RESEARCH ARTICLE

W) Check for updates

small

methods

www.small-methods.com

Anomalous Impact of Mechanochemical Treatment on the
Na-ion Conductivity of Sodium Closo-Carbadodecaborate
Probed by X-Ray Raman Scattering Spectroscopy

Valerio Gulino,* Alessandro Longo,* Laura M. de Kort, Hendrik P. Rodenburg,
Fabrizio Murgia, Matteo Brighi, Radovan Cerny, Christoph J. Sahle, Martin Sundermann,

Hlynur Gretarsson, Frank de Groot, and Peter Ngene*

Solid-state sodium ion conductors are crucial for the next generation of
all-solid-state sodium batteries with high capacity, low cost, and improved
safety. Sodium closo-carbadodecaborate (NaCB;; H,,) is an attractive Na-ion
conductor owing to its high thermal, electrochemical, and interfacial stability.
Mechanical milling has recently been shown to increase conductivity by five
orders of magnitude at room temperature, making it appealing for application
in all-solid-state sodium batteries. Intriguingly, milling longer than 2 h led to a
significant decrease in conductivity. In this study, X-ray Raman scattering
(XRS) spectroscopy is used to probe the origin of the anomalous impact of
mechanical treatment on the ionic conductivity of NaCB,;H,,. The B, C, and
Na K-edge XRS spectra are successfully measured for the first time, and ab
initio calculations are employed to interpret the results. The experimental and
computational results reveal that the decrease in ionic conductivity upon
prolonged milling is due to the increased proximity of Na to the CB,,H,, cage,
caused by severe distortion of the long-range structure. Overall, this work
demonstrates how the XRS technique, allowing investigation of low Z
elements such as C and B in the bulk, can be used to acquire valuable
information on the electronic structure of solid electrolytes and battery
materials in general.

1. Introduction

In the development of more efficient en-
ergy storage systems, sodium-based all-
solid-state batteries are a viable alterna-
tive to the current Li-ion technology. All-
solid-state sodium batteries combine the
advantages of all-solid-state lithium bat-
teries, i.e., both intrinsically enhanced
safety and extended temperature operat-
ing range, with a larger availability and
lower cost of Na compared to Li.l"?!
Solid-state electrolytes, i.e., ion con-
ductors, are crucial for all-solid-state bat-
teries, hence they have been the fo-
cus of several battery-related investiga-
tions in the last decades. Among all the
classes of materials studied so far for
this application, complex hydrides have
gained particular attention as both Li
and post-Li electrolytes.>*! Complex hy-
drides are solid materials with low den-
sity, low toxicity, and soft mechanical
properties.>] Especially as Na-ion con-
ductors, hydroborates with large cluster
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anions, [B,H,]*~ (x = 10, 12), and their C-derivatives [CB,_,;H,]~
have shown properties such as: a) high oxidative stability!®?®! due
to the strong electronic delocalization among their cages, 1%
b) good compatibility with metallic Na,'!l ¢) high thermal
stability,[° and d) low area-specific resistance,'”] which are de-
sirable electrolyte properties for next-generation all-solid-state
batteries.[*°]

In this sodium hydroborate system, the Na-ion mobility is
strongly related to the physicochemical properties of the poly-
hedral anions, due to the strong correlation between the anion
rotation rates and the cation diffusivity.'>"*] In addition, specif-
ically in the carba-closo cages [CB,_;H,]”, the larger size of C
compared to B, as well as the higher acidity of the H bonded
to it, compared to that of H in B-H bonds, results in a larger
steric effect and lower electron density, respectively. These two
effects enhance the cation repulsion thereby influencing the
ionic conductivity.'3] In these compounds, fast Nat conductiv-
ity is achieved after an order-disorder phase transition above
room temperature (RT). Lowering the transition temperature,
i.e., destabilizing the anion sublattice and thereby enabling a fast
anion rotation, can be induced using various strategies such as
atom deficiency, e.g. increasing the Na defect concentrations, %!
anion substitution,!''1718] and composite formation.!**-21]

