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We reinvestigated the ionic conductivity of lithium ions for Li(BHsNH,BH>NH,BH=), an ammonia borane

derivative. The observed conductivity (4.0 x 107 S cm™ at 65 °C) was found to be over four orders of
magnitude higher than the value reported previously at 70 °C for this compound. Since very slow thermal
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Introduction

The rapid development of portable electronics and mobile
applications has put immense pressure on the development of
highly efficient energy storage units. Currently, lithium-ion
batteries are preferred owing to their very beneficial large elec-
trical charge-to-mass ratio. However, despite the 40 years devel-
opment of lithium batteries," safety issues still arise due to
flammability and the relatively large mass of the components
used.

All types of commercially available lithium-ion batteries use
liquid electrolytes to some extent.” Organic-solvent-based
liquid electrolytes used in Li-ion batteries have numerous
advantages (e.g. very high lithium solubility and conductivity,
excellent wetting properties, and sufficient electric contact
with the electrode), but they might be problematic due to
flammability when exposed to air, low thermal and electro-
chemical stability, and poor ionic selectivity.” Moreover,
organic solvents decrease the effective energy density of the
system and promote the formation of dendrites at the surface
of lithium electrodes.

The minimisation of the amount of liquid electrolytes used
in Li-ion batteries has been one of the hottest research targets in
recent years. Systems with an ultra-small volume of electrolytes
have been successfully constructed (e.g. 10 pL cm™> (ref. 4));
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decomposition of Li(BHsNH,BH,NH,BH=3) progresses already below 100 °C, the previous results reported
for 70-130 °C most likely correspond to decomposed samples. The activation energy for the lithium con-
ductivity of polycrystalline layered Li(BHzsNH,BH,NH,BH3) (57 kJ mol™Y) resembles that of powdered LizN
(59 kJ mol™), suggesting a similar mechanism of lithium diffusion in both materials.

however, the ultimate goal is the construction of an all-solid-state
Li-ion battery with no liquid electrolyte, which was first con-
sidered as early as the 1950s but was attempted for the first time
in the 1990s, followed by numerous successful studies in the 21st
century.”® All-solid-state lithium batteries are believed to be
lighter, safer, and reach higher capacities than currently used
standard batteries; however, issues concerning insufficient cell
conductivity at low temperatures and sensitivity to mechanical
stress can be expected. None of the studied and constructed all-
solid-state lithium-ion batteries are commercially available con-
sidering their production problems and relatively high cost. The
introduction of such batteries is limited mostly by the inaccessi-
bility of suitable solid electrolyte materials.

Various promising lithium-ion conducting materials were
already known in the early 2000s.*" Li-p-alumina (Liy-11A1,05)
with a layered crystal structure facilitating the migration of
lithium ions exhibits a conductivity of 1.3 x 107* S em™" at room
temperature (RT) but cannot be used as an electrolyte because
of its high hygroscopicity.'® Layered Li;N shows a very high
conductivity of 1.2 x 107> S em™" at RT in the single-crystal
form along structural layers but exhibits a low decomposition
voltage of 0.44 V.*'® LIPON (Li,gPO;56N) shows good
overall properties but suffers from moderate conductivity of
only 2 x 107§ em™, which is insufficient for practical use."”
In recent years, significant progress has been observed in the
field of lithium-ion conducting materials. Currently,
Li,oGeP,S;, is believed to be the best solid-state candidate for
solid electrolyte application, having a conductivity of
1.2 x 107> S ecm™" but a slightly too narrow electrochemical
stability window of 5 V.*®

Hydride-based materials have also been reported as
lithium-ion conductors. LiBH, exhibits a conductivity of
1x107° S em™ after transition to the high-temperature (HT)
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form above 115 °C, while the low-temperature (LT) form shows
a conductivity three orders of magnitude lower.'® It was sub-
sequently discovered that some doped lithium borohydride
materials (e.g. 7LiBH4LiL;>° LiCe(BH,);Cl*") retain the
HT-LiBH, crystal structure below 115 °C, showing high con-
ductivity at RT (4.5 x 10> S em™*° 1.0 x 107" § em™
(ref. 21)).

