On the Local Structure in Ordered and Disordered Closo-

Hydroborate Solid Electrolytes

Paul Till3, Ryo Asakura®, Arndt Remhof®, Wolfgang G. Zeier*2¢

& Institute of Inorganic and Analytical Chemistry, University of Miinster, Corrensstralie
28/30, D-48149 Minster, Germany.

b Materials for Energy Conversion, Empa, Swiss Federal Laboratories for Materials
Science and Technology, 8600 Diibendorf, Switzerland.

¢ Institut fir Energie- und Klimaforschung (IEK), IEK-12: Helmholtz-Institut Minster,
Forschungszentrum Julich, 48149 Minster, Germany.

Abstract

Na* closo-hydroborates are a heavily researched solid electrolyte class for applications in all-
solid-state Na batteries. The structural characterization of these materials is notoriously
challenging due to the elements involved and the fast rotational motion of hydroborate cages.
The average structures obtained by Bragg diffraction have numerous atomic positions with low
occupancies, complicating the determination of actual atom-atom distances. Total average
scattering and derived pair distribution functions display atom-atom distances in real space,
providing additional structure information to the average crystal structure. In this work, we
present the pair distribution functions of the five different Na* closo-hydroborates: Na2BioH1o,
Na:BioHi> and NaCBiiHi, and the mixtures of 1:1 Na:BioHi2:Na:BioHio and 2:1
NaCB11H12:Na:B12H12. All pair distribution functions show a fast decay of peak height with
increasing atom-atom distance on the local scale, suggesting a low correlation of atom motions
between borate cages, as observed in various other molecular crystals. The combination of
Bragg diffraction, showing the average ordering of closo-hydroborate cages, and pair
distribution function analysis, providing local atom-atom distances, is a useful tool to develop

a deeper understanding of the closo-hydroborates and also of other plastic crystals.



1. Introduction

Na* closo-hydroborates have recently garnered increasing research interest as solid electrolytes
for all-solid-state battery applications.*™ This solid electrolyte class combines several desirable
properties for the implementation in solid-state batteries, such as high room-temperature ionic
conductivity, low density, good mechanical processability and low toxicity.>® Especially the
reports of 3 V and 4 V all-solid-state Na batteries employing Na* hydroborate solid electrolytes
have highlighted the relevance and applicability of these materials for energy storage

technologies.’®

Structural characterization of Na® closo-hydroborates, however, has been notoriously
challenging since single crystals could hardly be obtained. Hence, structure solving has been
carried out by combined powder diffraction techniques and computational structure
calculation.®° Small X-ray scattering form factors of B and H atoms further impede structure
solving by X-ray diffraction. Cage orientations were reported with high uncertainty and neutron
diffraction experiments were carried out at low temperatures on Na>B1oD1o for a more precise
structure description;!! nevertheless, neutron experiments themselves are highly challenging

with the high absorption cross-section of natural boron.

Furthermore, the high-conductivity phases that are interesting for battery applications exhibit a
high degree of orientational disorder, stemming from the rotations of closo-hydroborate anions
and the high mobility of the jumping Na* ions. >4 In these phases, Bragg diffraction can only
provide limited information on actual atom-atom distances, because averaged diffraction
patterns are a sample over various local configurations, projected into one unit cell. The
resulting structural models usually have many partially occupied atom positions, which makes
it challenging to interpret the actual crystal structure, to determine atom-atom distances and

ultimately to correlate the structure-transport properties, if not impossible.

Pair distribution functions D(r) obtained from total X-ray diffraction measurements are
histograms of atom-atom distances and can thereby provide structural information on the local
scale. These local atom-atom distances can be also determined in solids with a high degree of
dynamic disorder.’>® To evaluate the capabilities of total-scattering-based structure
characterization for Na* closo-hydroborates, total X-ray scattering experiments were performed
for five closo-hydroborates, namely Na2BioH10, NazB12H12, NaCB11H12, and compounds with
mixed anions of 1:1 Nax(Bi2H12):Nax(BioHio) (= Nasa(Bi2H12)(BioH10)) and 2:1



NaCBi11H12:NazB12H12 (= Nas(CB11H12)2(B12H12)). The closo-hydroborate cages of NazB1oH10
and Na>B12H1» are reported to crystalize in the ordered structures in space group P2i/c or the
transform P21/n.%! As observed by *H-NMR spectroscopy, the cages are also rotating at room
temperature, 22! but jumps occur between the same set of Wyckoff positions and thus do not
lead to disorder, which would be observable by diffraction techniques. Further, NaCB11H12 is
an ordered structure at room temperature (space group Pca21).22 Compared to Na,Bi2H1, and
Na2B1oH10 the cage rotation frequencies at room temperature are higher, which is also reflected
by a lower transition temperature to the disordered phase.?’?® The two mixed compounds
Nas(B12H12)(B1oH10) and Nas(CB11H12)2(B12H12) were reported to crystallize in the disordered
polymorphs at room temperature, and hence the cages have high rotation frequencies.>** A
random distribution of the different cages introduces additional disorder into the structure.

