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Abstract. Hydrogenation products of the Zintl phagesTt
(Ae= alkaline earthTt = tetrel) exhibit hydride anions on
interstitial sites as well as hydrogen covalently bountitto
which leads to a reversible hydrogenation at mild
conditions.In situthermal analysis, synchrotron and
neutron powder diffraction under hydrogen (deuterfam
neutrons) pressure was applied torB@t = Ge, Sn).
BaTtHy (1 <y < 1.67y-phases) were formed at 5 MPa
hydrogen pressure and elevated temperatures-(4H0K).
Further heating (500550 K) leads to a hydrogen release
forming the new phas¢sBaGeHy s (Pnmag a =
1319.5(2)pm,b = 421.46(2) pm¢ = 991.54(7)pm) anda-
BaSnh .19 (Cmcma=522.72(6) pmb = 1293.6(2) pm¢ =
463.97(6) pm). Upon cooling the hydrogen rich phases are
reformed. Thermal decompositionypBaGeH under
vacuum leads t@-BaGehh s anda-BaGehp 13 (Cmema=
503.09(3) pmbp = 1221.5(2) pm¢ = 427.38(4) pm). At
500K the reversible reactiom-BaGeh 23 (vacuum) =
B-BaGehh s (0.2 MPa deuterium pressure) is fast and was
observed with 10 s time resolution Ioysitu neutron
diffraction. The phases-BaTtH, show a pronounced phase
width (at least 0.09 <y < 0.3@)-BaGeH s and they-
phases appear to be line phases. The hydrogen gaamq
[3-) phases show a partial occupation of &drahedra by
hydride anions leading to @gial oxidation of polyanions
and shortening oft-Tt bonds.

Introduction

Zintl phases gained some interest as reversible hydrogen
storage materials since they react under mild conditions,
e.g. CaSiHs[1, 2], KSiHs [3, 4] or SrAbH: [5, 6]. Chemi-
sorbed hydrogen storage materials can be divided into (i)
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ionic (e.g.MgHy>) or (ii) complex metal hydrides (e.g.

NaAlH4, or LiBH,) or (iii) molecular hydrides (e.g.

NH3BH3). [7-12]. lonic metal hydrides like Mgiexhibit

strong Coulomb interdions of the hydride anions with

metal cations and thus show high desorption temperatures.
In complex metal hydrides like alanates or boronates, how-
ever, hydrogen is covalently bound to an element forming a
complex anion. Unfortunately, these systems showr
rehydrogenation properties and often need catalysts to react
in a reasonable temperatypeessure regime.

Zintl phase hydrides can either incorporate hydro-
gen on interstitial sites or covalently bound to the polyanion
(review: [13]), thus showing feares of ionic as well as
complex hydrides. Furthermore, both bonding schemes can
appear next to each other and might help to overcome the
problems mentioned above. Additionallizey allow the
use of light and inexpensive elements like calcium, potassi-
um, aluminium, silicon, etc. Since Zintl phase hydrides
features both, saltlike and complex hydride moieties, de-
composition occurs usually at moderate temperatures, e.g.
414 K for KSiH; [3] and 523 K for CaSildq1] at 0.1 MPa,
and show good reversibility.

In situ diffraction has proven to be a valuable tool
to study such solidtate gas reactions (recent reviews: [14]
for neutron, [15] for Xray diffraction.) To investigate the
incorporation of hydrogen into crystalline structures the use
of neutron radiatiofs often mandatory to localize hydro-
gen (or more often deuterium) positions. There are several
examples demonstrating the benefit of such stuthiesitu
diffraction of the reaction of kN + H>= LiNH>+ 2 LiH,
which is an example of a hydrogen storagstem due to its
reversibility, showed quite different reaction paths depend-
ing on the temperatwgressure conditions.[16, 17] Previ-
ous studies on the reaction of Zintl phases with hydrogen
revealed that reactions happen in one step forming line
phases18, 19] or show intermediate phases with large
homogeneity ranges regarding hydrogen [20].

The AeTtH; (Ae=CaBa, Tt=Si-Sn) systems show
hydrogen rich phases incorporating ionic hydride anions as
well as hydrogen covalently bound to fhigpolyanions. [2,
21,22] For the SrGel, system it was shown that the break-
ing of covalent GeH bonds is accompanied by a release of
ionic hydrogen from interstitial sites. [20, 23]

This contribution extends the mechanistic under-
standing of hydrogen uptaked release of Zintl phases
usingin situthermal analysis and diffraction. We use the
heavy element representatives of Aeltsystem, i.e. BaGe
and BaSn, since they show better reactivity than the sili-
cides. Three new, hydrogen poor compounds 1y ae
described that are intermediateghe formation and de-
composition of the hydrogen rich phasedBg, 1 <y < 2.
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Experimental

Synthesis

All preparations were done in an argon filled glove box
(< 1ppm HO, Q).

The Zintl phases BaGe and BaBere prepared from the
elements (Ba: rod, 99.3% (ca. 0.7% Sr); Ge: ChemPur,
99.9999%; Sn: powder, ChemPur, 99+%). Stoichiometric
mixtures of barium and germanium or barium and tin were
sealed inside a niobium (BaGe) or stainless steel (BaSn)
metal jacketwhich was heated under primary vacuum
(0.1 Pa, active pumpingBaGe was melted at 1373 K and
subsequently annealed at 1173 K fotd®BaSn was an-
nealed at 1273 K for 48 h, then ground and annealed at
1273 K for 48 h again.