Mechanical milling is also a well-established technique to
promote perturbation in solid crystals, i.e., stabilizing non-
equilibrium phases in various materials, or accumulation of
structural defects.!??] For instance, using molecular dynamics
simulations, Dawson et al.l?¥] predicted that the ionic conductiv-
ity of LGPS can be increased by a factor of 3 if local disorder is
introduced. Recently, it has been experimentally demonstrated
that mechanical milling is able to suppress the order-disorder
phase transition in NaCB,;H;, (NCB).*¥l NCB is stable at RT
with an ordered orthorhombic (Pca2,) structure that undergoes
a polymorphic phase transition at ~120 °C to a cubic (Fm-3m)
structure.[?) Murgia et al.?*] reported the stabilization of the cu-
bic body-centered (bcc) polymorph of NCB at RT via high-energy
mechanical milling, after only 15 min. As expected, the Na-ion
conductivity increased continuously with the milling time, reach-
ing a maximum after 45 min, i.e., 4 mS cm™! at RT. Unexpect-
edly, further mechanical grinding up to 2 h, provoked a decrease
in conductivity, and prolonged milling to 6 h led to a profound
decrease in the Na-ion conductivity (9.78 X 10~° S cm ™! at RT) ac-
companied by a significant decrease in crystallinity. The initial in-
crease in the Na-ion conductivity upon milling for 45 min was as-
cribed to the stabilization of the bce polymorph at RT, a structure
with a less efficient anion-packing compared to the orthorhom-
bic starting structure, yet providing better and larger conduction
pathways for Na* due to a shorter diffusion distance.[*?*] How-
ever, the reason for the reduced conductivity after milling times
longer than 45 min has not been investigated in detail. It is well
established that ball milling introduces defects that are deemed
beneficial for ion conductivity in most solid electrolytes. To un-
derstand these anomalous effects in NCB, X-ray diffraction, IR
and Raman spectroscopies have been used to characterize the
samples milled longer than 4 h, but the information that could
be extracted from these techniques was not sufficient to explain
the drastic decrease in conductivity.

X-ray Raman Scattering (XRS),?%! is a technique in which the
intensity of scattered photons is measured as a function of the
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energy loss between the incident and the scattered hard X-ray en-
ergy, revealing information similar to soft X-ray absorption spec-
tra. The experimental advantages of hard X-ray techniques are
retained, making XRS an ideal tool for obtaining chemical infor-
mation on light elements with bulk sensitivity, even for nanocrys-
talline and amorphous samples contained in complicated sample
environments.?’-3!l In addition, it is possible to perform in-situ
measurements,|¥72%32] as well as 3D tomography studies!***] by
utilizing the chemical imaging properties of XRS.

In this work, we demonstrate, for the first time, the use of XRS
to study the origin of such a change in the ionic conductivity of
NCB upon milling. Firstly, by measuring the boron, carbon, and
sodium K-edge of the NaCB,;H,,, and, secondly, by correlating
the change in the electronic structure of the NCB to the ionic
conductivity as a function of the milling time. By comparing ab
initio calculated XRS spectra to the experimental ones, we con-
clude that the increased proximity of the Na* to the CB;;H,,~
arising from severe structural distortion during prolonged me-
chanical milling, leads to the dramatic reduction in the Na-ion
conductivity. (Figure 1)

2. Results

2.1. X-Ray Raman Scattering Spectra

The normalized and background subtracted B, C, and Na K-edges
spectra obtained for the NCB milled at different times are shown
in Figure 2. The B K-edge spectra (Figure 2a) show three char-
acteristic features typical to boron compounds. The first peak
~191 eV is attributed to the transition of a core B 1s electron
from the carbo-closo anion [CB;;H;,]” to an unoccupied boron
antibonding #* (2a,) orbital. We assign the second peak ~196 eV
to the transition of B 1s electrons to unoccupied o* orbitals of t,
symmetry in the pentacoordinated B in the CB;, H,, cage, as ob-
served in Li,B;,H,,, and tetragonally coordinated B compounds
such as preobrazhenskite (Mg;B,;0,5(OH),). Finally, the broad
feature ~200-204 eV is associated with the transition of a B 1s
electron to an unoccupied o* with a; and t, symmetry,*®! as also
observed in LiBH,, NaBH, and Li,B,,H,,. Similarly, the C K-
edge (Figure 2b), shows three distinct peaks arising from excita-
tions of the C 1s core electron to unoccupied z* (%288 eV) and o*
(>290 eV) states. Specifically, the peak at 288 eV is due to a tran-
sition to the C 2p, orbital, while the peaks at 292 and 297 eV are
associated with a transition to C 2s, 2p, and 2p, orbitals.”’} In the
Na K-edge, a pre-edge feature is present at ~1074 eV, which origi-
nates from a monopolar 1s — 3s transition. The peak at ~1078 eV
is usually assigned to a Na 1s — 3p transition, while the less dis-
tinct (broad) band ~1085 eV is attributed to multiple scattering
events beyond the immediate environment of the Na.