In this work, we will show that the measured pair distribution functions D(r) reveal similar
short-range atom-atom distances and that the peak height decreases fast with the interatomic
distance r in all compounds, irrespective of composition. Simulations of pair distribution
functions from known ordered structures are carried out to assign specific atom-atom distances,
and thereby obtain a better understanding for the decreasing peak height with increasing r. The
learnings from the ordered structures are applied to the disordered phases and enable
identification of local atom to atom distances. Eventually, the observed diffraction
characteristics on the average and local scale are discussed in the context of a plastic crystal

classification in the case of the disordered Na* closo-hydroborates.

2. Methods

Synthesis. Na;B1oH10, Na2B12H12, and NaCB11H12 were purchased from Katchem. Na;B12H1»
was used as received, while Na:BioH10 and NaCBi1:Hi> were dried under dynamic vacuum
(<1072 mbar) at 180 °C and 240 °C for 6 h and 12 h, respectively. Nas(Bi2H12)(B1oH10) was
synthesized from an equimolar mixture of NazBi2H12and dried NaB1oH10 by high-energy ball
milling using a Spex 8000M shaker mill with a ball-to-sample mass ratio of 10:1 for three times
15 min with 5 min breaks to avoid overheating.”*2 Subsequently, the sample was heat treated
under vacuum (<1072 mbar) at 270 °C for 12 h to fully react and crystalize the compound.
Nas(CB11H12)2(B12H12) was prepared by a 2:1 molar mixture of dried NaCBiiHi2 and
Na2B12H12 by high-energy ball milling using a Spex 8000M shaker mill with a ball-to-sample
mass ratio of 40:1 for four times 15 min with 5 min breaks.®* All compounds were stored and

handled in an argon-filled glovebox (MBraun, Oz and H.O levels <0.1 ppm).



X-ray total scattering experiments. Samples were filled into quartz capillaries (1 mm outer
diameter) under argon atmosphere and sealed with vacuum grease and Loctite glue. X-ray total
scattering experiments were carried out at the Diamond light source 115-1 beamline. A
wavelength of 0.161669 A and PerkinElmer area detector with a sample to detector distance of
200 mm was used to collect total scattering data for PDF calculation. A second Perkin Elmer
detector was positioned 850 mm away from the sample for the collection of higher resolution
Bragg data. Scattering data were acquired at room temperature in a 26 range 0° — 25° with a
step size of 0.01°. Total measurement time was 30 minutes for Na:BioHi0, Na:Bi2H12,
NaCB12H12 and Nas(CB11H12)2(B12H12), and 20 minutes for Nas(B12H12)(B1oH10). An empty
capillary measurement was carried out for background subtraction. The GudrunX program?*
was used for background correction, normalization and Fourier transform with a maximum
scattering vector Qmax of 23 A, The PDF D(r) was obtained as defined by Keen.?®
Simulation of the pair distribution functions was carried out with the PDFgui program?, using
the reported structure of Na2B12H12.® Lattice parameters for the simulation were adjusted to
those determined from Pawley fitting. Thermal displacement parameters were reduced to 0.005
AZ for all atoms for better identification of single atom-atom distances.

Bragg data analyses. Pawley fits were carried out for space group confirmation and
determination of lattice parameters using the TOPAS V6 Academic software (Coelho Software,
Brishane, Australia).?’” For the diffraction pattern fitting, the background was modelled by
manually placed and fixed background points. The peak shape was described by a Thomson-

Cox-Hastings pseudo-Voigt function and asymmetry was modelled by a simple axial model.

3. Results and Discussion

Structural information in single cluster compounds. The obtained Bragg diffraction
data and the corresponding pair distribution functions of Na2B1oH10, Na2B12H12 and NaCB11H12
are shown in Figure 1. All three compounds were found to crystallize in their ordered crystal
structure and lattice parameters derived from Pawley fits are provided in the Supporting
Information. Due to the limited structural information found in the diffraction patterns, Rietveld

refinements are not possible.

