining the coordination numbers to theeslof the known crystal structure.

2.2.4 Small-angle X-ray scattering (ASAXS)

ASAXS measurements were done at beamline B1, athsgtron storage ring DORIS Il (DESY, Hamburg,
Germany). The samples were mounted in an alumirampke holder with a circular hole of 5 mm in diaereand
0.25 mm thickness and sealed with Kapton tape tidawxidation/hydrolysis. Small-angle scattering swa
measured below the K-absorption edge of iron (74P at energie&; = 6696 eV E, = 6963 eV,E; = 7055 eV
andE, = 7089 eV, to avoid fluorescence. During measurdsnére sample powders were placed in a metal holder
in vacuum P ~ 10" MPa). SAXS images were collected using a 2-dinmraisingle photon counting Pilatus 1M
detector (Dectris). The SAXS images measured dt eaergy for each sample were integrated over zhmauth
angle, corrected for background scattering and Eaaipsorption and then placed on the same intessile by
using a glassy carbon reference measurement. Absabensity scale was not used because the tréskseof the

samples could not be determined reliably. The SAXé&nsity is composed of three terms [33]:

@B =lrere@B) +lee @BE) + 1y (@ @



The first part (..rdq, E)) is related to the contribution purely from thmeri-rich phase, the second pdg.{(q,
E)) is a cross term related to mixed iron and matartribution while the last party(\(g)) comes purely from the
matrix and thus does not depend on en&rgiose to the absorption edge of the iron.

Separated curves resulting from the differencewdsent 1(g,E;) — I(g,E) andl(q,E) — I(q,E;) were calculated
from the measured SAXS intensities because theyldhwt contain a contribution from the matrix lmnly the
iron-rich phase and the cross term; as an examg@leSE shows the four intensity curves obtainel;aE,, E; and
E4 and the separated curlg,E,) — I(q,Es) for samples Li-RHC10Fe and Li-RHC5Fe after mdlint is important
to mention that none of the measured ASAXS curasscan be observed in Fig. S1, show a saturatidheof
intensity close ta = 0 nni. It means that there can be large structures -ofchephases in the samples.

Assuming a random two-phase model of iron-rich &od-depleted areas, the separated intensity cumeze
fitted using a Debye—Bueche model [34], which giee$ength scale for the Fe-rich areas, and a ptaver-
background that is attributable to larger structure the following expression:

2
(@) = 12Nz —(18:7;<Z)> +BG7+C, ()

where I(g) is the separated intensity, is the classical electron radiud, is the Avogadro number is a
correlation length, #> denotes mean square fluctuation in electron derfignol/cn)?], B and C are fitted
constants, and is the power-law exponent. The correlation lengths related to the sizes and distances between

the iron-rich and iron-depleted areas and dependkeototal surface ar&between the two regions [34]:
_ \%
a=dpl-¢)=. O

Here ¢ is the volume fraction of the iron-rich regionglanis the total volume of the sample. The model inZEq
was fitted to the separated intensity curves usdagt-squares minimization for which the goodndd#-avas

evaluated:

oo 1 W[1@)-M@) T
X/N‘N—fé[ o(a,) }’(4)

whereN is the number of points in the cunfds the number of free fitting parameters (5 in case)|(q,) is the

separated intensity curve,is the experimental error, aM{q,) is the model curve in Eq. 2.



Fits were made to two separated curves per sanigle;)—(q,E-) andl(qg,Ey)-1(g,Es), and the mean values of the
fits were taken as the results and standard dewgs the errors. In Fig. S2, an example of theefnfitting for
samples Li-RHC10Fe and Li-RHC5Fe after milling ewn.

2.2.5 High resolution transmission electron microsapy (HR-TEM)

HR-TEM images were obtained on a Philips CM200 UiErascope operating at 200 kV. Samples for TEM
were prepared by dispersing a small amount of powdacetone and then ultrasonicating the suspersifore
depositing a drop on a commercial carbon coategearogrid. The sample was exposed for a short torert In
order to identify the Fe species rich zone, poiletmental analysis was made via energy dispersivayxX-
spectroscopy (EDS).

2.2.6 Scanning electron microscopy (SEM)

SEM observations with backscattered electrons @@ &nalyses were carried out in an electron scgnnin
microscope SEM — Nova Nano SEM 230. Samples wargaoted for the observations.
2.2.7 Titration measurements

The non-isothermal and hydrogen kinetic behaviothef materials were evaluated in a Sieverts delHEERA
Hydrogen System, Quebec, Canada) [35]. The hydrokieetic behavior was assessed via isothermal
hydrogenations and dehydrogenations at 350 °C @dd@ under 5.0 and 0.55 MPa of hydrogen, respagtihe
amounts of utilized samples were between 100-1508migne samples were non-isothermally dehydrogerated
ramp of about 3 °C/min and under 0.55 MPa gfftfdm 25 °C to 400 °C. The non-isothermal dehydnagjen
processes were repeated several times to ensuredihiés and the shown curves are an average afbberved
behavior.

In order to obtain information about the reactioachianism during the hydrogen sorption, an analysithe
isothermal hydrogenation and dehydrogenation cuamdying gas—solid kinetic models was performetle T
general expression to study the rate of gas—sedidtions is:

0= KM)*F(P)xG(@) 6,



where the overall reaction rate (transformed faacti as a function of time t) depends on the tempezafty,
hydrogen gas pressure (P) and the hydrogen frac@ionsidering that K(T) does not change at givempgrature

and F(P) is constant, equation (5) can be exprezsed

da _
G(a)

g(a) = | kxt  (6),

where g@) is the integral form of the gas—solid modeédss the kinetic constant artdis the time [36-38]. The
models used to assess the rate limiting step dukingtic hydrogen sorption reactions were: Alphadelo

(g(a@)=t), nucleation models (Johnson—-Mehl-Avrami — JMA)pmetrical contraction models (contracting

volume — CV) and a 3-D diffusion model, see Talld3®)]. The transformed fractiaomwas determined from the
normalization of the kinetic curves taking as refere the actual hydrogen capacity. Then, the @actias
substituted in the equation of the aforementioméelgral models. For the hydrogenation and dehyahatign, the
fitting was done till 0.90 of the fraction. The djtya of the model fitting was evaluated by the adation
coefficient of the linear fitting R. Consideringatithe sorption kinetic behavior of the Li-RHC acchy complex
reactions, the well fitting of a model was usetuktiggest a possible rate-limiting step of thetiea¢19].
2.3 Thermodynamic calculations

The HSC Chemistry software [40] was used to evaldla¢ reactivity of the Li-RHC with Fe under difet
conditions. The most favorable reactions were ifledtthrough a combination of Gibbs minimizatiogudibrium
with selected solid and gas species. The obtaieedlts represent ideal phase equilibrium compaositissed to
predict possible reaction mechanisms involvingdsptioducts, particularly those which are amorplreng gaseous
species.
2.4 Material handling

All material handling was carried out in MBraun i glove boxes with oxygen and moisture controlled

atmosphere (< 10 ppm of,@nd HO) to prevent oxidation of the samples.