Thermal analysis

Differential scanning calorimetry was doiresitu under
hydrogen pressure ¢HDSC). Measurements were per-
formed with a Q1000 DSC (TA Instruments) equipped with
a gas pressure chamber. Aluminum crucibles were filled
with about 1520 mgof theZintl phase and crimped within

a glovebox. Thus, the container was tight against air but
still allows hydrogen to penetrate. Samples were placed in
the pressure chamber, which was then flushed with hydro-
gen (Air Liquide, 99.9%) for three times before it wastget
the desired starting pressure. Due to isocore set up, the
pressure increased during a measurement as shown in the
corresponding figures. Samples were heated at a rate of
10K min~ o a maximum temperature of 780 The tem-
perature was usually held f&® min. In subsequent runs,
lower maximum temperatures were used depending on the
occurring signals. The heating was then stopped right after
a reaction step, and the temperature was held there for

10 min before cooling to room temperature axdsitu

XRPD characterisation.

Laboratory X -ray powder diffraction (XRPD)

Ex situXRPD was done using monochromatic-By
radiation either on a Huber G670 Guinier diffractometer
with image plate detector or on a Stoe Stadi P Debye
Scherrer diffractometer with MythetK detector.

In situ synchrotron powder diffraction (in situ
SPD)

SPD was done at KM@ beamline [24] of BESSY Il at

HelmholtzZentrum Berlin (HZB), Germany, using radia-

tion with A = 118.i0(m23gs- pm (10.5 keV).
urements 0.3nm fused silica qaillaries were used, glued

into ¥ in VCRittings using two component epoxy glue,

and attached to a gas handling system 99.999%). Heat-

ing was realised using a hot air jet. As sample rotation was
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not yet possible, the resulting poor crystallite stiatsal-
lowed qualitative evaluation of the reaction only.

In situ neutron powder diffraction (in situ
NPD)

In situ NPD was done at the high intensity D20 instrument
[25] at the Institut Laue Langevin (ILL), Grenoble, France.
Measurements were donesst 186.819(3) pm, which was
calibrated by an external silicon NIST640b standard sample
in a 5mm vanadium containem situ experiments were
done in (leucesapphire singkerystal cells with Gnm
inner diameter, which were connected to a gas supply sys-
tem (for more details, see [23, 26Pue to the single
crystalline character of the cell a proper orientation leads to
almostno backgroundtontribution of the containeFor the
in situinvestigations, the sapphire cell was filled with the
Zintl phase within a glove box. After attaching to the gas
supply system on the diffractometer the reaction chamber
was pressurized with ZgAir Liquide, 99.8% isotope puri-
ty) at ambient temperature. Heating was realized using two
laser beams.

All data sets olatined on the ILL D20 instrument
are presented with an additional label according to internal
raw data labelling (NUMOR labelling). Data refer to pro-
posal 522-734 [27].

Rietveld refinement and crystal structure pic-
tures

Crystal structures were Rietveldirefd [28, 29] using
FULLPROF[30,31] (BaSRD,experimentes) or TOPAS

[32] (BaGeD- experiments)ln situdata set were evaluated
in sequential refinements. Structure pictures were prepared
by VESTA33, 34]. Structural data were normalized using
STRUCTURHIDY [35] as implemented iINESTA

Results and Discussion

Preliminary Considerations

TheAeTtZintl-phase family Ae= alkaline earth metal;t =
tetrel / group 14 element) shows a rich hydogenation chem-
istry. For the SrGéH, system three hydride phases ar
known already. Th&nGeHd,hl0€ hydrogen rich
y < 1.23, [20, 21, 23] as well as two hydrogen poor phases
o-SrGeH, y < {&rGa&H, that show a homogeneity
range of at least 0.47 <y < 0.75.[20,23]

The Zintl phaseseTt Ae= CaBaTt= S-Pb,
crystallize in CrBstructure type (space group typencm
No. 63). According to the ZintKlemm concept we suspect
two-binding Sf-ions, which form.[Si?]-zigzag chains.
Alkaline earth metal atoms form sheets of connegiged
tetrahedra that are compressed along the crystallogrphic

direction.
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Fig. 1.Reaction scheme for the hydrogenation of BaGe (black)

and BaSn (red) showing irreversible and reversible formation

steps. Appr oxi maBatHO<mp@36) tp ons are a
BaGeH (y = 0 -BélHy (h<xydk 1.67), Tt= Ge or Sn, no

-BaSnH obtained).