The pair distribution functions of all three compounds are similar with respect to their low r
region, where two sharp peaks are observed. For r > 4 A, the peak height decreases significantly,
compared to the r < 4 A region. This decrease is especially pronounced in NaCB1:Hi2 where

the D(r) is almost featureless for larger r. Even though the peaks are broad at high r and have a
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low height, the presence of periodic, almost oscillation like peaks clearly alludes to the long-
range order on the local scale. Such a persisting long-range order with a low peak height is
known for the pair distribution functions of molecular crystals.?®2° To explain the origin of the
height decay with increasing r in the Na* closo-hydroborates, the measured D(r) peaks are

assigned to atom-atom distances.

For this assignment, pair distribution functions were simulated for the reported ordered
structures®!! of NazB1,H12 and NazBioH1o, With lattice parameters adjusted to those obtained
from Pawley refinements. The simulations were carried out to yield partial pair distribution
functions, which only contain information on specified atom-atom distances. For examples, the
simulated partial B-B pair distribution functions contain only those pair correlations which arise
from B-B distances. For NazB12H12 and NazB1oHao, similar results were obtained, so that the
findings for Naz2B12H12 will be discussed exemplarily further down below, and results obtained

for Na2B1oH10 are added in the Supporting Information for completeness.
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Figure 1: a) Bragg diffractograms and zoom in on higher Q reflections of Na2B12H12, Na2B1oH10
and NaCB11H12. b) Pair distribution functions D(r) as determined from total synchrotron X-ray
scattering experiments. At low r, two high-intensity peaks are found for all compounds. All
further peaks are significantly less intense, and the D(r) of NaCB11H12 is almost flat for r > 10
A. The magnification in the right panel shows the similar low r features of all three compounds.

As seen in Figure 2, many of the features in the measured pair distribution function of
Na2B12H1> can be explained by pair interactions arising from B-B distances. Two distinctly
different regions can be defined. The intra-cage region up to 4 A incorporates the nearest and
next-nearest neighbor B-B distances within one cage, resulting in sharp peaks. The inter-cage

region for r > 4 A captures all B-B distances between different cages and the resulting peaks
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are broad and have a low height. Both regions are highlighted in Figure 2 and the difference

between them can be explained as follows:

The counting statistics in both regions are significantly different. In the intra-cage region, a
high number of the same B-B distances, namely the nearest neighbor and next-nearest neighbor
B-B distances is found, due to the high symmetry of the cage arrangement and the distinct bond
length dictated by covalent bonding interactions. In the inter-cage region, on the other hand, a
large spread in B-B distances is observed, with a lower number of the same B-B distance per
unit volume, compared to the intra-cage region. Consequently, the peaks in the observed inter-
cage region are an overlap of various B-B pair peaks of low height, resulting in overall broad

peaks.

Additionally, correlated motions of atoms influence the D(r) peak width.%® Strong covalent
bonding interactions act between the B atoms within the closo-borate cages, leading to highly
correlated motions and consequently sharp peaks in the intra-cage region. In the inter-cage
region on the other hand, these strong interactions are not present anymore, so that the B atom
motions between cages are only weakly correlated, i.e., the vibrational coupling between cages
is low, which leads to broad peaks. The interactions between cages, are in fact so weak, that

rotation motions are possible, also in the ordered phases, as observed by *H NMR.2%%1

These differences in peak height and width between intra-cage and inter-cage regions are
known for various molecular solids.3! Similar to the closo-hydroborates, Ceo fullerenes for
example show a flattening of the D(r) once r is larger than the intra-cage region.®? Interestingly

enough, the Ceo buckyballs were reported to rotate at room temperature.



Intra-cage Inter-cage

Figure 2: Measured D(r) of Na:B12H1> and the simulated partial D(r) that arises from B-B
distances only. The published structure from reference 9 with adjusted lattice parameters was
used for the simulation. In the low r region, D(r) peaks correspond to intra-cage B-B distances.
Forr >4 A inter-cage B-B distances are observed. Since various inter-cage B-B distances are
found, the D(r) is broad. The feature around 7 A corresponds to the center of mass distance of
neighboring cages. The largest B-B distances of neighboring cages are found around ~10.5 A.