3. Results and discussion
3.1 Non-isothermal behavior: Titrations and TG-DSCmeasurements

In Fig. 1A and B, the titrations and TG-DSC nontiewmal measurements, respectively, are shownif&HC
and Li-RHC10Fe materials. Taking into account tifet microstructure of the materials, particularlgB4, can
influence the hydrogen storage properties of th&HIC [18], both Li-RHC and Li-RHC10Fe materials wer
prepared from LiH and pre-milled MgBThen, they were hydrogenated at 350 °C and 5.8. MRelatively high
amount of Fe has been added to the Li-RHC sampledier to clearly assess its effect.

As can be seen in Fig. 1A, the dehydrogenation éeatpre is reduced by 30 °C when Fe is added tdithe
RHC. This result (Fig. 1A) is in agreement with fié-DSC measurements exhibited in Fig. 1B. The tyen
release starts at about 300 °C and the maximumatasorate (Fig. 1B (a) — TG) and peak maximung(AiB (b)

— DSC) are reached at 350 °C. The discrepancyeirstérting temperature between the non-isotheritnation
measurements (Fig. 1A) and TG-DSC measurements (B} can arise from different utilized overpressur
(0.55 MPa of Hfor the titration measurement and Ar flow for ff®8-DSC) and different fluid dynamic regimes of
the respective devices. In the DSC curve (Fig. BB, the two initial endothermic events correspagdio the
structural transition (105 °C — 120 °C) and mel{ia§0 °C — 280 °C) of LiBlHare observed [41,42]. Then, the two
step decomposition belonging to first Mgk aximum 350 °C) and second to LIBHTmaximum 415 °C) are seen
(Fig.- 1B (a) and (b)). This two step behavior iscahoticed in the titration measurements (Fig. TRjus, the
addition of Fe can lower the starting decompositemperature of Li-RHC, but still it can not avdfee two step
reaction that which Li-RHC dehydrogenation undesgoe

3.2 ldentification of crystalline phases and crystiite size: SR-PXD

In Fig. 2 are shown the SR-PXD of the starting mal®g Li-RHC after milling and Li-RHC10Fe after ihmg
and after hydrogenation and dehydrogenation. F®RHC after milling (Fig. 2 (d)), reflections comirfiggm MgB,
and LiH are observed. The Li-RHC10Fe after millaigo shows peaks belonging to Mgihd LiH (Fig. 2 (e)). At
q~ 3.1 A, peaks corresponding to LiH and Fe are overlagpig 2 (e)). However, the addition of Fe is notice
atq ~ 3.1 A because the intensity of the peak is far highecamparison to the as-milled Li-RHC. For both
materials Li-RHC and Li-RHC10Fe, MgBas been pre-milled, then mixed with the other moamds (i.e. LiH

and Fe) and further milled. The final crystallitees of MgB, in the two material batches is ~ 10 nm. After



hydrogenation (Fig. 2 (f)), the presence of LiBéhd MgH along with remnant Mg is observed. Moreover,
metallic Fe is detected after hydrogenation (Figf)R suggesting that Fe does not interact with LiBRhe
crystallite sizes of both MgHand LiBH, are 40 nm. After dehydrogenation (Fig. 2 (g)), Mgt8th a crystallite
size of ~ 20 nm, LiH and remnant Mg are presentndtlteless, neither metallic Fe nor any Fe contginin
compound is detected. This suggests that upon defpgdation Fe crystallite sizes might have deckkdse
nanometer size range (not detectable by X-rayadiffon), which is highly unlikely, or Fe might haf@med an
amorphous or a nanocrystalline compound with amathement of the matrix. Therefore, to elucidatis thsue,

phase equilibrium compositions via thermodynamicudations and XAS measurements have been performed

3.3 Phase equilibrium compositions: Thermodynamicalculations
In order to infer the crystalline and amorphoussaisaobtained from the Li-RHC material and the Fditae

interactions, phase composition equilibrium caltafes based on the Gibbs free energy minimizatianehbeen
carried out with the HSC Chemistry software [40jeTcalculations for Li-RHC10Fe compositions andditions
such as mechanical milling (MM), first hydrogenatiand first dehydrogenation are considered. Intla
calculations the solid phase of LiBHbs taken into account and FeB as well agBFare included as possible
products of the reaction of Fe with the Li-RHC. Admhally, the formation of diborane,Bs in the gas phase is
also considered. Table 1 shows the results obtdioedphase composition equilibrium calculationkeTpredicted
crystalline phases after MM, hydrogenation and detiyenation are in good agreement with the ex&RuPXD
measurements (Fig. 2). After the hydrogenation gsscthe formation of FeB in equilibrium conditioiss
predicted. However, the diffractograms of the Li-RtDFe material after hydrogenation (Fig. 2 (f)) whahe
presence of Fe. In standard conditions, the foomatif FeB following reaction (1) is thermodynamigainore

favorable than reaction (2). Hence, there must kiaetic restriction for the FeB formation duringdnogenation.

Mng(S)+ LiH(S) + FQS) + 2.5"&(9) — MgH2(5)+ Feas) + LiBH4(S) (AG =-75 kJ) (l)

MgBy)+ 2LiH() + 4Hyg — 2LIBH4) + MgHye) (AG = — 59 kJ) (2)

Upon dehydrogenation, the presence of Fe is noelonigtected by SR-PXD (Fig. 2 (g)) and the phase

equilibrium calculations hint at the possible fotima of FeB. Under standard conditions, the fororatf FeB via

1C



reaction (3) upon dehydrogenation is thermodynaliyitavorable, while the conventional reaction {@hot. First
principles calculations have suggested that read®) does not proceed as shown in simple-stepiogapt3].
Nonetheless, the final products are as here destrib is important to point out that reaction @scribes the
second step of the dehydrogenation process of l[guRHC (see section 3.1), which involves the forioatof

MgB, from LiBH, and Mg.

