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ABSTRACT

The crystal structure of a mixed amide-imide phase, RoMgND:2ND, has been solved in the
orthorhombic space group Pnma (a = 9.55256(31), b = 3.70772(11) and ¢ = 10.08308(32) A). A
new metal amide-hydride solid solution, Rb(NHz)xHa—), has been isolated and characterized in
the entire compositional range. The profound analogies, as well as the subtle differences, with the
crystal chemistry of KMgND2ND and K(NH2)xH@i-x) are thoroughly discussed. This approach
suggests that the comparable performances obtained using K- and Rb-based additives for the Li-
Mg-N-H hydrogen storage system are likely to depend on the structural similarities of possible

reaction products and intermediates.

INTRODUCTION

The discovery of alkali metal amides dates back to the 19" century: Davy, Thenard and Gay-
Lussac discovered the amides of potassium and sodium by studying the effect of these alkali metals
on ammonia.>® The possibility of forming Li-N-H phases from LisN and Hz was first reported in
the 1910 by Dafert and Miklauz.* However these results didn’t receive remarkable attention from
the scientific community until 2002, when Chen and co-workers reported the promising role of
metal amides - hydrides composites as hydrogen storage materials.> An intense research activity
stem from this seminal work, and still continues today, exploring systematically the possible
combinations of metal amides with metal hydrides, in order to find optimal hydrogen stores and

determine their fundamental properties.® With a reaction enthalpy of about 40 kJ/mol Hz, the



Mg(NH2)2+2LiH composite is regarded as one of the most promising systems derived from this
research field.” However, for its combination with proton-exchange-membrane fuel cells (PEM-
FC) in light duty vehicles, additional efforts are needed to improve its reaction kinetics at low
temperatures. Low operating temperatures are also necessary to prevent the release of ammonia,
thus limiting the risk of poisoning the fuel cell. The addition of potassium based inorganic salts
(e.g. potassium hydride, hydroxide and halides) has led to improved sorption properties, including
lower ammonia release during desorption and hydrogen reabsorption to 75% of the original
hydrogen capacity in only 12 min at 143°C and 30 bar of H..2*® Recently, the total or partial
replacement of potassium with rubidium was also proven to be a successful step to further improve
the performance of the overall system.'®-23 Furthermore, it was reported that the enhanced sorption
properties account for an alteration of its thermodynamic stability and kinetic behavior, caused by
the addition of small amounts of RbH.?° Despite the fact that possible reaction pathways were
proposed, the key reaction product formed from the additive, RoMgNH2NH, was still unknown
from the structural point of view. In the present work, we were able to synthesize this novel
compound and to solve its crystal structure. Additionally, we identified and characterized a new
intermediate of the Rb-N-H system, which is likely to be identified in future Rb-containing
amide/hydride systems. In the final stage, an overview of the structural analogies between the

potassium and the rubidium case is presented.

EXPERIMENTAL SECTION

Mg(NHz2)2 was synthesized by ball milling of MgH2 (Rockwood Lithium, 99.8 % of Mg) under
7 bar of NHs at 400 RPM during 19 h. RbH was obtained via ball milling of Rb (Alfa Aesar,
99.75 %) under 50 bar of H: at 500 RPM for 13 h. Rb2Mg(NH2)s was synthesized by

mechanochemical treatment of rubidium (Alfa Aesar, 99.75 %) and magnesium (Aldrich, 99 %)



with a molar ratio of 2:1 under 7 bar of NHs for 34 h. The sample was then transferred to a stainless
steel reactor and heated up to 270 °C for 48 h under 7 bar of NHs. Rb2Mg(ND2)4 for neutron
diffraction experiments was synthesized by heating Rb and Mg (molar ratio 2:1) under 5 bar of
deuterated ammonia (NDs, Aldrich, isotopic purity: 99 atom % D) for more than 48 h at 300 °C in
a stainless steel reactor. MgD2 was prepared by annealing of previously desorbed MgH2 under
~ 120 bar of deuterium (D2, Air Liquid, 99.8 mol%) at 400 °C for 24 h. The compounds were
subsequently mixed in the desired ratio using an agate mortar and pestle. The mixture was then

desorbed under dynamic vacuum at 260 °C for 1 h.