Upon f or man dpbdes with less than
one equivalent hydrogen per formula unit, tetrahedlea
voids are occupied and tfi#& polyanions are partially
oxidized. As DFT calculations of the hydrogen free phases
have shown, there are al-ready partially fill/l
bands at the Fermi edge [36, 37, 38], duéttp-Aed in-
teraction. Upon incorporation of hydrogen these bamds
further oxidized increasing bond strength within the zigzag
chain and shortening the bond lengths [20, 21, 22]. A simi-
lar effect was described for the solid solutions GdGa
(Tt= S (x £ 0.6), Sn (x < 0.4)) [39] where el
Zintl phases & formed since gallium ions formally have
only 5 valence electrons instead of 6. Replacing the alkaline
earth metal by an alkaline metalAeTthas a similar effect
as partial oxidation by hydrogen. Thus, a bond length short-
ening within the chain was fodrin Na.14Sr.séGe. [40]
Thermal analysis (see below) of the reaction of
BaGe and BaSn with gaseous hydrogen suggests the occur-
rence of similar hydrogen poor phases as obtained for the
SrGeH;s y s t e rBaGeH.a e .dBa@nH (y < 0.4) and
B-BaGeH (y = 0.5). Therefore, the recently described
phases BaGelix [22] and BaSnkisx[ 2 1] wi |l be called vy
BaGeHa ndBaSnH, r espeahdphgddsgre «a

typical decomposition products at high temperatures.

phases release hydrogen under vacuum conditis well

as under hydrogen pressure forming the hydrogen poor
phases. Fig. 1 gives a schematic overview of the conditions
were the different phases are obtained. Before the reactions
are discussed as determinedtgitu thermal analysis and
diffraction, the structures of the new compounds will be
discussed in detail.
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Fig. 2. Crystal structures i) BaGe / BaSn@mcn), (b) o-

BaGeD / a-BaSnDQ (Cmcn), (c) -BaGel (Pnmaa' =hb, b' =c,
c'=2a; (1/4, 1/4, 0))(d) y-BaGeD (averagedCmcmmodel, the
germanium binding D sites are about half occupied (seed22],

3a) and(e)y-BasSnh, (Pnmaa' =b, b' =c¢, ¢' = 3a). Grey

tetrahedra show voids of the hydrogen free Zintl phasetend
almost emptydeuterium site (D2, SOF = 0.05(3), see Tdh of 3-
BaGeD. Space groups are given in regard to the parent Zintl
phase. Large, green spheres: Ba; medium, grey spheres: Ge / Sn;
small white spheres: H/D.
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Fig. 3. Rietveld refinement of the crystal structuregtop) o-
BaGeD.1315)(Cmcm a = 503.09(3) pmb = 1221.5(2) pm¢ =
427.38(4) pm; 325(6) K, primary vacuum; Braggrker from
top: a-BaGeD.13,Ba0 (6 wt%); Rup = 6.9%,Rp = 4.9%,S=2.7)
and(bottom) o-BaSnD.1ss4)(Cmcm a = 522.72(6)pm, b =
1293.6(2) pmg = 463.97(6) pm;478(5, 5.2(1) MPa R
pressure; Braggnarker from topo-BaSnD.1g y-BaSnD .3 (2 wt-
%), BasSrs (4 wt-%), BaO (1 wi%); Rup = 5.5%,Ro = 4.2%,S
=2.7). Diffraction data are taken from timesitu experiment, thus
some reflections of the sapphire cell (*) are predeafect
detector cells are marked with (+).

Crystal structures o f -BdGeD,, -BESnD, and
b-BaGeD,, y < 1.0

Usingin situ neutron diffraction data the crystal structures
(see Fig. 2) -BaGeDt WBaSn@andt eri des «a
-BaGeD), y < 1.0 were determined and refined [41].

The crystal phases aftheiBde s of t he «a
H, system Tt = Ge, Sn) were Rietveld refined ugia
model i s-GriGeHp(Figc 3 andS3;dTab 1, 2 and
S3).Due to technical issues (see description ofritretu
experi ment bel owBaSrnDslowsseniei nement of «
misfits. The crystal structure of the parent Zintl phases is
preserved, but espially lattice parametdyis elongated
when tetrahedral Bavoids are partially filled with hydro-
gen.

They appear as decomposition products of the
mor e hydr-agqaeBaGeRioaBappH under
reduced pressure or at high temperat{fés 1). Depend-
ing on preparation conditions, the deuterium content is
variable indicati nBaGe®:dzpo mogenei ty range. d
was f or mBaBe undermacyum (ca. 1®a) and
a maximum temperature of 450() It was recovered at
room temperaturéd e a t iBaGeD fBr at least 30 min at
the same pressure and 5042) | e a -BaGed sy O
y-BaSnD decomposes at ca. 480and 5.0(1)MPa D, (in
situdi f fracti on,-BaSelessdoeatoaw) i nt o «a
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450K and 5.5(1MPa H (H.-DSC, see belo This phase
was not recovered at room temperature since a reversible
f or ma t -BabSnDh oscuredyupon cooling under 5 MPa

D, at ca. 42X.

Within the wholeAeTtH, system, lattice parame-
ter c regarding the CrRBype Zintl phases (direction of the
zigzagchains) is hardly affected by the hydrogenation. The
other lattice parameters strongly change. Therefordy/the
ratio is a good measure for a structural change. Hydrogen

free BaGe shows/c = 2.782.79 depending on the tem-
perature. This value increages2.83 and finally to 2.86
with increasi ng h-phhsedrghd)n

Table 1.St r uct ur a l-phateaBaGetrad) 325(6)ke
sapphire cell, primary vacuum (10 P&ncm a = 503.09(3)pm,
b=1221.5(2pm,c=427.38(4pm, d(GeGe) = 261.6(6) pm,
" (GeGeGe) = 109. 5( 3) °-BaG&¥ogsjacet ur al

given in Tab. S3.

atom  x y z Biso/

SOF

10* pn?