LiBH 45 T FQS) — FeB(s) + LiH(S) + 3l2|—b(g) (AG =-15 kJ) (3)

2LiBH4(S) + Mg(s) — Mng(S) + 2LiH(S) + 3H2(g) (AG =23 kJ) (4)

According to the calculations and the hitherto expental results (Figs. 1 and 2), the formatiorFeB upon
hydrogenation can be precluded only by kineticriggins. Upon dehydrogenation, a two step readsarbserved
(Fig. 1), suggesting that reaction (3) and (4) pestas parallel reactions during the second stémaiile LiBH,
decomposes. Hence, MgBs well as nanocrystalline and stable FeB areddrmaking into account these results
and to ascertain the formation of the iron borigdecses, XAS measurements nearby the Fe-edge iIKANES

and EXAFS region have been carried out.

3.3 Chemical state and local atomic structure of #h Fe — additives: X—ray absorption spectroscopy (X3)
3.3.1 Chemical state of Fe: X-ray absorption nearelgye structure spectroscopy (XANES)

Fig. 3A shows the XAS curves in the XANES regionetige: 7112 eV) for as-milled Li-RHC10Fe,
hydrogenated Li-RHC10Fe and dehydrogenated Li-RHR@10Taking into account the phase equilibrium
calculations (Table 1), the valence state of Fthénsamples is compared with three references:liindta, FeB
and FeB (Fig. 3B). FeB and BB have an electronic structure in which the oxmlattate of Fe is the same as the
metallic Fe [24]. For all cases (Fig. 3A and Bkrthis no shift of the position of the first inften point (located
at 7112 eV) showing the same valence state of hoeEa in all samples. These results suggest teatduld be
present as metallic Fe particles or as any irondbapecies after hydrogen sorption. Hence, stumtiethe local

structure around the Fe atoms have been done.
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3.3.2 Short-range order of the Fe rich phase: Exteled X-ray absorption fine structure spectroscopy
(EXAFS)

Fig. 4 shows the EXAFS oscillations obtained atFeeK-edge (left) and the corresponding Fouriengfarms
(right, black circles) and fitting functions (sollishes) for the Li-RHC10Fe material after millingnh each stage
upon three hydrogenation-dehydrogenation cycles.détails of the fitting results can be seen inlda and S2.
Li-RHC10Fe after milling is well refined proposimagly one coordination shell of Fe atoms. Metalle tras two
Fe coordination shells around each Fe atom, oregbit atoms at 2.48 A and one of six atoms at A8Ih our
case a reduced coordination number of 3 is fitteahaintermediate distance of 2.73 A indicating phesence of
extremely small metallic Fe nanopatrticles. The higthue of the Debye-Waller factor obtained for thteell
indicates also a high degree of disorder in thectire. In order to fit the EXAFS signal of the sdenafter the first
hydrogenation the two first Fe shells of metalle Wwere needed. An increment of the total coordimatiumber is
observed (from 3 to 5.3), but a substantial redactiompared to the bulk material is still presémdjcating a
slight increase of the metallic nanoparticles siattsr hydrogenation. After the first dehydrogeoat{Fig. 4C),
this two-shells model does not refine the data argnmand the data and an eight-shells model fromFe®
orthorhombic phase was used (space gréung cell parametersa = 4.053 A,b = 5.495 A andc = 2.946 A)
[32]. To reduce the number of free parameters onkyamplitude factor was used for all coordinatiombers, an
isotropic relaxation of the interatomic distanceasvproposed with one free parameter and one DelateiwW
factor for each type of scatterer atom (B and F#) anly one commorAE, value for all paths were used. All the
fitted distances correspond to the crystallograpiaicies and the small reduction of the coordinatiambers is
indicating the formation of nanocrystals of FeBrdughout cycling, data was fitted using this lastel (Fig. S3,
Table S2) showing that FeB remains practicallylstabd the formation of other phase is not dete¢iesvever an
increase of the coordination numbers to the crggiedphic values after the second hydrogenatioobiserved
indicating a small increase of the FeB crystal siaad some variations in the interatomic distararesfound
(Table S2). There is a contraction of all Fe-B &edFe distances after each hydrogenation procesisalgly due
to the expansion of other phases of the materigdezh by the hydrogen absorption. The distanceg telsheir
original values after the dehydrogenation proc&kss, the formation of the nanocrystalline FeB ggmeafter the

first dehydrogenation can explain the absence af flee SR-PXD diffractogram (Fig. 2 (g)).
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3.4 Nanostructure of the Fe rich phase: Anomalousmall — angle X-ray scattering (ASAXS)

In order to understand the nanostructural charatiter of the FeB phase inside the Li-RHC matrix§AXS
measurements were performed and analyzed usirigehge-Bueche model [34]. All the experimental dstaind
theoretical consideration of the used model carséen in the experimental section 2.2.4. Fig. 5 shtve
correlation lengthd) values throughout hydrogen cycling for two matisriwith different amounts of iron: one
with 5 mol % of Fe (Fig. 5 (a) Li-RHC5Fe) and ther with 10 mol % (Fig. 5 (b) Li-RHC10Fe). The nemical
values ofa can be seen in Table S3, supplementary materiaméstioned before, the correlation length,is
related to the sizes and distances between theiglorfFeB) and iron-depleted (Li-RHC matrix) regs For both
compositions (Fig. 5 (a) and (b)), thevalues range in the nanometric scale, which &citordance with the XAS
results (Fig. 4, Table S2). It can be also obsethadl Li-RHC5Fe presents slightly largervalues than the Li-
RHC10Fe material. It can be mainly attributed te fitact that the Fe-rich areas are further apam feach other in
the Li-RHC5Fe material than in the Li-RHC10Fe miater

The relatively smalh values with small error bands ranging between &embi-RHC10Fe and 10 nm for Li-
RHC5Fe after milling and first hydrogenation artated to a fine and well distributed metallic Fside the Li-
RHC matrix (Fig. 5). This result is in good agreetneith the microstructural characteristics (crilgmsize) of
the material (Fig. 2A (c)). After the first dehydemation, the increase of thevalues in the range of 10 nm for Li-
RHC10Fe and 14 nm for Li-RHC5Fe (Fig. 5) are asatimainly to the formation of the FeB (Fig. 4): twll
volume of cubic Fe is 23.5%and the cell volume of orthorhombic FeB is 6538 fhe goodness-offit for the
Debye-Bueche model remains reasonable, which nteahshe assumption of the model regarding homaogsgio
distributed Fe rich phase inside the Li-RHC maisistill fulfilled. Upon further cycling, thoughhé general trend
shows an increase in the correlation length witkear fluctuation (Fig. 5), which means that thetalices between
Fe-rich nanodomains have increased or in other sydh& surface area of the domains has slightlyedsed (see
Eq. 3). The Debye-Bueche model fits increasinglyssoafter second and third hydrogenation-dehyd ratigem
stages, especially for sample Li-RHC5Fe (see T&Ble This may occur if the ASAXS cross term whisbt
taken into account by the model becomes more iraphras may happen if the structure or dispersicheoFe-

rich areas changes, or if the random two-phaseoappation of the Debye-Bueche model no longer aspio the
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samples. This suggests that once the FeB is forthedlistribution of this Fe-rich phase into theRHC matrix is
no longer homogenous and agglomerates of this legthhse are formed.