Protonic-hydridic ~ materials are also known to
conduct lithium cations in the solid state. Lithium amidobor-
ane Li(NH,BH;) has a relatively poor ionic conductivity of
5.5 x 1072 S em™" at RT.?> However, the adducts of LiBH, with
molecular ammonia borane were reported to show very high
conductivity at 40 °C: (LiBH4)(NH;BH;) 4.9 x 107> S ecm ™' and
(LiBH,4),(NH3BH;) 1.2 x 10™* S em™.** Recently, Cascallana-
Matias et al. reported ammonia borane adduct-related
materials exhibiting high lithium conductivity at 70 °C:
(LiBH,),(NH3;BH;) 2.83 x 10> S cm™', (Lil)(NH;BH;)
1.80 x 107° S em™" and (Lil)(NH3BH3), 1.79 x 10™> S em ™,
while Li(BH;NH,BH,NH,BH;) had a much poorer conductivity
of 4.11 x 107° S em™ at 70 °C.>* Surprisingly, the figure for
Li(BH;NH,BH,NH,BH;) was as low as the conductivity of
Li(NH,BH;) (5.5 x 107° S em™" at RT*?), having an unfavour-
able crystal structure with neither the 1D nor 2D lithium
cation substructure.

Herein, we present a detailed reinvestigation of the ionic
conductivity of Li(BH;NH,BH,NH,BH;) performed using an
in-house designed IMPED CELL.>®> We present the results of
electrochemical impedance spectroscopy (EIS) supported by
spectroscopic (FTIR, NMR, Raman, 'Li NMR) and structural

Li(BH5NH,BH,NH,BH,)

(LiBH,)(NH5BHs)

(LiBH,),(NH3BH3)
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(PXRD) studies of the title compound with respect to earlier
reports.”»***” We discuss the influences of the chosen syn-
thesis method, the purity of the samples, and the methodology
of the solid-state EIS investigation on the material’s
conductivity.

Results and discussion

Li(BH3NH,BH,NH,BH;) (in short: Li[B3N2]) was previously
reported by us as a promising hydrogen storage material with
a total hydrogen content of 15.2%.>%>” Its layered crystal struc-
ture, with flat sheets of lithium cations separated by thick
layers of perpendicularly oriented (B3N2)™ anions,’® resembles
that of Li;N,”® a well-known super-ionic lithium
conductor."**°

For this study, we have designed a novel approach to the
synthesis of Li[B3N2], which is an improvement of the pre-
viously reported mechanochemical method.*® Instead of
milling the solid mixture of LiH and NH;BHj; in a high-energy
mill, we ground the reactants using an agate mortar and pestle
to receive an unreacted quasi-homogeneous mixture of the
starting compounds, which was further subjected to a 2 hour
thermal treatment at 80 °C. The novel method is much easier
and more efficient than the classical one*® and it also avoids
the use of metal tools and vessels, ensuring the highest purity
of the product received with no electron-conducting metal
impurities added upon treatment, which could easily interfere
with the results of the EIS investigation. The high purity of

(Lil)(NHBH,)

(Lil)(NH3BHs),

© 7 e

e

YL Yol

©
S

Fig.1 Top: A comparison of the crystal structures of Li[B3N2],2® (LiBH,4)(NH3BHz),%® (LiBH,)>(NH3BH3),2® (Lil)(NH3BH3),%* and (Lil)(NH3BH3),.2*
Bottom: coordination spheres of lithium cations with Li—B and Li—I distances. For clarity of visualisation, Li coordination spheres are shown with no
distortion of (B3N2)~ anions in Li[B3N2]2® and Li* cations in (Lil)(NHsBH3),.2*
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Fig. 2 Nyquist plots of Li[B3N2] recorded in the temperature range of
9-65 °C under 200 MPa, normalised to the electrodes and the effective
thickness of the samples in the given conditions and the electrode’s area:
higher conductivity plots recorded at 40 °C, 48 °C, 56 °C and 65 °C (top) and
lower conductivity plots recorded at 9 °C, 16 °C, 21 °C and 32 °C (bottom).