From Figure 2, it can be seen that when the milling time is
longer than 1 h distinct changes in the B, C, and Na K-edges
spectra can be identified. The spectra collected for NCB milled
for <1 h, ie., 15, 30, and 45 min, are similar to the pristine
NCB, hence they are not shown in the figure. Interestingly, in
this range of milling time (0-60 min), despite the structural
variations in which the NCB undergoes a phase transforma-
tion from orthorhombic to cubic (bcc) leading to increased ionic
conductivity,?*l no particular local electronic modifications are
evidenced around the scatterer. On the other hand, a milling

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH

85U80|7 SUOWIWOD aA1eaID 3(cedljdde au Aq pausenob ae sejoife VO ‘@SN JO s3I0} A%eiq18ulluO A1 UO (SUORIPUOO-pUe-SWLBILIY" A8 | 1m" AfeIq U1 |UO//SANY) SUORIPUOD pUe SWe 1 8y} 88s *[£202/TT/yz] Uo AriqiTauljuo A8|Im “euoljqiqenuez - AS3A Aq 68006202 PIUS/Z00T 0T/I0P/LL00" A8 Aeiq1jeul|uoy/Sdny wo.j pepeojumod ‘0 ‘80969962



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

Scattered X-rays

www.small-methods.com

Kapton/aluminum me———

Sample pellet | —
O-ring I
Kapton —_—
Spacer [

Back [ |

pate N

Beam

Figure 1. Schematic representation of the air-tight custom-made cell used for XRS measurements.
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Figure 2. a) B K-edge, b) C K-edge, and c) Na K-edge XRS spectra of pristine NCB and a function of milling time. The difference has been calculated
between the pristine and 6 h milled NCB spectra. The dashed grey line corresponds to 0.
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treatment longer than 1 h affects the electronic structure of the B,
C, and Na of the NCB. The main differences as a function of the
milling time in Figure 2, highlighted on the bottom of the spec-
tra as a difference between the spectra collected from the pristine
and 6 h milled NCB, correspond to the decrease intensity of the
first and second peaks in the B and C K-edge spectra and the de-
crease of the second peak in the Na K-edge.

To gain insight into the effects of long-term mechanical
milling, XRS spectra were compared to selected reference com-
pounds (see Figure S1, Supporting Information). However, the
comparison with reference compounds could not explain the
changes observed in the spectra of the milled samples. This
is not unexpected because the main change in the spectra is
the reduced intensity of the peaks associated with the different
transitions described above. Unexpectedly, the B and Na K-edge
spectra of Na,B,,H;, are quite similar to those of the pristine
NaCB,;H,, indicating that the presence of carbon in the boron
cage (CB;;H;,7), and the reduced charge of the complex anion,
does not have a significant effect on the electronic structure of the
boron and sodium atoms. As expected, the spectra of NaBH, and
B, H,, reference compounds were found to be clearly different
from those of NCB.

To explore the electronic structure of the NCB as a function
of the milling time, B, C, and Na K-edge DFT simulations were
performed using the Finite Difference Method Near Edge Struc-
ture (FDMNES) software package.*! The B, C, and Na elec-
tronic structure calculations have been performed using the or-
thorhombic (Pca2,) structure of the NaCB,;H;,, as a starting
structural model, and by using two semi-empirical parameters,
i.e., screening and dilatorb (O<screening/dilatorb<1).3%#!l The
degree of covalency in a material can be adjusted by modifying
certain parameters. One of those parameters is dilatorb, which
alters the spatial extent of the valence orbitals. A high dilatorb
value leads to greater covalency, as it enhances the overlap be-
tween the absorber and first neighbor orbitals. Dilatorb is partic-
ularly useful for simulating atoms in an ionic state, and it can be
adopted for any ionic species. Another parameter is the screening
parameter, which modifies the electronic charge in a partially oc-
cupied valence orbital of the absorber. In a self-consistent calcu-
lation, neighboring atoms can participate in the core-hole screen-
ing by transferring electrons to or from the absorber. This param-
eter helps to simulate the interaction between the absorber and
its neighbors by artificially adding extra screening charges from
them. In this work, screening refers to the interaction between a
B atom and its environment. The screening value, which is ap-
plied to the absorber atoms, increases the negative charge on the
absorbing atom and decreases the interaction and electron trans-
fer with its environment.