The fitted model in Eq. 2 included also a power;lt#ve exponent of whichy, should be indicative of the type of
large scale structures and agglomeration of Feaielas. With theg range available at the ASAXS experiments,
the structure of the agglomerates can be studigdugnto size of about 40 nm. Because no platealserved in
the beginning of the SAXS curves, the material amst agglomerates of Fe-rich phase larger thanmiQlihe
power-law exponent for as-milled Li-RHC10Fe is &1@d stays at 3.2 throughout cycling, while for skaip-
RHC5Fe,a varies between 3 and 3.2 except for first hydragien for whicha = 3.8. In the fractal theory [44], an
exponent close to 3 indicates a highly “poroustictiire (a combination of surface and mass fraatdd)ch in this
case would mean that agglomerated Fe-rich aredsatkaobserved already in the as-milled samplesnate
compact and retain their high surface area upolingyin the investigated range.

Two different signals coming from the ASAXS measneats have been analyzed. On one hand, it has been
interpreted by the application of the Debye-Buentuglel that one signal belongs to nanodomanis of-thech
phase. On the other hand, the other signal has inempreted through the power law to come onlyrirtarge
agglomerates of Fe-rich phase. During hydrogeningclthe surface area of the small nanodomainseefidh
phase decrease and the remaining nanodomains chntlher apart from each other while Fe-rich maitein
between agglomerates into bigger porous structures.

3.5 Morphological and microstructural characteristics: HR-TEM and SEM-EDS observations

To support the outcomes obtained from ASAXS, HR-TEBNI SEM images and EDS analyses have been
performed (Fig. 6 and 7). In Fig. 6, HR-TEM obséimas with EDS analyses (not shown) for Li-RHC-H-£®
after the first dehydrogenation and for Li-RHC1O&®er the first and third dehydrogenation processes
presented. Fig. 6A, E and | are general imagedeviig. 6B, F and L are images from a specificoagaken after
detecting a rich Fe zone via EDS. In Fig. 6A andLBRHC-H with the intentional addition of FeB afte
dehydrogenation is observed. As seen in Fig. 6Al, distributed black spots ranging between 5 nml@am are
noticed. The analysis of the microstructural chisré&tics of the material in a specific region (Fé@) leads to the
conclusion that the small black spots are nanapestiof the FeB phase (Fig. 6C and D). These FeBpsticles

are embedded in the Li-RHC matrix. In the casehef Li-RHC10Fe material after the first dehydrog@amat

14



process (Fig. 6E—H), nanostuctured and distribytadicles of FeB are also observed. However, fer ILth
RHC10Fe material after the third dehydrogenatimctess (Fig. 61-M) the FeB nanoparticles seemsdtoaterate
in clusters bigger than 50 nm, out of the accessjibhnge of the ASAXS experiments.

The nanoscale nature of the FeB particles has bexdfied by the analysis of the EXAFS (Fig. 4, TebP and
S2), ASAXS measurements (Fig. 5, Table S3) and HRtTobservations (Fig. 6). As mentioned in the
experimental section 2.2.4, though, the ASAXS cside not show a plateau at sn@bind power-law exponent,
which indicates that apart from the nanoscale ciZzeeB species, there are larger agglomerates®f Haerefore,
SEM observation and EDS analyses for as-milled HERand Li-RHC10Fe materials and the materials dfter
first and the third dehydrogenation have been pexéd (Fig. 7). For the as-milled Li-RHC materidigtbright
phase observed in the SEM image and detected byaeBIgsis (Fig. 7A and B) belongs to Fe and caasoeibed
to some contamination coming from the grinding medistainless steel balls) during milling. The peob of Fe
contamination has been already reported before [@3he case of the Li-RHC10Fe material after fingt and
third dehydrogenation, the bright phase is alsa $Ew). 7C, F) and elemental Fe is detected via B¢ 7E and
H). Our result showed that after the first dehyémation FeB phase is formed (Fig. 4) and remaims wycling.
Therefore, the observed bright phase belongs ta FBB FeB species is not seen by the PXD techn{ige
2(d)), suggesting that it is composed of crystalldomains which have a nanometric size or it isrphmus.
However, FeB associated with the bright phase (Fij.D, F, G) is clearly seen in a micrometric manghese are
agglomerates of FeB composed of nanometric pastidlhis behavior has been also observed with a NB¢tk-
Fek composite material [23]. After the first dehydragéon, the FeB agglomerates range from 1 um to §kig.
7D). Nonetheless, after the third cycle, FeB seenfsrm larger agglomerates (Fig. 7G). Moreovers ivorth to
point out that the additional Fe which comes frdra grinding medium of milling process also forme #eB
species.

3.6 Investigations on the hydrogen sorption kinetibehavior

In order to analyze the effect of the milling prdoee and Fe addition on the isothermal sorptioeticrbehavior

of Li-RHC, hydrogenation and dehydrogenation titnatmeasurements at 350 °C under 5.0 MPa and atGl00

under 0.55 MPa, respectively, were carried out.(Bi§y and B). To reduce the loss of capacity dug¢hto Fe
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addition and still having a considerable amounEefto study its effect, 5 mol % Fe has been adddd-RHC
material.
3.6.1 Isothermal hydrogenation and dehydrogenatioassessment