Li[B3N2] samples obtained via the novel method was con-
firmed by Rietveld analysis§ of its X-ray powder pattern and
spectroscopic analyses showing the sole presence of the
Li[B3N2] crystalline phase in the product and no contami-
nation with moisture absorbed, which is crucial for the
stability of the compound known to be highly hygroscopic.
The EIS measurements were conducted using an in-house
developed setup, IMPED CELL.>®> We have acquired several
series of temperature-resolved EIS spectra (temperature range
of 9-65 °C) for three different batches of Li[B3N2], obtaining
consistent results (Fig. 2 and 3). We observed Nyquist plots
having shapes of a semicircle followed by spurs at lower fre-
quencies (Fig. 2), typical of materials exhibiting ionic con-
ductivity. The observed semicircles were slightly flattened,
similar to the shape of the spectra of related ammonia
borane derivatives characterised before.”” For fitting the
spectra, various forms of the dielectric function were tested:
Cole-Cole, Davidson-Cole, Jonscher, and Havrilak-Negami.
The best quality of the fit was obtained using an equivalent
circuit consisting of two branches: one with a single capaci-
tor, and the second with a series connection of Havriliak-
Negami and Warburg elements (Fig. 6).>® The Havriliak-
Negami element models ionic relaxation behaviour for the
broad and asymmetric distribution of relaxation times
characteristic of amorphous materials. The high-frequency

§ Obtained Li[B3N2] lattice parameters: a = 4.014 A, ¢ = 16.924 A in P42c, purity =
99%, GOF = 1.21, R, = 0.97, WR,, = 1.38.

This journal is © the Partner Organisations 2025

View Article Online

Research Article

DB BWNE
URRINHARY
[alafatatlalatatal

102 10' 10° 10' 10® 10® 10* 10° 10°¢
f[Hz]

-80- o 9c o

® 16°C o

® 21°C 0®®
32°C
-60- . 39
— ® 56°C

gjn ® 65°C o

S, -40 Voo

<3

10t 10° 10* 102 10° 10* 10° 10¢
f [Hz]

Fig. 3 Bode modulus (top) and Bode phase angle (bottom) plots
of Li[B3N2] EIS spectra recorded in the temperature range of
9-65 °C (9 °C, 16 °C, 21 °C, 32 °C, 40 °C, 48 °C, 56 °C, 65 °C) under
pressure of 200 MPa, normalised to the samples’ effective thickness and
the electrode’s area.

capacitance observed at low temperatures takes into account
the influence of polymer/anion relaxations at high frequen-

cies.?®

The Warburg element describes diffusive transport
mechanisms at low frequencies with charge accumulation at
blocking electrodes. The errors of all fitted parameters were
below 3%.

We observed the moderate conductivity of Li[B3N2] of
2.6 x 1077 S ecm™' at RT with an activation energy of
57 kJ mol ™, and the expected growth of the material’s conduc-
tivity at elevated temperatures reached 4.0 x 107° S em™" at
65 °C (Fig. 4 and Table 1). The values at roughly this level of
conductivity are characteristic of doped LiBH, materials
exhibiting the HT-LiBH, crystal
temperatures.>®