RbNH2 was prepared by heating rubidium under 7 bar of ammonia up to 250 °C for about 13 h.
RbH was prepared by ball milling of Rb under 50 bar of Hz for 23 h at 600 RPM, followed by 17 h
at 400 RPM. All compositions were prepared by mixing the corresponding amounts of RoNH2 and
RbH with an agate mortar and pestle. The annealed samples were prepared by heating the hand-

ground mixtures up to 200 °C for 4 h under argon atmosphere.

All milling procedures under reactive gases were performed using a high pressure vial (Evico

Magnetics, Germany) and a Pulverisette 6 planetary mill (Fritsch, Germany).

All samples were handled in argon-filled glove-boxes (mBraun, Germany) with oxygen and water

levels lower than 5 ppm, in order to avoid their oxidation and/or hydrolysis.

Ex situ X-ray powder diffraction (XPD) experiments were performed on a D8 Discover (Bruker,
Germany) in Bragg-Brentano geometry equipped with a copper source (A = 1.54184 A) and 2D
VANTEC detector. The sample was placed in a flat commercial sample holder, sealed from the

top with a dome of poly(methyl methacrylate) (PMMA) that prevents its exposure to air.



The ex-situ synchrotron radiation X-ray powder diffraction (SR-XPD) pattern for structure
solution was collected at the Swiss Norwegian Beamlines (SNBL) of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). Data were recorded on a Dectris Pilatus 2M detector
at a wavelength of 0.8212 A. 2D images were integrated and treated with the locally written

program Bubble.?*

Neutron powder diffraction (NPD) was performed at the PUS instrument of the JEEP |1 reactor
(IFE, Norway).?> A Ge(111) monochromator with 90° take-off angle provided neutrons with
wavelength of 1.55357 A. The data were recorded with two detector banks, each with 7 vertically
stacked position-sensitive detectors covering 20° in 20. The total angular range is 26 = 10°-130°,
and angular step size A26 = 0.05°. The sample was contained in a vanadium container with 6 mm

inner diameter.

Structure solution was carried out with the FOX program.? Rietveld refinement?”: 28 of the XPD
data was performed with the software MAUD (Material Analysis Using Diffraction).?® Rietveld
refinement of the NPD data was performed with the software GSAS (General Structure Analysis
System)*® implementing the graphical user interface EXPGUI.?! The software VESTA3? was used
for building the graphical models of the crystal structures, standardization of crystal data, as well

as calculating the interatomic distances reported in Table 2 and S2.

The in situ XPD experiments were performed at the High Energy Material Science (HEMS)
diffraction beamline (P07) of Petra IIl (Hamburg, Germany). The beamline provides a
monochromatic X-ray beam (A = 0.14235 A). The diffraction images were collected with a Perkin
Elmer XRD 1621 Flat Panel, using an exposure time of 15 s per scan. The powdered samples were

packed inside sapphire capillaries with 0.6 mm inner diameter, which were mounted on in-house



developed sample holders allowing for well controlled temperature and pressure conditions. All
measurements were performed under 1 bar of argon, heating up from room temperature (RT) to
270 °C with an heating rate of 10 °C/min, maintaining isothermal conditions at 270 °C (5 min for

the pristine RobNHz and RbH, 10 min for their mixtures) and then cooling down to RT at 10 °C/min.

Attenuated total reflection infrared spectroscopy (ATR-IR) measurements were performed using
a Bruker Alpha-Platinum infrared spectrometer and a diamond crystal. The spectrum was obtained
at RT in the range of 4000-400 cm™* and at a resolution of 2 cm™, with 32 scans averaged for each
spectrum and the background. The samples were measured without any dilution. The spectrometer

was situated inside an Ar-filled atmosphere controlled glove box.

Solid-state NMR experiments were run on a Bruker AVANCE Il 400 instrument operating at
400.23 MHz for *H and equipped with a 2.5 mm probe. Rotors were packed inside a glove-box to
prevent sample decomposition. The 'H MAS spectra were acquired at the spinning speed of
32 kHz with the DEPTH sequence (n/2-r-rt) for the suppression of the probe background signal
(*H 90° = 2.5 ps; scans = 16; relaxation delays equal to 1.27-5*T1). Relaxation measurements
were performed with a saturation recovery pulse sequence. 2D *H DQ MAS experiments were
performed at 32 kHz with the back-to-back (BABA) recoupling pulse sequence with excitation
times of one rotor period (*H 90° = 2.5 us; 32 scans; t1 increments = 46; relaxation delays equal to

1.27-5*T1). *H scale was calibrated with adamantane (*H signal at 1.87 ppm) as external standard.