Ba 0 0.3578(3) Y  0.62(13)
Ge 0 0.0618(4) ¥  1.80(10)

D 0 0767(3) Y 0.7(8)

Table 2. Structural data of the-phase BaSnxss@) 478(5)K,
sapphire cell, 5.2(1) MPazpressureCmcm a = 522.72(6)pm,
b =1293.60(15pm,c = 463.97(6) pm, d(SASn) = 294.0(3) pm,

~ (SnSnSn) = 104.2(3)°.

atom  x y z Biso/

0.131(5)

SOF

10* pn¥

Ba 0 03530(3) ¥ 3.58(6)7

Sn 0 0.06983) %  3.582
D 0 0.7531(12) %  4.582

0.188(4)

content of
Thebl/c-ratio increases from 2.69 in hydrogen free BaSn to
2 . 7 9-BaSmDy.1e814) Thus, it is a proper measure for the

hydrogen incorporation in low concentrations.

a

@Due to similar molar mass (Ba and Sn) and some problems with

adjustment of the single crystal cell, constraints were set to

Biso(Ba) = Biso(Sn) = Biso(D)-0ffset; offset = 1.0. Varying the offset

did not change the SOF(D) significantly (offset = 0.0 to 2.0:

e.s.u. variation, offset = 3.0: 3 e.$.u.

Table 3. Lattice parameters of the parent Zintl phasesndf3-

BaTtDy (Tt= Ge, Sn) determined by neutron powder diffraction.

Phasé y T/K

a/pm

b/pm

data of

c/pm

he

b/c

d(Tt-Tt) / pm

BaGe 298(2)
BaGe 502(2)
o-BaGehh 0.095(7) 502(2)
0-BaGeQ® 0.131(5) 325(6)
B-BaGeRQ° 0.488(11) 502(2)

BaSn 298(2)
o-BasSnh 0.188(4) 478(5)

aAll phases crystallize in spacegroGmcme X

which cystallizes in space group tyPama®dehydrogenated at
Tmax= 450(2) K° axes reordered and normaliseith respect to

the CrB-structure type to gain comparability.

Author Title

Weberl, Thomas Christiai by in situ diffraction
Hansen2, Daniel Maria

Tobbens3, Holger

Kohlmann1*

506.58(2)
507.50(4)
505.66(4)
503.09(3)
1/2¢ =

495.77(4)
532.79(5)
522.72(6)

e BaGel§

1195.5(2)
1206.0(2)
1218.0(2)
1221.5(2)
a=
1319.5(2)
1251.10(10)
1293.6(2)

430.27(2)
431.65(4)
429.85(4)
427.38(4)
b=

421.46(2)
465.89(4)
463.97(6)

2.78
2.79
2.83
2.86
alb' =
3.13
2.69
2.79
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The GeGe distance of BaGegas evaluated as 267.6@h
(298(2)K) and 269.5(4pm (502(2)K). The angle within
the zigzag chain is 106.4(2)r 107.0(2j respectively.
BaSn shows a S8n distance of 301.0(5m and a chain
angle of 101.4(3)°(298(®) . Upon formation of the a
phases, the chains are partially oxidized (e.g? ¢/ H»
- @ +yH). Thus, a shortening of the bond lengths is
observed. The change in BaGe is small with d@&g=
261.6(6)p m f-BaGeDnsi)at 325(6)K and
266.5(6)p m f-BaGeDmosmat 502(2)K. The corre-
sponding chain angles are 109.5(3)° and 107.5(3)°, respec-
tively. The formal germaniuralectron count of
o-BaGeD .1315)is comparable to Na4Sr.ssGe, which
shows a similar bond length d(@&e)= 260.2(3)pm
(293K) [40]. The shorteimg of the SRSn bond length is
similar and reaches d(Sn)= 294.0(3)pm (478(5)).
The chain angle increases to 104.2(3)°. The data are sum-
marized in Tab. 3. B® distances are slightly larger than in
binary BahH (262 pm [42]) with 261(3R279(3) pm in
o-BaGeD oss5(ryand 269.5(9R91.6(8) pm in
0-BaSnD.1ss(s)

Wh i | e-phadesshoav a statistical occupation of
t et r ahedr aphasesshovdhgdrogen lorderirfg). For
B-SrGeH a 2x2fold superstructure regarding the parent
Zintl phase was found.[2@ue to data quality only a pre-

' i minary structur BaGaelysheMsa was presented.

twofold superstructure along crystallographidirection
regarding the parent Zintl phase. The structure was deter-
mined with the aid of groupubgroup relations [43].0

reach a doulrg of lattice parametea staying in ortho-
rhombic crystal systerat leastwo transitions of typ&2
(klassengleiche transition of index twaxe necessary.
These symmetry reductions leadsevenspace group type
candidatesFour of thendescribe all superstructure reflec-
tions according profile fitting. Only orgructuremodel lal

to an ordered deuterium site occupation. Thus, the structure
is described in space group typema(a'=b, b'=c, ¢'=