The simulations in the next section were performed follow-
ing different steps: first, using input configurations based on the
structure obtained through XRD analysis, especially to optimize
the values of the semi-empirical parameters, and second, consid-
ering NaCB,; H,, as a single molecule. In both cases, we consid-
ered the impact of the dilatorb and screening parameters.

2.2. Simulations Using Crystallographic Input

DFT calculations with FDMNES, which involve the use of two
semi-empirical parameters, to model the electronic structure of
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the studied systems, have been performed. The results of these
calculations and the impact of the chosen parameters on the cal-
culated signals are presented in Figures S2-S4 (Supporting In-
formation) for the B, C, and Na K-edges, respectively.

In Figure 3, the calculated spectra obtained using a combina-
tion of parameters that best match the experimentally obtained
spectra (in terms of both peak position and relative intensities),
are reported. For the B and C K-edges, this combination was a
screening parameter of 0.5 and a dilatorb parameter of 0, while
for the Na K-edge, a screening parameter of 1 and a dilatorb pa-
rameter of 0 provided the best match. The calculated spectra ob-
tained using these parameters are in appreciable agreement with
the experimental data, considering the lack of robust models and
programs for simulating XRS spectra. This indicates that the cho-
sen parameters provide a reliable approximation of the electronic
structure of the systems being studied.

A possible explanation of the effect reported in Figure 3a,
Figures S2 and S5 (Supporting Information) and related to the
use of screening parameters, can be attributed to the benzene-
like behavior, i.e., 3D delocalization of the electrons which have
been reported for the closo-borates anions.[*>*3] The screening
parameter equal to 0.5 considers the electronic correlation occur-
ring on the B atom due to the strong interaction with its local
environment. Hence, this parameter is crucial for a satisfactory
agreement between the experimental and the calculated spectra.

For the B K-edge (Figure 3a and Figure S2, Supporting Infor-
mation), an increase in the screening parameter from 1 to 0.1
resulted in several changes in the spectrum: I) the first and sec-
ond peaks shifted to higher energy; II) the third peak shifted to
lower energy; III) the first peak decreased in intensity; IV) the
second peak increased in intensity. The best agreement between
the experimental and calculated spectra was achieved when the
screening parameter was set to 0.5, especially in terms of the rel-
ative intensity of the first and second peaks.

Considering the C K-edge, all the calculated spectra show a pre-
edge that is not present in the experimental signals (Figure S3,
Supporting Information). The dilatorb parameter, also in this
case has a minor impact on the calculated spectra (see support-
ing information). On the other hand, increasing the screening
parameter (as shown in Figure S3, Supporting Information) al-
lows us to observe that: I) the pre-edge shift to higher energy; II)
the first peak shift to higher energy and increases in intensity;
I11) the second peak does not shift, but decreases in intensity. In
contrast to the experimental signal, the calculated spectrum does
not show a third feature/peak at high energy (%12 eV). As for the
B K-edge results, the best agreement between the experimental
and calculated spectra, which is mainly based on the matching
of the relative intensities of the first and second peaks with the
experimental signals, is obtained when the screening parameter
is set to 0.5 (Figure 3b). The same optimal screening parameter,
i.e., 0.5, for the boron and the carbon, is expected since both the
boron and carbon are in the aromatic-like CB,, H;, cage, sharing
the same delocalization of electrons.

Finally, considering the Na K-edge shown in Figure S4 (Sup-
porting Information), it can be highlighted that: I) the pre-edge
shifts to lower energy and doubles; II) the pre-edge increases in
intensity; I11) the first peak shifts to higher energy. The best agree-
ment between the experimental and the calculated spectra is ob-
tained when the screening parameter is equal to 1.0 and dilatorb
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Figure 3. Simulated a) Boron, b) Carbon, and c) Sodium K-edge spectra using the screening parameter equal to a) 0.5, b) 0.5, and c) 1.0 and the dilatorb

parameter equal to 0.

equal to 0, which suggests no screening effect (Figure 3c). This
suggests that the electronic configuration of the sodium is not
affected by the CB,, H,, cage. This observation is not surprising
since the Na* and CB,;H,,™ are ionically bonded, therefore any
shared electrons are partially delocalized.