Surprisingly, the conductivity observed here for polycrystal-
line Li[B3N2] (2.6 x 1077 S em™" at 21 °C, 57 k] mol™") is
ca. fifteen times higher than the conductivity shown by pow-
dered LizN (3.7 x 107® S em™" at RT; 59 k] mol™")** having a
comparable activation energy, similar layered crystal structure
(Table 1) and comparable lithium-lithium distances within the
layers (4.020 A for Li(B3N2),%° 3.648 A for Li;N *°). This may
stem from differences in electrostatic anion-cation inter-

structure at lower

actions. In Li(B3N2), a single negative charge is diluted along
the whole (B3N2)™ anion, with partial negative charges loca-
lised on nitrogen atoms and hydridic atoms bonded to boron
atoms, while in Li;N a triple-negative charge is localised on
nitrogen atoms in Li,N™ layers, which might inhibit the mobi-
lity of Li" in lithium. On the other hand, comparable values of
conductivity, together with structural similarities of both systems,

Inorg. Chem. Front,, 2025, 12, 533-540 | 535
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Table1 A comparison of lithium ion conductivity parameters of
Li[B3N2] and the values reported earlier for Li[B3N2]?* and other rele-
vant hydridic materials: (LiBH4)(NH3BH3),?®  (LiBH,)2(NH3BH3), 224
(Lil)(NH3BH3),2* (Lil)(NH3BH3)2,2* LiBH,," Li(NH,BHs3),?? NH3BH; % and
LisN 14-16

E, c T

Compound [kJmol™] [Sem™]  [°C] Ref.
Li(BH3;NH,BH,NH,BH;) - fresh 57 6.0x107° 9 [Here]
Li(BH;NH,BH,NH,BH;) - fresh 57 2.6x1077 21 [Here]
Li(BH3NH,BH,NH,BH;) - fresh 57 4.0x10™° 65 [Here]
Li(BH;NH,BH,NH,BH;) - dec. 71 3.0x107° 25 [Here]
Li(BH3;NH,BH,NH,BH;) - dec. 71 1.3 %1077 69 [Here]
Li(BH;NH,BH,NH,BH;) 83 87x107° 70 24
(LiBH,)(NH;BH;) 12 49x10™° 40 23
(LiBH,),(NH;BH;) 24 1.2x10™" 40 23
(LiBH,),(NH;BH3;) 69 2.8x107° 70 24
(LiI)(NH;BH;) 67 1.8x107° 70 24
(LiT)(NH3BH3;), 46 1.8x107° 70 24
LT-LiBH, 67 20x107% 25 19
HT-LiBH, 51 1.0x107° 117 19
Li(NH,BH;) 140 55x107° 25 22
NH;BH; 117 5.2x107'"" 60 22
Li;N (powder) 59 3.7x107% 25 14
LizN (sintered powder) 24 6.6x107* 25 15
sc-LizN (out-of-plane) 47 1.0x107° 27 16
sc-Li;N (in-plane) 27 12x107° 27 16

suggest that lithium diffusion in the crystals of Li[B3N2] may
resemble the mechanism present in Li;N,'® which involves the
out-of-plane hopping of Li' cations when migrating along the
[Li,N]™ layers in the crystal structure. A closer look at the layered
structure of Li[B3N2] revealed that for Li' cations to move
between the occupied and vacant tetrahedral sites (T) in the
lithium layers, they need to pass through out-of-plane octahedral
sites (O) (Fig. 5). Such a T-O-T lithium migration pathway is
observed in most solid-state lithium conductors that, unfortu-
nately, do not show ultra-high values of conductivity due to the
significant energy barrier of crossing the unstable octahedral
sites.®® Numerous similarities between Li[B3N2] and Li;N also
suggest that the conductivity of Li[B3N2] might be several
orders of magnitude higher and the activation energy much
lower if measured in-plane in single crystals, just as observed for
Li;N (1.2 x 1072 S em™ at 27 °C, 27 k] mol ™" (ref. 16)).