2a). The symmetry reduction leads to timdependent
crystallographic sites within Baetrahedras possible
deuterium positionsRietveld refinement (Fig. 4, Tab. 4) of
t he cryst aBaGeDlresultsinane site @, f
Tab. 4) with 92.5(13)% occupation and one nearly empty
site (D2, Té. 4) with 5.0(10)% occupation giving an ap-
proxi mate coBaGeldsi ti on of f

The filled tetrahedra are more regular than the
nearly empty ones with typical Ha distances of
254.1(9)pm to 266(2pm. These values are comparable to
the binary hydride Bd, with 262pm on average [42] and
theyare51 0 % s mal | e r-phdsdsaThe irregulat h e «
hardly filled tetrahedral voids show one strongly elongated
Ba-D distance longer than 3@n and a strongly opened
Ba-Ba edge.

While the effect on the interchadtistances of the
o-phases is small, the shortening of the@=distance in
-BaGeHsfrom 267.6(4)pm in BaGe to 257.1(fm in
the hydride is much stronger. The bond length compares
well to LisGeH, which shows G&e zigzag chains as well
with a GeGedistance of 25%m [44, 45]. Both examples
can be described as Zintl phases with formallyGe
polyanions, which are oxidized in regard to the assumed
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G¢ of a zigzag chain according to the Ziatincept. Thus,

the shortened bond | engths correspond to an increased
bonding due t o -banddeppnchpdwod ati on of Tm*
genation.

Thermal analysis

In situthermal analysis under hydrogen pressure@S8C)
was conducted under several pressure conditmims/esti-
gate the reactions of BaGe and BaSn with hydrogen. The
hydrogenation of BaGe shows the first strong exothermic
signal above 373 K (Fich). Between 3 to 5 MPa starting
pressure the signal does not significantly shift, but since it
is broad the pset is not well defined. According ito situ
diffraction (see below) anelx situcharacterisation, this
effect corresponBaGel.dhepd-e f or mati on of vy
tially f or-phase already takdés plach & rofim
temperature (see belowm, situ NPD) but does not give any
DSC signal. Since the reaction is quite slow and a heating
range of 1K min! was applied, the exothermic signal
might mainly show the direct reaction of BaGe + yR2-H
y-BaGeH. Subsequent cycle3{ax= 475K) did not result

in further signals.

20/°
20 40 60 80 100 120 140
8 1 1 1 1 1 1 1
D20
T A=187 pm

int. /10° cts

T T T T T T T T T
0.5 1 16 2 25 3 35 4 45 5

sin@a” /nm™
Fig. 4. Rietveld refinement of the crystal structureof
BaGeD.4ss12)(Pnma a = 1319.5(2) pmb = 421.46(2) pm¢ =
991.54(7) pm; 502(2) K, 0.20(5) MP&;Braggmarker from top:
B-BaGeD.ag 0-BaGeD.22 (25 wt%), BaO (6 wWi%); Rwp = 6.9%,
Ry = 4.9%,S= 2.7) Diffraction data are taken from timesitu
experiment, thus some reflections of the sapphire cell (*) are
present. Defect detector cells are marked with (+).

Table 4. Structural data of thB-phase BaGefuss(12) 502(2)K,
sgphire cell, 0.20(5) MPa fpressurePnma a = 1319.5(2) pm,
b =421.46(2)pm,c = 991.54(7)pm, d(GelGe2) = 257.1(7)
pm,” (GelGe2Gel) = 110.1(5)°.

atom X y z Biso/ SOF
10% pn?
Bal 0.1050(7) ¥a 0.1471(13) 0.8(2)
Ba2 0.1040(9) ¥a 0.6095(17) Biso(Bal)
Gel 0.3237(6) ¥« 0.3893(9) 1.7(2)
Ge2 0.2820(6) ¥ 0.8758(10) Biso(Gel)
D1 0.0031(7) ¥» 0.3768(11) 0.7(3)  0.925(13)
D22 x(D1)+% 3%, z(D1) Bisos(D1) 0.050(10)

asymmetry condition as inherited from the original super group to
fix this nearly empty site within the tetrahedral void.
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Fig. 6. 2D plot ofin situsynchrotron powder diffractionn(situ
SPD) of the hydrogenation of BaGe showing the high temperature
region at 5 MPa kHand 2K mint heating rate (20s / frame data
collection).(*) marks BaO.

exo up
1% heating 2% heating
18t coolin% ******** 2% cooling -
Al 50 p(H2
£
= | L 63 &
= 0 - | )
3 =
o= o
g - 5
= 501 Basn o + v-BaSnH,
y—BaSnHy (:(—BaSnHy
-100 T T T T T T

300 350 400 450 500 550 600
T/K
Fig. 7. In situthermal analysis (HDSC) of the hydrogenation of
BaSn. A measurement starting directly fregBaSnH reproduces
run two (Fig.S5).