RESULTS AND DISCUSSION

Synthesis of RoMgNH2NH



It was previously reported that a 1:1 mixture of Mg(NH2)2 and RbH forms RbMgNH2NH while
releasing an equivalent mole of Hz when heated to 250 °C. Therefore the following reaction (1)
was proposed:%°
1) Mg(NH2)2 + RbH — RbMgNH2NH + H-

Our diffraction experiment (Fig. 1-a) shows no Bragg reflections of the starting materials in the
product obtained after annealing a 1:1 mixture of Mg(NH2)2 and RbH. Indeed, except for some
Bragg peaks from Rb2Mg(NH2)4, the others are not attributable to any known Rb-containing
amide, imide or nitride phases.

We also considered an alternative and more convenient synthesis route, described by reaction (2).

According to the diffractogram in Fig. 1-b, the main reaction product is the same as from reaction

(D).

2) RbaMg(NH2)a + MgHz — 2RbMgNHzNH + 2H>
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Figure 1. XPD patterns of the products obtained after annealing of Mg(NH2).+RbH (a) and
Rb2Mg(NH2)s+MgH2 (b). ¥ = New phase, <& = Rb2Mg(NH2)4, ? = spurious peaks. A = 1.54184

A

The deuterated compound RbMgND2ND was synthesized according to the second synthesis
route, starting from Rb2Mg(NDz)4 and MgD.. Attenuated Total Reflection-Infrared spectroscopy
(ATR-IR) was performed for further identification purpose (Fig. S1). For the RbMgNH2NH phase,
the stretching signals of the N-H bonds are found at 3319 cm™ and 3261 cm™, very similar to the
values of 3317cm™ and 3260 cm™ reported from Li et al.? and thus confirming the
reproducibility of the synthesis. As predicted, the isotopic effect caused a red-shift of about

840 cm! for the stretching signals of the N-D bonds in the deuterated compounds.

Structure solution



The formation of RoMgNH2NH was reported to be an important step for the reduced reaction
enthalpy of Rb-doped Li-Mg-N-H systems.? Since increasing attention has been devoted to the
study of similar systems, it is important to determine the structural model in order to provide a

starting point for the development of plausible reaction mechanisms.

A SR-XPD pattern was collected at the SNBL at ESRF and used for structure determination.
The high crystallinity of the sample, the high signal to noise ratio and the good resolution of the
measurement, allowed the identification of the reflections belonging to the main phase, which were
indexed in the orthorhombic crystal system with unit cell parameters: a = 9.6282, b = 3.7120 and
¢ = 10.1164 A. From the systematic absences, the possible space group (s.g.) candidates were
restricted to Pnma and Pna2i. The structure was solved using FOX with the global optimization
algorithm, excluding hydrogen atoms. For NPD data collected with the deuterated sample, the
same procedure was used, but free deuterium atoms were included. For both space groups the
global optimization provided very similar structure models, with the formula unit RoMgN2Ds, in
agreement with the stoichiometry predicted by Li et al.?° The two space groups differ only in
presence or absence of the inversion center. The differences in the Rietveld refinements were not
significant, thus the highest symmetry space group Pnma was chosen. Finally, a combined
Rietveld refinement of both NPD and XPD patterns was performed. The fits are presented in Fig.
2 and Fig. S2, respectively. Moreover, the structure model obtained after the combined refinement

is presented in Fig. 3.
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Figure 2. Rietveld refinement of the NPD pattern acquired at RT on the annealed
Rb2Mg(ND2)4+MgD2 product. The figure shows the observed intensities (red dots), the calculated
curve (black line), the Bragg reflections of the RoMgND:2ND structure (vertical marks) and the
difference plot (observed - calculated intensities, blue line). Rwp=0.0556 corrected for

background; A = 1.55357 A.
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Figure 3. Structure model of RoMgND2ND as obtained after Rietveld refinement with combined

NPD and XPD data.

The unit cell contains 4 formula units, which gives a density of 2.67 g/cm?, similar to that of o-
RbNH2 (2.64 g/cm®)* and comparable to that of RbaMg(NH2)4 (2.31 g/cm®)**. Furthermore,
RbMgND2ND is isostructural to KMgND2ND.** % A comparison of the unit cell parameters of
the two compounds is presented in Table 1 and the crystal structure parameters of RobMgND2ND

are summarized in Table S1.