The conductivity and activation energy of Li[B3N2] obtained
here (4.0 x 107° S em™ at 65 °C, 57 k] mol™") significantly
differ from the data reported earlier by Cascallana-Matias
et al** (8.7 x 107° S em™" at 70 °C; 83 k] mol™') (Table 1 and
Fig. 5). The differences in both conductivity and activation
energy are so large that they cannot be simply explained by
differences in the measurement setup used or sample quality.
Analysis of the results reported by Cascallana-Matias et al.>*
led us to conclude that their samples were at least partially
thermally decomposed during EIS measurements. Cascallana-
Matias et al.>* presented the results of temperature-resolved
EIS measurements conducted in the temperature range of
ca. 70-130 °C (343-403 K), i.e., nominally below the tempera-
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Fig. 5 Visualisations of the crystal structure of Li[B3N2] in the side and
top views?® (left), and the alternating occupied (purple) and vacant
(grey) tetragonal sites (T) present within the cationic lithium layers
shown in the side and top views (right). Vacant octahedral sites (O)
(facing tetragonal sites) are formed on both sides of the cationic layers.

ture of the thermal decomposition and hydrogen evolution of
Li[B3N2] observed at ca. 135 °C.***” However, this value was
obtained in non-stationary upon dynamic
heating,”>*” while the onset of this process was observed
below 100 °C, especially when heated at a low rate.””
Performing this study, trying to collect data in the temperature
range reported in the previous study,>* we could not obtain
stable or reproducible EIS spectra at ca. 95 °C, which we
believe was a result of the slow decomposition of Li[B3N2].
Thus, Cascallana-Matias et al.,** while performing their tests
at temperatures reaching 130 °C with >1 h temperature equili-
bration, and willing to get reproducible values, must have
recorded the data several times in the presented temperature
range, effectively decomposing the material. In other words,
their conductivity data correspond to at least partially decom-
posed Li[B3N2].

To check this hypothesis, we subjected a fully thermally
decomposed Li[B3N2] sample (1 h at 200 °C under argon) to
an EIS study in the temperature range of 13-69 °C. We repeata-
bly obtained the conductivity of 1.3 x 1077 S cm™" at 69 °C, with
an activation energy of 71 k] mol~", comparable to the conduc-
tivity of LT-LiBH,. These values are still one order of magnitude
higher than the figures reported by Cascallana-Matias et al.,>*
however, our simple experiment proves that at elevated tempera-
tures Li[B3N2] undergoes substantial chemical changes that
adversely affect its electronic conductivity. It should be added
here that sample operations reported by Cascallana-Matias
et al.** (the exposure of the sample to air and moisture, presence
of platinum paste, heating of a compressed pallet, etc.) added so

conditions

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qi01595a

Open Access Article. Published on 10 October 2024. Downloaded on 8/1/2025 10:22:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

many uncontrollable factors that it would be surprising if their
and our samples (thermally decomposed and measured in inert
gas conditions) were not different.

We have also compared the figures obtained for Li[B3N2]
with the conductivity reported earlier for ammonia borane-
based adducts with Lil and LiBH,.>*?** We noticed that
Li[B3N2] showed similar conductivity to Lil-NH;BH; adducts
(Fig. 4) whose crystal structures comprise lithium chains,
pseudo-layers, and columns (Fig. 1).>* Li-Li in-chain distances
in Lil(NH3BH;) (4.291 A (ref. 24)) and Lil(NH;BH,), (4.442 A
(ref. 24)) are only slightly larger than the nearest in-plane dis-
tances in Li[B3N2] (4.020 A (ref. 26)), which is in good agree-
ment with the observed similar conductivities (Tables 1 and
2). Interestingly, lithium chains in LiI(NH;BHj;), lie close to
each other, with a Li-Li distance between the chains of just

Table 2 The nearest distances between Li* cations observed in lithium
planes, chains or columns (Li-Li,\) and between these planes, chains or
columns (Li-Lioyt), and the nearest distances between Li* cations and
boron or iodine atoms in the crystal structure of Li[B3N2] and earlier
reported materials?#26-32-34