At 553K and 5.7MPa H pressure an endothermic
decomposition step occurs. With decreasing hydrogen pres-
sure it shifts to 52& at 3.4MPa. Fromex situcharacteri-
sation the decomposition product is not clear. Either
y-BaGeH (although a reversible DSC signal could never be
obtained) or a poorly crystalline product was present. Fur-
ther heating at elevated pressures leads to the formation of
BaH; and BaGe as seen for the Sr@42 system before
[20].Instusynchr ot ron di f fBaGegt i on showed that B

Author Title File Name Date
Henry Auerl, Sebstian Reversible hydrogenation of the Zintl phases BaGe and BaSn stud zintl_B2_Z 19.12.2017
Weberl, Thomas Christiai by in situ diffraction Krist.docx

Hansen2, Daniel Maria
Tobbens3, Holger
Kohlmann1*

Page
11(20)



is formed and subsequently the decomposition in the ger-
manium rich phase and binary hydride takes place (Fig 6).
At pressures below BIPa H y-BaGeR was not formed
from BaGe.
H2>-DSC experiments of the hydrogenation of BaSn
give different signals in the first cycle compared to the
subsequent ones (Fig. 7). The first run atNRastarting
pressure shows an exothermic signal at 470 K. Upon cool-
ing no further signal is observed. Subsequent cycles show
an endothermic signal at 580which was not observed
during the first run. A corresponding exothermic signal at
410K is obtained upn cooling.Ex situcharacterised sam-
ples after one cyaxrndBaSHhow a mi xture of «a
After the second -BaBnHissthebsequent cycles vy
mai n p h a sBaSnH abksstarting magerial for theoH
DSC experiment, the same patterns as for thenskecycle
is obtained (Fig. S5). According to situneutron diffrac-
tion (see below), the reversible decomposition step ac-
counts for t-BaSnHi or mati on of o«

In situ diffraction

In situdiffraction experiments were done starting from the
CrB-structure type Zintl phases BaGe and BaSn (Rietveld
refinement: Fig S1, S2 and S4; Tab. S1, S2 and S4). The
deuteration and dedeuteration of BaGe was studied under
5 MPa deuterium pressure and primary vacuum respective-
ly, using neutron diffraction, whilthe decomposition at

high temperatures was studied by synchrotron diffraction at
5 MPa hydrogen pressure. The reversible reaction between
o- a n dBa@eD was investigated isothermally at 5K2

The reaction of BaSn was observed under 5 MPa isobaric
deuterum pressure.

In situ diffraction of BaGe

In situneutron powder diffraction (NPD) of the reaction of
BaGe under deuterium pressure and heating was done with
1 min time resolution. A first reaction step already happens
at room temperature and low presswkabout 12 MPa

(Fig. 8). As stated above, this is an effect that was not seen
in the H-DSC experiment. The obtained phase was indexed
in the orthorhombic crystal system#£ 1309.1(13) pmb =
423.4(3) pmgc =998.7(8) pm, 298(2) K, 5.1(1) MPa, about
30% phase fraction) and therefore corresponds
BaGeD. The reflections are broad and Rietveld refinement
of the structure was not possible. The phase fraction was
esti mat e dBaGehsmadel iesceibe@above.
Thus, the deuteration reaction coulat be evaluated using
sequential Rietveld refinement.

After reaching 5 MPa deuterium pressure, isobaric
heating was st aiBaGe@didndtine amount of f
crease, but -BaGeDatértsto torm3whioh K vy
corresponds to the exothermic DSC silgin the beginning
of this reaction the reflections are broad as well while they
sharpen when higher temperatures are readitesliso-
thermic step at 425 K already shows a total formation of
y-BaGeD (except for some BaO impurity). Isobaric heating
was sopped at 50K.
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Fig. 8. 2D plot ofin situneutron powder diffraction starting with
BaGe under Rpressurdleft) as well as selected diffraction
patterngright) . The diffraction patterns show Ba@mttom), the
partially formation of3-BaGeDl3 (middle, marked as a bullet) and
the formation of-BaGeH (top, a simulation is given as red
curve).(*) marks BaQright) . ILL raw data labelling (NUMOR)
is given [27].

300 500 600

The decomposition at/@Pa hydrogen pressure

and high temperatures was observednbgitu SFD (Fig.

6). At 580K a hydrogen poor phase in the orthorhombic

crystal system is formed. Metrical relations clearly indicate

-BaGeH. There is no sign t-owards t
phase. Upon further heating, the phase segregates into the
germanium rich Zintl phase Bagand BaH above 65K.

Thein situg e n e r -BaGeQdphase was dedeu-
terated under primary vakuum (10 Pa), whickswstudied
by in situNPD (Fig. 9). Since crystallinity improved during
the first heating cycle, sequential Rietveld refinement was
possible. Phase fraction as well as hydrogen content was
eval uat ed. ABaGelbsdouried agjd@indoutls
only stalbe in a small temperature window. Already at 400
K -BaGeQi s formed. ForBaGdham eval uati on
simplified model with thredold superstructurea( = 3a)
with regard to the hydrogen free Zintl phase BaGe and
spacegroup typ€mcmwas used as desce elsewhere
(Fig. 2, for more details see Ref. [22] and its Supporting
Information). Since there is no evidence for a deuterium
release from tetrahedral voids, their occupation was kept
fixed at 100%. The occupation of the two about 50% filled
chain bindhg deuterium sites (split position) were con-
straint to the same value and refined. Bighows the sum
of these sites which is constant up to 365 K and shows no
sign for a homogeneity range. The averaged composition is
y-BaGeD), y = 1.61(2)which is abouthe previously pub-
lished value y= 1.57(3)[22].