From these simulations, we have been able to define the opti-
mized semi-empirical parameters (dilatorb and screening) to be
used for the following analysis.

2.3. Simulations Using a NaCB,,H,, Molecule as input

The agreement between the calculated and experimental spectra
confirms the reliability of the measurement procedure, cells, and
the methods used to perform the DFT calculations. Although the
information extracted from the calculations is of interest from
a fundamental point of view, as it confirms the aromaticity of
CB,;H,,™ and its ionic interaction with Na*, we could not fully
explain the changes in the B, C, and Na K-edges at long milling
times, as highlighted in Figure 2. To address this, we used a dif-
ferent approach compared to the one discussed thus far. In this
case, only the ideal molecule of NaCB,;H;, was considered as
input. This approach allowed us to evaluate the different con-
tributions of the B atoms in the calculated signal by consider-
ing as input a NaCB,; H;, molecule. Accordingly, the position of
the Na* relative to the position of the carbon in the CB;;H;,”
cage was determined based on calculations performed by Dim-
itrievska et al.l'3] Specifically, the vector to the C atom and the
vector to the Na* were found to form an angle of 142.8°, and the
Na* was found to be bound to the face of the icosahedron farthest
from the carbon axis (see Figure 4b). Instead of calculating the av-
erage B-edge of the molecule, each of the 11 different B atoms of
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the molecule was simulated separately, as highlighted in differ-
ent colors in Figure 4a. The calculation has been performed with
a dilatorb parameter equal to 0.0 and a screening parameter of ei-
ther 0.5 or 0.0 (Figure 4a and Figure S5, Supporting Information,
respectively), which goes along with the best agreement obtained
in Figure 3. The results of the B-edge calculation are reported in
Figure 4a, and the distance between the Na* and each boron atom
in the CB,; H,,™ cage is shown in Figure 4c. The calculated C and
Na K-edges resulting from this approach are shown in Figure S6
(Supporting Information).

Importantly, the calculated B-edge spectra according to this ap-
proach (Figure 4b) have allowed us to highlight clearly the drastic
electronic changes for the B atoms that are in the proximity of the
Na*. The calculated spectra of the boron atoms closer to the Na*,
i.e., B8, B9, and B11 (B atoms forming the icosahedral that faces
the Na*), show that compared to the experimental obtained spec-
tra, I) the first peak is completely depressed and II) the intensity
of the second peak is enhanced, due to the presence of the Na*
which shares its electron, contributing to a partial occupying the
antibonding z* (2a,) orbital.

All the other spectra show a different relative intensity between
the first and the second peak, with the first peak much more in-
tense. In addition, the first peak is doubled for the boron (B, B,,
B; and B) atoms that are close to the carbon.

While Figure 4 can explain the results at long milling times
in the B K-edge (Figure 2a), it cannot explain the drastic differ-
ences in the C K-edge (Figure 2b). Therefore, an additional DFT
calculation was performed. In this case, the ideal molecule of
NaCB,, H,, was considered as input, and the C K-edge was cal-
culated (Figure 5a) for each of the 12 possible positions in the
CB,,H,, cage (Figure 5b). Figure 5a shows the results obtained
from the C K-edge calculation in all 12 possible positions (where
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The Fermi level is slightly shifted for all the different B atoms according to their different surroundings.

C, is the stable position in the CB,;H;, cage), while Figure 5c¢
shows the distance between the Na* and each carbon position.
The calculation was performed with a dilatorb parameter equal
to 0.0 and a screening parameter of 0.5, by Figure 3b.

The output of this calculation is of crucial importance since it
demonstrates how the C—Na distances are intimately related to
the C K-edge spectra. The calculated spectra showed that when
the carbon is located on the icosahedral face facing the sodium
ions (Cg, Cy and Cy,), the first peak is completely depressed and

Y
~

the intensity of the second peak is enhanced due to the partial
filling of the state resulting from the electron contribution of the
sodium ions. These results are comparable to those reported in
Figure 4.