Compound Li-Liw[A] Li-Liour[A] Li-X[A] Ref.
Li(BH3NH2BH2NHZBH3) 4.020 8.475 2.469 26
Li(BH,)(NH;BH;) 3.158 5.380 2.219 33
Li(BH,),(NH;BH,) 3.417 4.295 2.535 32
Lil(NH;BHj;) 4.201 6.258 2.467 24
LiI(NH3BH3)2 4.420 7.178 2.363 24
LT-LiBH, 3.539 4.271 2.381 34
HT-LiBH, 4.253 4.268 2.474 34
T[°C]
140 120 100 80 60 40 20
-1 A
@ Li(B3N2) fresh A
O Li(B3N2) decomopsed
=2 0O Li(B3N2) [24] A
-3 TS
=-4
£
&l
S~
2 5
K-2
g
= -6
-7
-8 — = [LiBH,] [29]
# [Lil][NH,BH,], [24]  — [LiBH,] [23]
% [Lil][NH;BH;] [24] A [LiBH,][NH;BH;] [23]
_9 0O [LiBH,],[NH;BH;] [24] m [LiBH,],[NH;BH;] [23]
2.4 2.6 2.8 3.0 3.2 3.4 3.6

1000/T [1/K]

Fig. 4 Comparison of the values of conductivity and activation energy
of Li[B3N2] measured in this study (fresh and decomposed at 200 °C)
and reported by Cascallana-Matias et al.,®* together with the values
characteristic of other ammonia borane-based materials?>>?* and refer-
ence values for LiBH4.23'31

This journal is © the Partner Organisations 2025
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4.391 A, forming non-flat pseudo-layers (rendering lithium
diffusion easier), while lithium chains in LiI(NH;BHj;) are well
separated from each other, resulting in inferior conductivity.

Li[B3N2] exhibits lower conductivity than LiBH,-NH;BH;
adducts®*** (Fig. 4), and its crystal structures seem to be more
favourable for lithium conductivity. (LiBH,4),(NH3BH3) is com-
prised of alternating lithium borohydride ionic layers separated
by ammonia borane molecular layers. Lithium cations do not
form clear chains or layers, but the Li-Li distances are very short
within the lithium borohydride layers (3.417 A (ref. 30)), and
only slightly longer (4.295 A (ref. 30)) between these layers,
which may explain the high conductivity of this material. On the
other hand, the crystal structure of (LiBH,)(NH3BH;) consists of
borohydride columns separated by regions built exclusively of
ammonia borane molecules. Lithium cations do not form
straight chains within these columns but rather a network of
cations with short interaction distances (3.158-4.363 A (ref. 33)),
while the closest Li-Li distances between the borohydride
columns are noticeably longer (5.380 A (ref. 33)). The high con-
ductivity of (LiBH,)(NH3BH;) can also be explained by the
remarkably large volume of the unit cell caused by a substantial
share of ammonia borane in the structure. The volume of the
unit cell of (LiBH,)(NH;BH3;) is 1.4 times larger than the volume
of the unit cell of (LiBH,),(NH;BH;) (both with Z = 8) resulting
in an effective decrease in the volume density of lithium cations
and this in turn favours high Li-ion conduction.

Conclusions

We have presented a detailed EIS study on the lithium
ionic conductivity of Li[B3N2]. The observed conductivity
(6=4.0x10"°S cm™" at 65 °C; E, = 57 k] mol™") was found to
be significantly higher than the value reported previously for
Li[B3N2] (8.7 x 10™° S em™" at 70 °C; 83 kJ mol ™" (ref. 24))
which is now believed to have shown properties of a thermally
decomposed sample. We found that Li[B3N2] undergoes very
slow thermal decomposition at ca. 95 °C, consistent with earlier
thermogravimetric observations.”®*” This explains why samples
of Li[B3N2] studied earlier** were largely thermally decomposed,
and thus incorrect lithium-ion conductivities were measured for
their specimen. Moreover, the conductivity of Li[B3N2] was
found to be comparable with that of ammonia borane hybrid
adducts with Lil.>* Surprisingly, polycrystalline Li[B3N2] was
found to have a higher conductivity and similar energy barrier
for conductivity compared to powdered Li;N (3.7 x 107% at RT;
59 kJ mol ™" (ref. 14)). The measurement setup used here (IMPED
CELL), allows for the easy and highly precise EIS investigation of
air/moisture-sensitive samples of powdered solids.