The temperature region from 365 K to 425 K is
characterised by severe overlap of all three deuteride phas-
es. Ther ef or e -Ba@eDlexcgptdarthemet er s
scaling were kept fixed. Nonetheless, deuta occupa-

t i o n-8aGeD str@hgly correlate with the occurrence of
o-BaGeQa nd t h e -BaGeB.iTdewecupatipn of

D1 (Tab. 4) goes down a bit, but shows full occupation

a f t-BaGeDQywas removed from the sequential refine-

ment. The second tetradiral void site (D2, Tab. 4) stays

empty. Therefore, the varying occupation might be an arte-
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fact of the refinement and this phase might show no homo-
geneity range or onl-y a small one in contrast to
SrGeR.[20]

Above 4BaGeDHs fornmed starting with
y = 0.32(3) b/c = 2.94, cf. Tab. 3). During the heating
process, deuterium is slowly released going down=o y
0.167(10) b/c = 2.87, cf. Tab3) at the maximum tempera-
ture of 450K. Rietveld refinement after cooling down to
325K showed a -BaGelpigsi ti on «a

Under isothermic conditions at 502 K the deuteri-
um pressure was cycled between vacuumR@Ppand
0.2 MPa. Diffraction patterns were collected with 4@me
resolution. To improve counting statistics, the experiment
was repeated five timemd diffraction patterns of equal
pressure conditions were summed (Ri@). Starting from
o-BaGeD, t-phase \Bas allowed to form fomdin at
0.2MPa to have the same starting conditions for each repe-
tition.

The r eac ttiosBacelis tulty re@ersi-
ble and only depends on the applied pressure. On this time
scale the occupation of the tetrahedral voids stays constant
(Fig.10) . The D-phaseishows awmdccupatioe 3
of 0.90(4) averaged over the whole experiment except for
the points witHess than 25 % phase content. The occupa-
tion of the empty D2 site was refined as well and shows no
additional deuterium incorporation (averaged SOF =
0.029(13)).

time / min
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60
(- 25
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20
o 40 g
& 30 1.5 §
=
20 1.0 ©
10 0.5
450 100 -
o
v 400 75 8=
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350 oo Q@
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L .73 o TV
8 0.5 B: T_V + .
0.25 4__y:chain  + = SR
0 1 : M. |

925575 925600 925625 925650

F
ig. 9. 2D diffraction plot of the decomposition of situ formedy-
BaGeD s1under primay vacuum(top), temperature and phase
fraction profiles(middle) and deuterium site occupation factors
(SOF,bottom). y-BaGeD: sum of the split position of the chain
binding sites (chain)y- andp-BaGeD): tetrahedral voids (TV).
ILL raw data labelling (WMOR) is given [27].
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vacuum) an@-BaGeD (0.2 MPa D) at isothermal conditions at
502 K ¢op), pressure and phase fraction profilesddle) and
deuterium site occupation factors (SOF}eifahedral voids
(bottom). ILL raw data labelling (NUMOR) is given [27].

o-BaGeD shows a constant deuterium occupation on this
time scale (averaged SOF = 0.23(2)). A hint pointing to-
wards a phase width is a small volume jump of 0.6% when
the sample is pressurized. Tie ratio decreases during
evacuation from 2.94 to 2.90 and jumpsk to 2.95 when

the sample is pressurized with deuterium to 0.2 MPa. The
v o | u mBaGel)is rdt effected at all (< 0.1% volume
change). After a further dehydrogenation under vacuum for
30mi n, a c¢ o mBawssh.dsHWasreachéd, a
clearly indicating a homogeneity range of this phase.

In situ neutron diffraction of BaSn

In situ neutron diffraction of BaSn was done under
5.0(1)MPa isobaric deuterium pressure and heating. Dif-
fraction patterns were collected withniin time resolution.

For serial Rietveld refinement a summation over five

frames was applied-he orientation of the singlerystal

cell was inadequate and nedaorrection.Due tothis

technical issue the experiment was interrupted for about
100min at elevatedemperaturesifter the correction some
container reflections were still preseRtirthermorea sig-

ni fi cant -Ba$rdy wdsaleady foriedye to
sever e o0 v-BaShDeaapd the broatnesg of the
refl ecti ons 4BdSal atlowtemperatuesn of o
cannot be evaluated unambiguously. Therefore, sequential
Rietveld refinement results are shown, starting with the

d e c 0o mp o s-BaSnDp(Fig. HLY. At 423K the decom-

p os i t iBaSnh stdits, which is well below the endo-
thermic DSC signleat 500K. The reformation of the

y-phase is reversible without hysteresis and the phase frac-
tion starts to increase again after the temperature was below
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423K. The reformation step fits to the exothermic signal
obtained in the DSC experiment.

The struat r e -BaSnD was kept fixed during
the serial refinement and only the occupation of the tin
binding deuterium site was refined. Considering estimated
standard uncertainties (a13. this value stays constant over
the whole experiment. The first formai leads to an aver-
aged chemi BaShDQ, {ol2@B(lB)arhey
reformation during the cooling process results in a slightly
larger value of ¥ 1.291(3). Both evaluations fit the pub-
lished value y = 1.278(2) [21] reasonably well. Thus, no
homogeneit range is assumed here.