Table 1. Unit cell parameters and unit cell volume of the RoMgND2ND phase as obtained after
Rietveld refinement of the NPD and XPD data. The values for KMgND2ND were taken from the

work of Napolitano et al.>® and are shown for comparison.

Experiment

alA

b/A

c/A

Vv /A3

KMgND2ND

NPD

9.3497(3)

3.6631(1)

9.8901(3)

338.72(2)
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RbMgND2ND | NPD+XPD | 9.55256(31) | 3.70772(11) | 10.08308(32) | 357.125(24)

The unit cell volume is noticeably bigger in the case of RobMgND2ND, which is reasonable
considering the larger ionic radius of rubidium compared to potassium. From Table 2 it can be
noticed that all but one of the M*-N distances are longer in RoMgND2ND as compared to
KMgND:2ND. Therefore, a bi-capped trigonal prism of amide and imide anions coordinating Rb",
can be identified in this case (Fig. 4-a) as compared to the mono-capped trigonal prism reported
for the KMgND2ND.3¢ A possible explanation for this difference is that, due to the longer radius,
i.e. larger coordination sphere (see average M*-N distance in Table 2), an additional amide group
coordinates the Rb*™ in RbMgND2ND. Conversely, the additional amide group is excluded from
the first coordination sphere of K*, because the shorter ionic radius is associated with a smaller
coordination sphere and, therefore, shorter interatomic distances (stronger repulsions) between the
amide and imide groups. Indeed, an average N-N distance of 4.7763(6) A and 4.8781(7) A can be
calculated for the K- and Rb-phases, respectively. The nitrogen atoms considered for the
calculation of the average N-N distance are displayed in Fig. 4-a and the values are reported in

Table S2.

Table 2. Selected M*-N distances (d <3.92 A) obtained from the structural models of

RbMgND:2ND (present work) and KMgND2ND (Napolitano et al.*®). Longer distances in bold.

Label di, d2 ds, da ds ds, d7 ds Average

Multiplicity | 2 2 1 2 1 -

dw-n/A 3.071(6) | 3.378(6) | 3.097(7) | 2.937(6) | 3.910(7) | 3.222(2)

dro-n/A 3.269(3) | 3.544(3) | 3.255(4) | 3.057(3) | 3.523(4) | 3.3148(12)

12



Figure 4. Structural coordination of a) Rb™ (bi-capped trigonal prism), b) NH2~ (octahedron), c)
NH? (trigonal prism) and d) Mg?* (tetrahedron). All the geometries present considerable distortion
as compared to the ideal case. The Rb-N distance of 3.523(4) A is indicated by a dotted red line in

a) and b).

The surrounding of the amide anion can be described considering the octahedral geometry
proposed in Fig. 4-b. It is also possible to identify a triangular antiprism RbsMgs around the imide
anion (Fig. 4-c). This coordination entity is very similar in both the KMgND2ND and
RbMgND2ND phases. Another interesting structural aspect that the two compounds have in
common is the tetrahedral coordination of Mg?* to one ND2~ and three ND?™ anions (Fig. 4-d). In
fact, rather than displaying [Mg(ND2)(ND)s]° isolated tetrahedrons, each imide anion coordinates
to other three magnesium cations, building an infinite anionic chain in the [010] direction,

counterbalanced by Rb* (Fig. 5).

13



Figure 5. Infinite anionic chain of edge-sharing [Mg(ND2)(ND)s] tetrahedrons in the [010]

direction.

Similar features can be found in the structure of some double-cation tetrahydroborates
(LiiAj(BHa)i+j; A = Rb, Cs).*’

In this case, the amide anions completing the tetrahedral units are in terminal (i.e. non-bridging)
positions because of an insufficient number of free electron pairs (Fig. 5). The deuterium atoms of
the imide groups are equidistant (2.190(6) A) from the closer deuterium atoms of each amide group
in the adjacent chain and both amide and imide groups are oriented in order to minimize repulsions
with the Rb* and Mg?* cations.