For Na2B12H12, Her and co-workers describe the Na* coordination by hydroborate cages as
tetrahedral, with Na* being positioned close to one triangular plane.® The calculated partial
Na*-B pair distribution function, shown in Figure 3a, has its first peak from ~2.8 A to 3.5 A,
corresponding to Na* surrounded by nine B atoms within the tetragonal plane, as shown in the
inset. The peak around 4 A then corresponds to pair interactions of Na* and B atoms located at
the hydroborate cage of the coordinating tetrahedron that is located further away from Na*. This
peak also overlaps with peaks arising from Na*-B distances within the triangular plane. While
the first Na*-B coordination sphere can be well-identified from the simulated pair distribution
function, this is not possible for further coordination spheres. Since the hydroborate cages are
spatially extended (i.e., D(r) signals range from 2.8 A up to 5.7 A), Na*-B peaks from the
nearest neighbor cages overlap with regions of Na*-B peaks from the next-nearest neighbor

cages and so on. Therefore, a continuum of Na*-B peaks is observed.

Distinct Na*™-Na* distances, on the other hand, can be clearly identified in the partial Na“™-Na*
pair distribution function and groups of peaks are separated by sections with a flat partial pair
distribution function, as shown in Figure 3b. Each closo-borate cage is surrounded by eight Na*

ions, creating a network of edge sharing NagB12 polyhedra. Each Na™ is surrounded by six other



Na*in an octahedral arrangement as shown in the inset in Figure 3b. Five of these Na* are closer
to the central Na* (between 4.5 A and 5.3 A), giving rise to the first group of peaks in the partial
Na*-Na* pair distribution function. One Na" is located further away from the central Na* (6.7
A) and the corresponding Na*-Na* distance is located within the next group of peaks, as shown
in Figure 3b. However, the peaks arising from Na*-Na* distances are hardly observable in the
measured D(r) due to the low relative intensity. In this case, studying the partial Na'™-Na* pair
distribution function is more helpful to visualize the Na*-Na* distances in the published
structure, than understanding the measured D(r)
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Figure 3: a) Measured D(r) of Na2B12H12 compared to the simulated partial D(r) of Na*-B
distances. The most intense peak around 3 A arises from the first B coordination sphere. Na*-
B distances of these nearest B cages extend up to 5.7 A. Within this distance, two further
hydroborate cages are found, which also contributes to the D(r) so that a continuum of Na*-B
peaks is observed. b) Measured D(r) of NazBi2Hi2 compared to the simulated partial D(r) of
Na™-Na* distances. Eight Na® surround each borate cage. The cages were simplified by
spheres, as shown in the inset. The coordination polyhedra are edge sharing. Na™ is surrounded
by other Na* octahedrally, resulting in five shorter and one longer Na™-Na* distance.

123

Structural information of mixed closo-hydroborates with highly disordered
structures. The stabilization of the disordered closo-hydroborate phases — which have a high
conductivity necessary for battery applications — can be achieved in mixed-anion hydroborate
compounds.'2143 Collected Bragg data of Nas(B12H12)(B1oH10) and Nas(CB11H12)2(B12H12) are
shown in Figure 4a. A Pawley fit (see Supporting Information) confirms the formation of the
disordered face-centered phase in Nas(B12H12)(B1oH10). Additional reflections also indicate the

presence of unreacted NaBioHio and Na2Bi2Hi» (see Figure S2). Phase identification of
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Nas(CB11H12)2(B12H12) was not possible due to broad reflections, most likely caused by strain

in the crystallites that is induced through ball milling.*®
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Figure 4:a) Bragg diffractograms and a zoom in on higher Q reflections of the mixed cage
compounds Nas(B12H12)(B1oH10) and Nas(CB11H12)2(B12H12). b) Measured D(r) of both mixed
compounds. The shown D(r) have similar features to the compounds with non-mixed cages, i.e.,
both D(r) have a high intensity at low r and a rapid intensity loss with increasing r. The
magnification in the right panel shows that both compounds have similar low r features, despite
the different cages.