Since the microstructure of the materials, mainyBY) plays a key role in the properties of the Li-RH®], the
influence of the used milling procedure on the bgdmnation-dehydrogenation kinetic behavior candgssm s$n Fig.
8. The as-milled Li-RHC material prepared from eseived MgB (Fig. 8A (a)) presents a slower hydrogenation
rate than the material prepared from pre-milled MgBig. 8A (b)). However, this effect is lost upon
dehydrogenation since both Li-RHC prepared withhemived and pre-milled MgBpractically present the same
initial hydrogen release rate. According to our noétrutural analysis via SR-PXD (section 3.2), tngstallite
sizes of MgB in the Li-RHC with and without pre-milled MgBare ~ 10 nm and ~ 20 nm, respectively. Once
MgH, and liquid LiBH, are formed, their crystallite sizes calculatedrfra cooled down sample after the first
hydrogenation are both 40 nm. Then, the crystadite of MgB after the first dehydrogenation has a value of ~
20 nm. These values have been found for both Li-RMth and without pre-milled MgB Thus, a refined
microstructure of MgB leads to faster hydrogenation rates during thet fiprocess. However, upon
dehydrogenation the effect of the pre-milling istlaeaching a similar microstructure. This migatdaused by an
intrinsic condition of this hydride system, i.eetformation of the two hydride phases upon hydragen and the
liquid condition of LiBH,, leading to a gas-liquid-solid reaction throughickithe microstructural properties of the
material cannot remain as stable as in the tramitimetal-hydrogen reactions.

The addition of Fe to Li-RHC has no effect upon toggenation kinetic behavior (Fig. 8A (b) and (c)).
Nonetheless, the rate of the dehydrogenation psdoed.i-RHC5Fe (Fig. 8A (c)) is faster than for-RHC (Fig.
8A (b)), achieving the total hydrogen release iaulb hours instead of about 13 hours. It is alsseoved that the
addition of Fe reduces the hydrogen capacity u@ va. % H, while the Li-RHC material reaches a logén
capacity of about 8 wt. % H.

Due to the beneficial effect of Fe upon the firshydrogenation process of Li-RHC, the hydrogenatiod
dehydrogenation cycling behavior of the Li-RHC5Fatenials have been investigated. In Fig. 9, thedgehation
— dehydrogenation kinetic curves upon three cycdagsbe seen. After the first cycle (Fig. 9A (a) &&l(a)), the

hydrogenation and dehydrogenation rates of themskeand third cycle (Fig. 9A (b), (c) and 9B (b)))(are slower
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and quite similar. Moreover, it is noticed thatatditional 1 wt. % H of capacity is lost after first cycle, leading
to a hydrogen capacity of 6 wt. % H, which remaiosstant over cycling. According to the XAS anay&ection
3.3, Fig. 3 and 4), upon the first dehydrogenatibthe Li-RHC plus Fe additive, nanoscale FeB s formed
and remains upon further hydrogen cycling. Thusxfilains the additional hydrogen capacity reductibserved
in Fig. 9.

3.6.2 Kinetic mechanism analysis and effect of Fe@h Li-RHC

The observed kinetic behavior of Li-RHC5Fe uponlioge (Fig. 9) is analyzed in terms of the intrinsic
mechanism in order to elucidate if the deterioratid the sorption rates is related to a changéeénrate limiting
step. Hence, gas-solid integral models are applieasses the hydrogen sorption curves of the Li-Ri#Eerial
upon the first cycle (Fig. 8A (b) and 8B (b)) andRHC5Fe upon cycling (Fig. 9) [39]. For the sakeslarity, the
fitted curves are not shown and the details offittiag procedure are described in the experimesegtion 2.2.7.
The fitting results corresponding to the respeckiydrogenation-dehydrogenation curves along withghs—solid
integral models that provided better linearity sinewn in Table 3.

As seen in Table 3, the curve of first hydrogemafior the Li-RHC material fits well both three-dinsonal
contracting volume (CV-3D) and three—dimensionaiwgh diffusion controlled (3-D diffusion) modeld. thas
been already observed via in-situ SR-PXD measurtsmbat the hydrogenation process of the pure LER#la
single step reaction which involves the formatiétMgH, and LiBH, from MgB, and LiH. Moreover, it has been
found [19,45] that for the hydrogenation reactidnpare Li-RHC the CV-3D model provides the bestelin
correlation. Based on these studies and takingaiotount that the formation of Mglit relatively fast, it has been
concluded that the consumption of MgBom its surface to its the center (contractinduwte) with phase
boundary controlled reaction is the rate limititgpsfor the hydrogenation reaction of Li-RHC [1Qr result is in
agreement with the CV-3D fitting and it is alsoaiccord with our finding about the effect of the rostructure of
MgB, on the hydrogenation of pure Li-RHC (Fig. 8).

The first hydrogenation of Li-RHC5Fe (Fig. 8A (a)da9A (a)) presents a similar absorption rate ad {tfRHC
(Fig. 8A (b)) and the CV-3D model shows a high etation coefficient (Table 2). In the case of teemnd and
third hydrogenation cycles for Li-RHC5Fe materikig, 9A (b) and (c)), both the Johnson — Mehl — aar

(JMA) model with n = 3/2 and the CV-3D model exhigood correlation coefficients. The deterioratianthe

17



kinetic behaviour during the second and third cygtlggests that the rate limiting step might havengked. The
JMA, n = 3/2 model describes the three dimensigralwth/consumption of random nuclei with decreasing
interface velocity controlled by diffusion. As seienFig. 9A (b) and (c), the hydrogenation kinetierves for the
second and third cycles present larger slope thafirst absorption kinetic curve (Fig. 9A (a))damecome slower
as the hydrogenation process proceeds. Takingaictount our experimental results (Fig. 5 — ASAXE), B —
HR-TEM and Fig. 7 — SEM), the formed FeB speciedengoes agglomeration upon cycling, which mightdbin
hydrogen diffusion to the MgBsurface. Thus, for the second and third hydrogematf the Li-RHC5Fe material,

it is proposed that the rate limiting step is mthto the consumption of random MgBuclei controlled by
diffusion rather than phase boundary reaction.

Upon dehydrogenation the mechanism is differentthadate limiting step is only related to the daposition
of LiBH,4 and formation of MgB since the decomposition of Mght extremely fast (see Fig. 2B and 3B). In a
previous work [19], it has been found that the dizbgenation process of Li-RHC presents good litgarith o as
a function of the time, being the rate limiting stan interface-controlled one-dimensional growthMdB,
platelets. In this work, the dehydrogenation preesdor the Li-RHC and Li-RHC5Fe materials are #@hsaccord
with thea model (see Table 3).