Rb-N-H system

Recently, new intermediate compositions were identified in the K-N-H system and reported as
the first metal amide/hydride solid solution.®® The same components were reported to take part in

the desorption processes of K-Mg-N-H systems, promoting a novel amide-hydride anionic-

14



exchange mechanism.® Structural similarities between compounds of potassium and rubidium are
not a peculiarity of bimetallic M-Mg-N-H systems, as they also occur in other classes of
compounds, e.g. metal amides (MNH:) and metal hydrides (MH). For this reason, here we present
a systematic study of the RbNH2-RbH system, in order to reveal the main similarities and
differences with the KNH2-KH case study.

Mixtures of RobNH2 and RbH were prepared in different molar ratios (x = 0, 0.1, 0.3, 0.5, 0.7,
0.9, 1; with x indicating the molar fraction of RoNHz), annealed and then characterized by ex situ

XPD (Fig. 6).
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Figure 6. Diffractograms of the annealed XRbNHz+(1-x)RbH samples. 4 = RbH (Fm3m), & =
Rb(NH2)xHax (Fm3m), ¥ = RbNH:-like phase (Fm3m), M, = RbNH2 (P21/m), % = RbOH

(P21/m). A =1.54184 A.

From the diffraction patterns collected after annealing, it is not possible to identify the Bragg
reflections of the RT modification of RbNH2 (monoclinic, s.g. P2i/m) for the intermediate
compositions 0.1, 0.3, 0.5 and 0.7. The diffractograms of these annealed samples are similar to the
pattern of RbH (x = 0), except for a significant shift of the peak positions to lower Q-values and
altered relative intensities. For x = 0.9 both the peaks of the monoclinic phase and the cubic phase
can be identified.

To screen novel systems in general, sequential in situ XPD experiments with variable

temperature can provide information on the composition, structure and reaction pathways of new
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compounds.*® In this case, in order to reveal how the starting components interacted during the
annealing process, an in situ SR-XPD experiment was performed on a 1:1 molar mixture of RoNH:

and RbH (Fig. 7).
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Figure 7. In situ XPD patterns acquired for the sample 0.5 RbNHz + 0.5 RbH. A = RbH-like phase
(Fm3m), v = RbNH2-like phase (Fm3m), M, = RbNH2 (P2:/m), ® = RbNHz2 (Fm3m), & =

Rb(NH2)xHa-x (Fm3m), % = RbOH (P21/m). A = 0.14235 A.

In the diffraction pattern acquired at RT, the peaks of the monoclinic RbNH: are easy to identify
(Fig. 7). Furthermore, the reflections of two cubic phases are also noticeable. The positions and
relative intensities of the peaks of the two cubic phases, are similar to the values expected for RbH

and the cubic polymorph of RbNH2. When increasing the temperature, a phase transformation of
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the monoclinic polymorph of RbNH2 (monoclinic — cubic) occurs at ca. 65 °C. After the phase
transformation, the peaks of these three cubic phases undergo a gradual shift and broadening, until
they converge to a single set of sharp reflections. The evolution of the XPD data in Fig. 7 suggests
that a continuous re-organization of the amide/hydride content takes place in each phase, until a
single phase-composition is achieved at 270 °C. Indeed, all the three intermediate cubic phases, as
well as the final single phase product, can be successfully fitted taking into account NH2 /H™
substitution and cell expansion in the structural model of RbH (Fig. S3). The final cubic phase
formed at 270 °C is retained during the entire cooling process to RT (Fig. 7).

The in situ experiments were performed for all the examined compositions (Fig. S4-S9). In every
case the formation of a single phase composition is achieved at 270 °C. The values of the unit cell
parameters, as obtained by Rietveld refinements of the diffractograms acquired during isothermal
conditions (T = 270 °C), are plotted against the composition, confirming that the amide/hydride
substitution causes expansion of the unit cell over the whole compositional range (Fig. S10).

For the composition x=0.9, the formation of a single cubic phase is achieved at T = 270 °C, but
after cooling some new peaks appeared at RT (Fig. S8). Unfortunately, it is not possible to fit the
peaks with the monoclinic model of RbNH2 or to attempt a structure solution, due to the low
intensity and small number of Bragg reflections available. Nonetheless, it can be noticed that the
formation of the new peaks is associated with a decrease in the intensity of the peaks of the cubic
phase (Fig. S8). The changes in the XPD patterns suggest that a slow segregation process started
to take place, involving an intermediate structure. This structure, after some time, may be
transformed into the monoclinic phase of RbNHz, as it was revealed in the ex situ experiments at
RT (Fig. 6). Therefore, at RT, full solubility into the cubic phase seems to be achievable, except

when the content of amide phase (monoclinic at RT) is too high (x > 0.9).