3. Discussion

Figure 2a,b shows that when the milling time exceeds 1 h, the in-
tensity of the first and the second peaks decreases, even though

XRS Normalize data (a.u.)
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Figure 5. a) The simulated carbon K-edge spectra (screening parameter 0.5) in each possible position (12) of the CB;;H;, ™~ cage. The spectra collected
experimentally for the pristine NCB (black solid line) are also reported. b) Structure of the molecule used as input for the ab initio calculation where
each position is highlighted with a different number, Na is highlighted in black and the carbon stable position (C0) in grey. c) C-Na distance for each
position possible in the CB;,H;,~ cage. The Fermi level is slightly shifted for all the different B atoms according to their different surroundings.
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Figure 6. Na-ion conductivity as a function of the milling time, together with this work concluded a possible structural effect. The dashes line is a guide
for the eyes. Adapted with permission.[24] Copyright 2021, American Chemical Society.

with a different ratio (stronger effect on the first peak). In addi-
tion, a mechanical treatment longer than 2 h decreases drastically
the conductivity of NCB (Figure 6).

Based on the computed spectra (Figures 4 and 5) it is clear
that the crystallographic long-range structure (from XRD) and
the element-specific short-range structure (from XRS) are obvi-
ously not identical, even though they both describe structural as-
pects that are certainly related. Such difference has been observed
in some systems and was ascribed to defects/disorders, and/or
secondary phases in the original structure, arising from doping,
alloying, or even mechanical milling.[**! Upon 45 min milling,
XRD results show that the degree of crystallinity decreases (see
Figure S7, Supporting Information),?*l and further milling to
>2 hleads to an almost amorphous structure. The increased Na-
ion conductivity upon milling for 45 min has been related to the
stabilization of the bee polymorph at RT,24 that should be elec-
tronically identical. This is in line with the XRS results, which
show that the difference between the pristine structure and the
milled one arises only after 1 h of milling. We explain this as a
consequence of high defects/vacancies or distortion of the NCB
structure due to the mechanical milling. Based on the results of
the XRS simulations from the B K-edge, the significant decrease
in intensity of the first peak at milling times higher than 2 h
can be attributed to a closer proximity of the Na* to the CB;;H,,
(Figure 5) arising from the mechanical distortion of the struc-
ture during milling. This is highlighted in the XRS results as a
reduction of the first peak in both B, C, and Na K-edges. This also
follows earlier results where it has been shown that the relative in-
tensities of the two main peaks in the Na K-edge spectra are a rea-
sonable indicator of the Na coordination environment, the more
disordered the Na environment, the broader the peaks.[*’] In ad-
dition, the intensity of the first peak tends to decrease relative to
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the second peak when the Na coordination increases, in line with
our results (Figures 2,5, and 6).1*] Therefore we conclude that the
higher degree of structural distortion in the over-milled NCB is
the origin of the decrease in the Na ion conductivity.

A similar mechanochemically induced decrease in ionic
conductivity was reported recently for the thiophosphate
Li,,GeP,S,;, (LGPS).1*] The authors showed that the bulk ionic
conductivity of the LGPS decreased by a factor of 10 when
milled for 2 h. Using XRD, NMR measurements, and broadband
conductivity spectroscopy in combination with electric modulus
measurements, they related this effect to structural hetero-
geneity introduced in the samples by the ball milling process,
ie., formation of nanocrystallites LGPS next to structurally
amorphous regions of LGPS. The very low conductivity of the
amorphous (high-defected) regions, compared to the crystalline
fraction, leads to a profound decrease in the overall conductivity
of the ball-milled samples. It was concluded that, unlike solid
electrolytes with poor ionic conductivity, the introduction of
higher dimensional structural disorder in originally highly con-
ducting solid electrolytes with crystallographically well-defined
ion diffusion pathways, lowers the conductivity. Thus, such
disorders hinder long-range ion transport through the crystal
structure.

As no distinct secondary phase can be detected in our sam-
ples (neither with NMR nor DRIFTs),[? which could have led to
the lowering of the overall conductivity, we attribute the decrease
in ionic conductivity mostly to the decrease in the distance be-
tween Na* and CB,,H,, cage due to the severe structural distor-
tion of the NCB structure during ball milling. Such close prox-
imity can result in a stronger electrostatic interaction between
the CB;;H,,” and the Na* and consequently lower Na-ion con-
ductivity. It has also been shown that a vacancy concentration

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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above 50% is generally detrimental to fast ion mobility in solid
electrolytes.!*’] Therefore, we can conclude that the bulk NCB
(non-ball milled) possesses some defects based on the differ-
ence between the proposed crystalline structure and the element-
specific structure from the computation. Ball milling for 1 h or
less leads to stabilizing a different polymorph, thereby increasing
the ion conductivity. However, extended milling times lead to se-
vere structural distortion and/or higher vacancy concentrations
which is detrimental to the long-range ion transport/diffusion.
These results highlight the complex interplay between the struc-
tural defects/vacancy concentrations and ion dynamics and that
an accurate understanding of this relationship is pivotal for the
development of novel solid electrolytes with high ionic conduc-
tivities.