Starting with t-BaSnQdtkecomposi ti on of
o-BaSnD is present during the rest of the experiment. The
deuterium occupation is sensitive to temperature. It goes
down to y=0.172(4) b/c = 2.78) at the highest measured
temperdure of 519(2XK . Ri g ht -phadestartedtd he vy
decompose (430(Z) about one quarter of the tetrahedral
voids is filled (y= 0.260(8);b/c = 2.80). This value is
reached again upon cooling (430(2)Ks¥.248(4) b/c =
2.80). After the reformation f-BapnH, at the end of the
insitue x p er i mphage is still @resent with 31(2)-wt
% and reaches a maximum deuterium occupation-of y
0.36(3) 317(2K,blc= 2. 81) The -ghase mati on of a B
was not observed.

time / min

oo ©O O ©O O O O
N~ O © NN O < O
MO MO < < v O

1 1 1 1 1 1

- 660
F 720
L 780

20/°
S
o
sino/A/ nm™'

1.5

100 o 500

450
400 =~
350
300

fraction / %

o TV +

0.2 . v@%ﬁ@ﬁ@

0 T T T T T
925750 925900 926050 926200 926350
NUMOR

Fig. 11.2D in situdiffraction dot of the reaction of BaSn at 5
MPa D pressurdtop), temperature and phase fractigmsddle)

and deuterium site occupation factors (SOF) of tetrahedral voids
(TV, bottom). SOF(D) ofy-BaSnD (chairntbinding and TV) are
constant (not shown). Due to tedtal issues (see text) the
evaluation starts at= 200 min.ILL raw data labding (NUMOR)

SOF (D)
o
w
1

is given [27].
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Conclusions

The formation and decomposition of different types of
BaTtHy-phasesTt= Ge, Sn, were observed bysitu dif-
fraction and thermal analysis under several conditions. It
could be shown that another two representatives of the
systemAeTtH, show almost reversible hydrogenation
properties. Upon decomposition under pressure as well as
under vacuum some residualdnggen stays in tetrahedral
voi ds f-Bafthyphasgs. Dhese show a homogeneity
range and a hydrogen occupation sensitive to pressure and
temperature. This contribution establishes compositional
I i mi t-BaGéHoofat least0.095(A <y 0. 3@ (3) an
f o fBaSmH of atleast0.172(& <y 0. 36 ( 3) .

T h ephases show slightly short&€tTt distances

than the hydrogen free phases due to a depopul ation

bands and, t heondifgwithe zigzagcr eased T
chains. This correlates well with the etien poor CrB
structure type phase blaSnsGe [ 4 BiGeHy< a
0.3, [20, 23] which have a similar electron count per anion.

Another intermediate phase exists in the B&e
system, which can be related to the StGesystem [20]. In
c ont r &8GER, t-BAGEH s appears to be a line phase
with ordered hydrogen occupation. It already appears at
room temperature, when BaGe is set under hydrogen pres-
sure and is a decBa@epatelevatt on product of vy
ed temperature. Due to stronger oxidatiompared to the
o-p h a sBaGeHBs h o ws s thanding gne thus 1t
decreased G6&e distance. Therefore, the phase can be
related to LiGeH [44, 45].Switching between 0.RIPa D,
pressure and primary vacuum (R8) at 50K the for-
mat i o-ra na@Ba@ad, can be cycled. At ®1Pa the
upt ake i -BaGeQreatts amost completely to
f o r -BaGBD s within 1 min. The corresponding deuteri-
um release is slower.

Upon heating to moderate temperatured@@K)
and hydrogen pressures above 3 MPa, Ba@eBarsn form
hy dr o g ephasesiaxphblished earlier [21, 22]. These
phases are characterised by ionic hydride ions that are in-
corporated into sheets of tetrahedrai-Baids and hydro-
gen bound covalently to the polyanion.

The f or mphasescabe mtfonalsed us-
ing a hypothetical intermediate Bii, where according to
the ZintkKlemm concepft is supposed to form three
binding polyanions. Due to the rigid hydride filled cationic
sheets, th@t atoms cannot solely form bonds to othér
ions but need to additionally forfit-H bonds (see Fig. 2e).
Filling tetrahedral voids is thus directly related to the for-
mation of Tt-H bonds and vice versa. Since-Band SaH
bonds ar e t heiphasesdegomposelatimok, t he vy
erate temperaturasider vacuum or §Pa hydrogen pres-
sure and need to release additional hydrogen from tetrahe-
dral Ba-sites. The decomposition temperatures fit the
thermal decomposition of polygermane (GeHat 470
520K [46] reasonably well. Therefore these phases show a
good (partial) reversibility relating them to classical inter-
stitial hydrides combined with moderate decomposition
temperatures due to thermally lablieH bonds. In addition
to the almost complete reversibility the filling of tetrahedral
voids showsfas ki neti cs as sh-down by the reaction of
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B-BaGeH. This might serve as a starting point for the
search of proper hydrogen storage systems within the class
of Zintl phases.
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