The obtained pair distribution functions of the mixed-anion compounds Nas(B12H12)(B1oH10)
and Nas(CB11H12)2(B12H12) are shown in Figure 4b. Similar to the compounds with just one
cage-type, two sharp peaks at low r are observed. At higher r the pair distribution function is
almost featureless and only a periodic pattern which is attributable to a long-range order of
cages is seen. A comparison of all measured samples in the low r range in Figure S5 shows the
same low r atom-atom distances for all pair distribution functions. Knowing that the low r peaks
correspond to the nearest neighbor B-B and Na*-B distances from the ordered phases, we can
conclude that similar local atom-atom distances are present in disordered phases as well. Such
information is hardly obtained from Bragg diffraction, highlighting the knowledge gain from
pair distribution function analyses in terms of local structural environments for short
interatomic distances. On the other hand, in these compounds pair distribution function analyses
can barely provide information beyond the short-range bond distances, because structure
modeling using higher r ranges may not deliver accurate structure descriptions due to the low
peak height and broad, featureless D(r) at high r. Such information, however, can be well

obtained from Bragg diffraction, showing that the combination of both diffraction techniques



is a helpful approach to obtain additional information for structure description in these
disordered phases.

Discussion of local versus average scale in these closo-hydroborates. As determined
from simulated partial D(r), the measured D(r) is largely determined by the B-B distances
(compare Figure S6 and S7), so that the pair distribution function can be distinguished into an
intra-cage region with sharp peaks an inter-cage region with broad features and a low peak
height. The reason for the observed peak height decay going from the intra-cage to the inter-
cage region is significantly different from the reason of a peak height decay in amorphous
solids, where the asymmetric arrangement of atoms or polyanionic units leads to a low
coherence length. Additionally, even if the peaks are of low height at high r periodic features
still remain in the closo-hydroborates, indicative of long-range order. Therefore, while the D(r)
may be reminiscent of a glass on a local scale at first glance, the origin is different and these
closo-hydroborates are clearly not amorphous phases. As a consequence, the average-scale
Bragg diffraction patterns are in no contradiction to the rapid drop of the peak height. On the
average scale, the hydroborate cages are arranged periodically and produce the Bragg
diffraction patterns. On the local scale, on the other hand, atom-atom motion correlations and
counting statistics are changed drastically once B-B distances in the inter-cage regions are
considered, causing the observed peak height decay. These effects are even more pronounced
in the mixed-cage compounds, due to the high reorientational cage disorder resulting in an

almost featureless D(r) at high r.

As mentioned in earlier publications, the disordered phases of the closo-hydroborates were
classified as plastic crystalline phases. Plastic crystals are mesophases between a liquid state
and a solid state and show high rotational dynamics of the constituting molecules or
polyions.®2%637 While Bragg diffraction captures the periodic arrangement of rotating
molecules or ions, which gives rise to the solid nature of the plastic crystal, the pair distribution
function alludes to the fast loss of local correlation that is found in liquids.*¥*° This combination
of average-scale diffraction patterns and almost featureless pair distribution functions at higher
r was reported for various plastic crystals.'®4%4! Thus, it is convenient to find the corresponding
mesophasic diffraction characteristics also in the rotationally disordered closo-hydroborates,
further corroborating the classification of these materials as plastic crystals.

In the case presented here, combined Bragg diffraction and pair distribution function analyses
helped to develop a deeper understanding of the closo-hydroborate structures and highlight the

plastic-crystalline characteristics of the disordered phases in this material class. The
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complementary information obtained from both diffraction techniques, is not only suitable to

elucidate the structures of the closo-hydroborates, but of plastic crystals in general.
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Figure 5: Schematic representation of effects present on the average and locale scale. Left:
Bragg patterns arise from the periodic arrangement of hydroborate cages on the average scale.
Right: The measured pair distribution function decays quickly, once B-B distances in the inter-
cage region are considered, due to different counting statistics compared to the intra-cage
region and the low motion-correlation between B atoms residing at different borate cages.

4. Conclusions

In this work, the local structure of five Na* closo-hydroborate compounds was assessed by pair
distribution function analyses. The obtained pair distribution functions are characterized by
sharp peaks at low r and a peak height decrease with increasing r. As derived from atom-
specific simulated pair distribution functions, this decrease is caused by the cage structure of
the closo-borates. In the low r inter-cage region, high counting statistics and high correlation
of B motions lead to sharp peaks. In the higher r inter-cage region, a large variety of different
B-B distances are found and B motions of atoms residing at different cages are only weakly
correlated, which results in broad peaks with low height. Thus, the fast height decay with
increasing r, is not contradicting the Bragg reflections arising from periodically ordered

hydroborate cages, which is a common observation in plastic crystals. Combining the
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complementary information from the local and average scale can help to develop a deeper

understanding of closo-hydroborate structures and plastic crystals in general.
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