It has also been shown that transition-metal beriet as heterogeneous nucleation sites for tmeafoyn of
MgB,, neglecting the chemical contributions. Severahdition metal borides such as TiBlbB, and VB, can
provide coherent interfaces to enhance the heteemges nucleation and growth of hexagonal MgR-21]. There
are three necessary requirements for an effectiterdigeneous nucleation: the first and most importae is a
low interfacial energy between the nucleation adgansition-metal boride) and the nucleate newsphdigB),
the second is enough amount of the nucleation agehthe third is the homogenous distribution ef lacleation
agent [19,46,47]. A sufficient condition for intacial energy minimization is a maximized atom roatching in
consecutive atom rows across an interface. To eehlge maximized atom rows matching conditiongguires
planes that contain the atom rows in the two phdses at least very similar interplanar spacesdlue) and are
arranged to meet edge to edge in the interfaceseThkianes are normally closed-packed planes. Alsiagproach
to identify the closed-packed planes is by X-rdfraction. The closed-packed planes are those thighhighest X-

ray diffraction intensity in a diffractogram. Thelative difference in thevalue between two closed-packed
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planes is known ad-value mismatch. There is a critical value of the@alue mismatch, below which the planes
containing the atom rows in the two phases can lmatell, so that the interfacial energy is minimizesl
reasonable reference value for the critékalalue mismatch is 6 % [46].

In this case, the—value mismatch is calculated from the diffracta@ards of orthorhombic FeB (PDF 32-0463)
and hexagonal MgB(PDF 38-1369). According to the closed-packed gdathed—value mismatch Mg§1011}//
FeB{021} is equal to 5.9 %. This value is near thi¢ical one, but it suggests that FeB can actuaseation agent
for MgB,. In order to verify this calculation, a non-isattmal dehydrogenation experiment of samples compoged
pure Li-RHC, i.e. 2LiBH+MgH, (Li-RHC-H) and 2LiBH+MgH, + 10 mol % FeB (Li-RHC-H-10FeB) have been
performed (Fig. 10). The long incubation time obabl0 hours observed for the Li-RHC-H (Fig. 10 (#8s been
ascribed to restrictions for the MgBiucleation [16—-18]. As seen in Fig. 10, the additof well distributed
nanoparticles of FeB to the Li-RHC (see HR-TEM ig.MA) helps to reduce the incubation time of MgB
about 2 hours, but it is not totally avoided. Thesult hints that FeB provides one possible criggedphic plane
for heterogeneous nucleation and growth of the MagBvhich the interfacial energy is not totally imized.

As it was mentioned before, an effective heterogasenucleation of MgBnot only depends on tre-value
mismatch, in spite of it being a fundamental patamédout also of its amount and distribution inside material.
The amount of Fe additive (5 mol % and 10 mol %)igh enough. Moreover, the milling procedure feetive to
refine the microstructure of the material and diste the Fe additive as homogeneous as possibleetNeless,
the ASAXS (Fig. 5) and HR-TEM (Fig. 6) results ajonith the SEM (Fig. 7) observations show that upgeling
the FeB distribution in the Li-RHC matrix is notrhogenous. Thus, availability of one possible cliggeaphic
plane with a non-effective interfacial energy miidation and the non-homogeneous distribution of fegBn
cycling can be ascribed as the cause of the dedédo in the kinetic behavior of the Li-RHC+Fe #tlé material
(Fig. 9). These results and the kinetic modelnfigs (Table 2) suggest that the rate limiting step the
dehydrogenation process for the Li-RHC+Fe addithagerial is still interface-controlled one-dimemnsab growth
of MgBx.

4. Conclusions

The effect of Fe on Li-RHC has been investigatesh{éothermal titration and TG-DSC experiments shioat

addition of Fe can lower the starting decompositemperature of Li-RHC, but it still cannot modifye two-step
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reaction through which Li-RHC dehydrogenation uggdess. Moreover, isothermal titration experimentsience
that the presence of Fe results in a considerabigction in the time required for the first dehyglpation from 10
to 6 hours in comparison with pure Li-RHC. HR-TEMservations as well as XAS results confirm the fation
of nanocrystalline and well distributed FeB upoe finst dehydrogenation. Throughout cycling, a iun in the
hydrogen capacity from 7 wt % to 6 wt % is notieang with deterioration in the kinetic behavioheTreduction
of the hydrogen capacity is caused by the formatibnanocrystalline and stable FeB phase. An aizabfsthe
hydrogenation kinetic behavior and mechanism tagetlith the ASAXS results, HR-TEM and SEM obsemasi
lead to the conclusion that the formed FeB spamielergoes agglomeration during further cyclingultésy in the
consumption of random MgBnuclei controlled by diffusion as rate limitingept In the case of the
dehydrogenation kinetic behavior, the observedrietdion in the kinetic behavior of the Li-RHC+reaterial
upon cycling is attributed to both the poor acyivif FeB as heterogeneous nucleation center for Mg its non-
homogenous distribution in the Li-RHC matrix. Theesults contribute to the deeper understandingi-6fHC

behavior and to the design of improved and efficieaterials for solid-state hydrogen storage.
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Figure captions

Figure 1 —Non-isothermal behavior: (A) — Dehydrogenationvesrfrom 25 °C till 400°C at a heating rate of dbou
3 °C/min under 0.55 MPa ofHbverpressure for hydrogenated (a) Li-RHC and (HRHC10Fe. (B) - TG — DSC
curves from 25 °C to 450 °C for hydrogenated Li-REEe at a heating rate of 5 °C/min under argon.flow
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Figure 2 —Ex-—situ SR—PXD for: the starting materials (a) Mg®) LiH and (c) Fe. Li-RHC (d) after milling and
Li-RHC10Fe (e) after milling, (f) hydrogenation 350 °C and 5.0 MPa and (g) dehydrogenation at @0artd
0.55 MPa.

Figure 3 —XANES spectra at the Fe K edge: A — Li-RHC10Feraft) milling, (b) hydrogenation at 350 °C and
5.0 MPa and (c) dehydrogenation at 400 °C and@dB&. B — Reference compounds: (a)B;€b) FeB, (c) Fe.

Figure 4 — EXAFS oscillation obtained at the Fe K edget)lahd their corresponding Fourier Transforms arsd f
(right) of the (A) as-milled, (B) first hydrogenate(C) first dehydrogenated Li-RHC10Fe material AE%S spectra
of samples after second and third cycles are showfigure S3. Experimental curves: dot symbe). (Fitted
curves: black solid line=).

Figure 5 — Correlation lengths of (a) Li-RHC5Fe and (b)RHC10Fe after milling and three hydrogenation—
dehydrogenation processes. The error bars areagstirof the accuracy of the fit method and do eptasent the
true uncertainties of the correlation length.