4. Conclusion

In this study, we used X-ray Raman Scattering Spectroscopy to in-
vestigate the impact of mechanochemical treatment on the struc-
ture and ionic conductivity of NaCB;, H;,. For the first time, the
B, C, and Na K-edges of this material were successfully mea-
sured, and we observed similarities in spectra for milling times
nothigher than 1 h, with differences becoming apparent for sam-
ples milled for 4 and 6 hours. Ab initio calculations combined
with the use of semi-empirical parameters allowed computation
and interpretation of the XRS spectra. A clear difference is ob-
served between the measured spectra and the expected spectra
based on the reported crystallographic structure, showing that
the element-specific electronic structure is different. The use of
screening parameters enabled us to unravel that this is due to
the aromatic-like behavior of the CB,, H;, cage, hence delocalized
electrons. Considering NaCB,;H;, as a molecule instead of the
crystallographic structure, enabled the computation of element-
specific structure, representing all the possible distances between
the elements (B—Na and C—Na). Using this approach, a closer
proximity, arising from the mechanical distortion of the struc-
ture during milling, between the Na* and the CB,,H;, has been
highlighted. This strongly suggests that severe structural distor-
tion of the NCB upon prolonged mechanical milling, is the cause
of the decreased Na-ion conductivity. These results underline the
intricate interplay between structure and ion dynamics, hence ac-
curate understanding of this relationship is crucial for the devel-
opment of solid electrolytes with excellent conductivity. Our work
also highlights the unique potential of XRS for studying the struc-
tural and electronic changes in a variety of lightweight solid elec-
trolytes, especially the complex hydrides that typically contain low
Z elements such as Li, B, C, Na, and N.

5. Experimental Section

NaCB,;H;, (NCB) was purchased from KatChem and it was dried at
180 °C under a dynamic vacuum for 12 h. Subsequently, it was milled
in an 8000 M Mixer-Mill (Spex) for selected milling times, ranging from
15 min to 6 h, using a stainless-steel jar with ball-to-powder weight ra-
tio of 1:180, following the reported synthesis by Murgia et al..[?*] The
compounds (Na,Bq,H;,, KatChem, NaBH, Sigma-Aldrich, 99.99 %, and
BqoH14) used as a reference for the XRS results, were purchased and used
without further modifications.
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Sodium (Na), boron (B), and carbon (C) K-edge XRS spectra were col-
lected at both ESRF 1D20 and DESY Petra IIl PO1. Specifically, the boron
K-edge spectra and the reference samples were measured at D20 ESRF,
while the NCB samples were measured at Petra Il PO1. An air-tight,
custom-made cell was mounted on a pre-constructed cell holder in an inci-
dence configuration with a 10° angle to the beam. The sample preparation
consists of compression of £10-40 mg of sample to form a 10 mm diam-
eter pellet, using a hydraulic press (250 MPa). The pellet was then placed
in the XRS cell in between a Kapton foil and a Kapton/aluminum foil (in-
cident beam side). All storage and handling of the chemicals was done in
an argon-filled glovebox (H,0 and O, < 0.1 ppm). The incident photon
energy was set using a Si(311) monochromator. The XRS scans were per-
formed using the inverse energy scan technique, in which the scattered
photons were analyzed at a fixed energy and the energy transfer was con-
trolled by tuning the incident photon energy. The XRS spectra were col-
lected by scanning the incident beam energy relative to the fixed analyzer
energy of 9690 eV with a resolution of 0.7 eV. The XRS spectra were col-
lected using Medipix detectors (2D photon-counting X-ray detectors with
a 55 um spatial resolution)[8] with an average q-vector of 4.5 inverse A
(20 = 55°). The data were treated with the XRStools program package
as described elsewhere.[*>%0] To elucidate the electronic structure of the
materials, B, Na, and C K-edge ab initio simulations were performed us-
ing the Finite Difference Method Near Edge Structure (FDMNES) software
package.[*°]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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