18



A solid-state NMR (SSNMR) investigation on the composition x = 0.5 annealed and hand-
ground samples was carried out to independently assess the formation of solid solutions rather than
heterogeneous mixtures. In the *H MAS spectra (Fig. 8), no significant shifts were observed on

passing from the starting materials to the annealed and ground samples (Table 3).

1:1 grinded

1:1 annealed

10 5 0 -5 ppm

Figure 8. a) 'H (400.23 MHz) MAS SSNMR spectra of starting reagents, 0.5RbNH2+0.5RbH

annealed and 0.5RbNH2+0.5RbH ground recorded with a spinning speed of 32 kHz.

Table 3. *H chemical shifts (ppm) with assignments and T1 *H (s) values for the samples RbH,

RbNH2, 0.5RbNH2+0.5RbH annealed and 0.5RbNH2+0.5RbH ground.

RbH peak RbNH2 peak
Sample S TiH S TiH
RbH 6.1 7.8 - -
RbNH: - - -3.2 30.6

19



Annealed

6.5

4.9

-3.3

4.4

Ground

6.6

7.4

-3.2

26.4

T1 H relaxation measurements (Table 3) on the annealed sample show almost the same value

for the RbH and RbNH: resonances (4.9 and 4.4 s, respectively) compared to those of the starting

compounds (7.8 and 30.6 s, respectively). This is only possible when a spin diffusion process is

active, i.e. if the protons belong to the same phase or in the case of homogeneous samples on a

nanometer scale.*!

Direct evidence of the solid solution formation is provided by the *H double-quantum (DQ)

MAS SSNMR experiment (Fig. 9). Certainly, the observed DQ correlation (6pg = 3.2) between

the RbH (6.5 ppm) and RbNH: (—3.3 ppm) signals implies that they are in close spatial proximity

to each other (less than 5 A).*? This is possible only if they are intimately related, as in a solid

solution.*®

20
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Figure 9. 2D 'H (400.23 MHz) DQ MAS SSNMR spectrum of the 0.5RbNH2+0.5RbH sample
after annealing, recorded with a spinning speed of 32 kHz. The red line highlights the DQ

correlation between the RbH and RbNH: signals.

Similar correlation is also observed for the ground sample (ESI, Fig. S11), which can be
explained with the formation of a solid solution already without annealing. Interestingly, the
degree of mixing of RbH and RbNH: in this case seems to be much lower: in fact, an auto-peak
(8bq = 13.2) in the *H DQ MAS spectrum, highlighting proximity between RbH protons. This
signal, not present in the annealed sample, indicates that the RbH unit cells are organized in clusters
and are mixed with clusters of RbNH2 unit cells. This is supported in the T1 H relaxation
measurements (Table 3), which show different T1 values for the RbH and RbNH: resonances (7.4
and 26.4 s, respectively) indicating the presence of distinct RbH and RbNH2 domains much larger

than 100 A.

Structural analogies
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The present work highlights two new cases of structural analogies between potassium and
rubidium amide based systems: the MNH2-MH solid solution and the MMgNH2NH phase (M =

K, Rb).

Metal hydrides of alkaline metals are known to crystallize in the cubic crystal system with
symmetry Fm3m. Instead, metal amides offer a higher variety of crystal structures. In particular
for both KNHz and RbNH: a low temperature and a high temperature polymorph are known, the
first one is monoclinic (s.g. P21/m)**#4, the second one cubic (s.g. Fm3m).*> However, in the case
of potassium amide an additional polymorph (tetragonal, s.g. P4/nmm) was reported as
intermediate structure between the high and low temperature modifications, while for RobNH: this
structural modification was not observed, in agreement with our in situ SR-XPD experiments.*®
Moreover, for KNH: the transformation to cubic symmetry takes place at about 75 °C,*® while in
the case of RbNHz it occurs already at 65 °C (present work) or even at lower temperatures (40-
45 °C in the pioneering studies).*” For CsNH2, the low temperature modification is tetragonal (s.g.
P4/nmm) rather than monoclinic and the polymorphic change to cubic (s.g. Pm3m) occurs already
at 30-35 °C.# Therefore, the lower limit of the stability range of the cubic phase is progressively
shifted to lower temperatures in the order: K, Rb, Cs. The size of the cation seems to affect also
the solubility at RT. For the KNH2-KH system full solubility was achieved at RT only when the
content of the amide phase was very low (x = 0.1).% In this case it is possible to achieve full

solubility for all the compositions, except for x = 0.9 (Fig. 6).