Figure 6 — HR-TEM images. Li-RHC-H-10FeB after first dehydemation: A — General region, B — small region,
C — zoom from (B) in 1 and its FFT (Fourier tramsf® and D — zoom from (B) in zone 2 and its FFT- Li
RHC10Fe after first dehydrogenation: E — Genergiore F — zoom from (E) in region 1, G — zoom fr@®) in
zone 2 and its FFT and H — zoom from (F) in zoren8 its FFT. Li-RHC10Fe after third dehydrogenatibs
General region, J — zoom from (l) in region 1, Keem from (L) in zone 2 and its FT and M — zoowonir(L) in
zone 3 and its FFT.

Figure 7 —SEM micrographs and EDS analyses. Li-RHC aftelimgil A — General region, B — EDS spectrum. Li-
RHC10Fe after first dehydrogenation: C — Genemgiloreg D - zoom from (C) and E — EDS analysis inezdn Li-
RHC10Fe after third dehydrogenation: F — Genegibre G — zoom from (F) and H — EDS analysis inezéin

Figure 8 —Isothermal (A) hydrogenation and (B) dehydrogematimetic behavior: (a) Li-RHC without MgB
pre-milling, (b) Li-RHC and (c) Li-RHC5Fe (both nesitals were prepared with pre-milled MgBHydrogenation
at 350 °C and 5.0 MPa. Dehydrogenation at 400 C0a56 MPa. Theoretical hydrogen capacity of th&kHC:
11.45 wt % H.

Figure 9 —Isothermal (A) hydrogenation and (B) dehydrogematimetic behavior for Li-RHC5Fe throughout 3
hydrogen sorption cycles: (a) first, (b) second #c)dthird hydrogenation/dehydrogenation. Hydrogdiema at
350 °C and 5.0 MPa. Dehydrogenation at 400 °C &&iNPa.

Figure 10 —Non-isothermal dehydrogenation curves from 25 °@0@ °C at a heating rate of about 3 °C/min under
0.55 MPa of H overpressure for hydrogenated (a) Li-RHC-H and_{#HC-H-10FeB. The fraction is calculated
taking into account the final hydrogen wt. % of thdRHC-H sample.

Table captions

Table 1 - Calculated amounts (mol %) of equilibrium phase&=iC for Li-RHC10Fe composition. Conditions:
25°C under 100 kPa of Ar for MM, 35 under 5.0 MPa of Hfor hydrogenation and 40C under 0.55 MPa of
H, for dehydrogenation.

21



Table 2 —EXAFS refined structural parameters. Fourier fiitg range: 3-14 A fitting range: 1.4-3 A,
(CN: Coordination number, Distance: distance betwalsorber and scatterer atosti, Debye-Waller
factor). The fittings were performed on the bagimetallic Fe and the FeB crystal structures.

Table 3 —Gas—solid reaction model that best describediriing step of the kinetic sorption reaction afRHC
with and without Fe additive. R for the best fittirs shown.
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After milling Hydrogenation at

Dehydrogenation at

Species StartirTg.; (Milling at 25 °C 350 °C and 5.0 MPa 400 °C and 0.55 MPa
composition and 100 kPa Ar) of H, of H,
Li-RHC10Fe
LiHs) 60 60 - 53
MgB5(s) 30 30 - 27
Fes) 10 10 - 4
LiBH 4(s) - - 52 -
MgH;(s) - - 30 -
FeBs) - - 15 15
FeBs) - - - -
Bes) - - - -
Mg(s) - - 3 5

B2He(g)




Sample Scattere CN Distance / 4 o’ | A?
As-milled Li-RHC10Fe Fe 3(0.8) 2.73 (0.01) 0.000003)
Li-RHC10Fe after first hydrogenation at Fe 3 (0.6) 2.43 (0.01) 0.005 (0.001)
350°C and 5.0 MPa Fe 2.3 (0.4) 2.81 (0.02) 0.005 (0.001)
Li-RHC10Fe after first dehydrogenation jat B 0.9(0.2) 2.09 (0.02) 0.007 (0.002)
400°C and 0.55 MPa B 1.7(0.3) 2.12 (0.02) 0.007 (0.002)
B 2.5(0.4) 2.15 (0.02) 0.007 (0.002)
B 0.9(0.2) 2.20 (0.02) 0.007 (0.002)
Fe 3.3(0.5) 2.62 (0.01) 0.009 (0.002)
Fe 1.7(0.3) 2.67 (0.01) 0.009 (0.002)
Fe 1.7(0.3) 2.93 (0.01) 0.009 (0.002)
Fe 1.7(0.3) 2.95 (0.01) 0.009 (0.002)




Material Hydrogenation Model R Dehydrogenation Model R
Li-RHC First CV-3D/ 3-D diffusion  0.993/0.994 First a 0.982
Li-RHC5Fe First CV-3D/ 3-D diffusion  0.965/ 0.986 First a 0.995

Second CV-3D/JIMA,n=3/2  0.990/0.990 Second a 0.991
Third CV-3D/JIMA,n=3/2  0.998/0.996 Third a 0.925
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Highlights

. The effect of Fe on the Li—-RHC is investigated.
. The addition of Fe can lower the starting decomposition temperature of Li—-RHC.
. During the first dehydrogenation nanocrystalline FeB is formed.

. Upon cycling the agglomeration of FeB particles causes a kinetic deterioration.
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FIGURES (Supplementary material)
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Figure S1 —ASAXS intensities of the as-milled (a) Li-RHC10Fada(b) Li-RHC5Fe sample measured at four
different energies and a separated curve. The plesgrved atj = 0.4 A’ comes from the Kapton foil used to prevent
the oxidation/hydrolysis of the sample.
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Figure S2 —Upper plots: Experimental separated cul{egE;)-1(q,Es) for as-milled (a) Li-RHC10Fe and (b) Li-
RHC5Fe and fits obtained using the Debye—Buecheemddwer plots: Residual is the difference betwdle
experimental data and the model fit.



TABLE (Supplementary material)

Integral Form

g(a) =kt

Model Description of the rate limiting process

Reaction order model

Alpha model One dimensional growth process g(a)

Nucleation models (JMA)

Two — dimensional growth of existing nuclei
with constant interface velocity.

Three — dimensional growth of existing nuclei 1/n
with constant interface velocity. [ln(l_ a )]
Three — dimensional growth of random nuclei

Johnson — Mehl — Avrami (JMA), n= 3/2 with decreasing interface velocity, diffusion

controlled.

Johnson — Mehl — Avrami (JMA), n= 2

Johnson — Mehl — Avrami (JMA), n= 3

Geometrical contracting models (CV)

Two — dimensional growth with phase

i - 1/2
Contracting area (CV-2D) boundary controlled reaction. 1-(-a)

, Three — dimensional growth with phase 13
Contracting volume (CV-3D) boundary controlled reaction. 1-(1-a)

Diffusion Model (3-D)

Three — dimensional growth diffusion

B A ——— . 2/3
3 - D diffusion (Ginstling — Brounshtein) controlled with decreasing interface velocity. 1-(2/3a-(1-a)

Table S1- Integral forms of various solid — state kinetiesdels used for fitting experimental sorption d8&j.



TABLE (Supplementary material)

Sample Scatterer CN Distance / 4 o’ | A
As-milled Li-RHC10Fe Fe 3(0.8) 2.73 (0.01) 0.000003)
Li-RHC10Fe after first hydrogenation at Fe 3 (0.6) 2.43 (0.01) 0.005 (0.001)
350°C and 5.0 MPa Fe 2.3(0.4) 2.81 (0.02) 0.005 (0.001)
Li-RHC10Fe after first dehydrogenation at B 0.9(0.2) 2.09 (0.02) 0.007 (0.002)
400°C and 0.55 MPa B 1.7(0.3) 2.12 (0.02) 0.007 (0.002)
B 2.5(0.4) 2.15 (0.02) 0.007 (0.002)
B 0.9(0.2) 2.20 (0.02) 0.007 (0.002)
Fe 3.3(0.5) 2.62 (0.01) 0.009 (0.002
Fe 1.7(0.3) 2.67 (0.01) 0.009 (0.002
Fe 1.7(0.3) 2.93 (0.01) 0.009 (0.002
Fe 1.7(0.3) 2.95 (0.01) 0.009 (0.002
Li-RHC10Fe after second hydrogenation/at B 1(0.2) 2.06 (0.02) 0.011 (0.002)
350°C and 5.0 MPa B 2.1(0.3) 2.09 (0.02) 0.011 (0.002)
B 3.1(0.4) 2.11 (0.02) 0.011 (0.002)
B 1(0.2) 2.17 (0.02) 0.011 (0.002)
Fe 4.2(0.5) 2.61 (0.01) 0.011 (0.002
Fe 2.1(0.3) 2.65 (0.01) 0.011 (0.002
Fe 2.1(0.3) 2.91 (0.01) 0.011 (0.002
Fe 2.1(0.3) 2.93 (0.01) 0.011 (0.002
Li-RHC10Fe after second dehydrogenation B 1.0(0.2) 2.08 (0.03) 0.010 (0.001)
at 400°C and 0.55 MPa B 2.0(0.3) 2.11 (0.03) 0.010 (0.001)
B 3.0(0.4) 2.14 (0.03) 0.010 (0.001)
B 1.0(0.2) 2.19 (0.03) 0.010 (0.001)
Fe 4.0(0.5) 2.61 (0.03) 0.009 (0.001)
Fe 2.0(0.3) 2.65 (0.03) 0.009 (0.001)
Fe 2.0(0.3) 2.91 (0.03) 0.009 (0.001)
Fe 2.0(0.3) 2.93 (0.03) 0.009 (0.001)
Li-RHC10Fe after third hydrogenation at B 0.9(0.2) 2.05 (0.03) 0.006 (0.002)
350°C and 5.0 MPa B 1.9(0.2) 2.08 (0.03) 0.006 (0.002)
B 2.8(0.3) 2.11 (0.03) 0.006 (0.002)
B 0.9(0.2) 2.17 (0.03) 0.006 (0.002)
Fe 3.7(0.4) 2.61 (0.02) 0.007 (0.002
Fe 1.9(0.2) 2.65 (0.02) 0.007 (0.002
Fe 1.9(0.2) 2.92 (0.02) 0.007 (0.002
Fe 1.9(0.2) 2.93 (0.02) 0.007 (0.002
Li-RHC10Fe after third dehydrogenationpt B 1.1(0.2) 2.10 (0.03) 0.008 (0.002)
400°C and 0.55 MPa B 2.2(0.3) 2.13 (0.03) 0.008 (0.002)
B 3.3(0.3) 2.16 (0.03) 0.008 (0.002)
B 1.1(0.2) 2.21 (0.03) 0.008 (0.002)
Fe 4.3(0.4) 2.62 (0.03) 0.009 (0.001)
Fe 2.2(0.3) 2.67 (0.03) 0.009 (0.001)
Fe 2.2(0.3) 2.93 (0.03) 0.009 (0.001)
Fe 2.2(0.3) 2.95 (0.03) 0.009 (0.001)

Table S2 —EXAFS refined structural parameters. Fourier fliltg range: 3-14 A, fitting range: 1.4-3 A, number of
independent points: 8, number of free running patars: 6, (CN: Coordination humber, Distance: distabetween
absorber and scatterer atom). The fittings weréopaed on the basis of metallic Fe and the FeBtalydructure:
space groupPnma, orthorhombica = 4.053 Ab = 5.495 A and = 2.946 A [32].
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Figure S3 —EXAFS oscillation obtained at the Fe K edge (leftg their corresponding Fourier Transforms arg fit
(right) of the (A) second hydrogenation, (B) secatehydrogenation, (C) third hydrogenation and (Birdt
dehydrogenation of the Li-RHC10Fe material. Experital curves: dot symbob). Fitted curves: black solid line
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TABLE (Supplementary material)

Li-RHC10Fe Li-RHC5Fe
Samples
a (nm) X%IN a (nm) X%IN
As-milled 8.61 +0.01 15 10.13 £0.20 10
1% Hydrogenation 8.85 +0.05 32 11.0 =0.f 12
1% Dehydrogenation 10.76 +0.09 35 14.05 0|13 54
2" Hydrogenation 11.3 #0.6 6 14.3 +0.3 5¢
2" Dehydrogenation 121 +0.4 12 13.02 +0/08 122
3“ Hydrogenation 11.2 0.6 28 139 +1.2 74
3" Dehydrogenation 9.7 +0.4 139 126 +06 135

Table S3 —ASAXS measurements: Correlation lengttfnm) throughout different stages for samples LicRIoFe
and Li-RHC5Fe. Tha%N denotes the average goodness of the fit baséitsaf two separated intensity curves.