The cation seems to have an effect also on the reactivity of the system. In the KNH2-KH system
the peaks of the solid solution were not present or barely detectable after hand grinding, and the
sample consisted essentially of unreacted KNH2 and KH.*® However, in the diffractograms of the

RbNH2-RbH system (Fig. 7 and Fig. S5-S9) strong peaks belonging to the intermediate
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compositions are present already after hand grinding for all the mixed samples (x = 0.1, 0.3, 0.5,
0.7, 0.9). These results suggest that the larger cation hastens the kinetics of the dissolution process

at RT.

The structural properties of the RbMgNH2NH phase, as experimentally determined in the
present work, fit very well in the crystal chemistry of metal amides. Among the known alkali and
alkaline-earth metal amides with the formula M2Mg(NH2)4 (M = K, Rb, Cs), isotypic phases are
formed only for M = K, Rb.3* % With the present work, the isostructural relationship of
MMgNH2NH phases is also demonstrated for M = K, Rb. The main differences are the increased
unit cell volume and the coordination number of the monovalent cation; they are both a
consequence of the different ionic radius of M*. Considering that the formation of a CsMgNH2NH
phase was recently suggested, #° it will be interesting to compare its crystal structure to the one
of KMgNH2NH and RbMgNH2NH to determine whether or not an isotypic compound is formed
or any common structural features can be identified. KMgNH2NH and RbMgNH2NH represent,

to the best of our knowledge, the first example of double cation ordered amide-imide.

Taking into account the isostructurality of KMgNH2NH/RbMgNH2NH and the effects that Rb-
based additives have on the hydrogen storage properties of Li-Mg-N-H systems, it is interesting to
recall the possible mechanisms previously proposed for the KMgNH2NH phase.*® Both structures
show more dense packing along the [100] and [001] directions (ESI, Fig. S12), while along the
[010] direction the presence of voids and channels could promote the diffusion of hydrogen, thus
mitigating the negative impact of sintering and particle growth. Moreover, the b-axis of the
orthorhombic unit cell is significantly smaller than the other two axes, and also smaller than the
interatomic distances between atoms of the same type within the unit cell. Thus, if we consider the

same type of atoms, the longest atomic chain with the shortest interatomic distances runs along the
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b-axis. For this reason the [010] direction would probably be the most favorite pathway for

diffusion of ionic species by vacancies.

A progressive loss of reversibility due to coarsening of the particles was reported for some K-
based additives, while good reversibility over 30-50 cycles was obtained when Rb- or Cs-based
additives were employed in combination with K.*> 18 2L A critical consideration of these results
suggests that, in some cases, microstructural effects might be overwhelming as compared to the
mechanisms that can be drawn on an atomistic scale. Nevertheless, the fact that the formation of
stable MMgNH2NH phases (M = K, Rb, Cs) can improve the sorption properties of Li-Mg-N-H

systems, indicates a possible direction for the successful design of improved additives.

CONCLUSIONS

RbMgNH2NH was found to be isostructural to KMgNH2NH. The analogies (atomic composition
and space group) and differences (interatomic distances, density and surrounding of M*) found for
the two compounds are in good agreement with the general picture provided by the crystal
chemistry of metal amides. The Rb-N-H system represents a further example of the structural
analogies between amides of potassium and rubidium. The formation of an amide-hydride solid
solution takes place, similarly to the K-N-H system. However, for rubidium it is possible to reach
solubility for a much larger compositional range even at room temperature, indicating a stronger
driving force towards the dissolution process. The main reason for these differences, most
probably, relies on the stabilization effect that Rb* has over the cubic polymorph, which is reflected
in the lowered temperatures of the phase transformations, as well. Additionally, the formation of
appreciable amounts of solid solution after hand grinding indicates that Rb™ improves the kinetics

of the dissolution process at RT.
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To the best of our knowledge K and Rb are the unique alkali metals able to form a mixed amide-
imide phase with Mg as well as amide-hydride solid solutions. The co-existence of amide-imide
and amide-hydride anions, in the same crystal might be one of the reasons why K and Rb based

additives are so effective in improving the hydrogen storage properties of Li-Mg-N-H systems.
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