Experimental

All manipulations were performed under an inert atmosphere
of argon (5.0) in an MBRAUN Labmaster DP or Vigor
SG1200 glovebox (O, < 1.0 ppm; H,O < 1.0 ppm), avoiding the
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use of metal tools and vessels. High-purity reactants were
used: NH3BH; (98%, JSC Aviabor), and LiH (95%, Sigma
Aldrich).

Synthesis

Li[B3N2] was obtained using a novel method derived from a
dry mechanochemical approach reported earlier by us.?® The
entire procedure was carried out without the use of metal tools
and vessels to ensure no sample contamination with electroni-
cally conducting fractions. LiH and NH;BHj; in a molar ratio of
1:3 were ground using an agate mortar and pestle for
ca. 60 seconds until a fine powder was obtained. The as-
obtained mixture of starting reactants was heated for 2 h at
75 °C. The process can be described by eqn (1):

LiH + 3NH;BH; — Li(BH;NH,BH,NH,BH;) + NH; | +2H, |
(1)

The quality of the product was comparable with the purity
of the samples obtained with other known methods®®?” as
judged from PXD, FTIR, and Raman measurements.

Powder X-ray diffraction

PXRD measurements were obtained using a Panalytical X'Pert
Pro with linear PIXcel Medipix2 detector (parallel beam; the
CoK,; and CoK,, radiation intensity ratio of ca. 2:1,
4 ~1.7890 A). Samples were sealed in 0.5 mm thick quartz
capillary tubes under an inert argon atmosphere.

Nuclear magnetic resonance

’Li NMR spectra were obtained using a Bruker AVANCE II
500 MHz spectrometer. Pb(NO;), was used as an intrinsic
temperature reference. Due to the risk of explosion (lead
nitrate is an oxidant while Li[B3N2] is a reductant), only non-
metal tools were used during the sample preparation to avoid
sparks. For safety reasons, the temperature range of the
measurements was narrowed down to 272-348 K.

Electric impedance spectroscopy

EIS measurements were performed in the frequency range of
107>-10° Hz using a Solartron 1260A Frequency Response
Analyzer with a 1296A Dielectric Interface using the approach
reported earlier.”> All measurements were performed using an
in-house designed IMPED CELL> available from KEMI
(Warsaw, Poland). The IMPED CELL housed the sample under
an inert atmosphere (if needed) in an air-tight measurement
module that can be loaded inside a glovebox under an inert
atmosphere (Fig. 6) with no need for binders or electric
contact deposition, enabling the reliable investigation of reac-
tive solids in pure form, which is crucial for moisture sensitive
Li(B3N2). The IMPED CELL stabilized the temperature
(T £ 0.01 °C) and pressure (p + 0.1 MPa) with the continuous
real-time monitoring of these parameters, together with moni-
toring the sample’s thickness (d + 1 pm) throughout the entire
test, allowing the reliable correction of the results. Each
sample (ca. 100 mg) was placed inside a sealed stainless-steel
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Fig. 6 Scheme of the IMPED CELL showing an air-tight measurement
module with the indicated direction of compression and heat exchange
(left); the equivalent circuit employs a capacitor (C), Havriliak—Negami
(HN) and constant phase element representing the Warburg impedance
(W) used for fitting the EIS spectra of Li[B3N2].

module directly between two electrodes (working surface of
0.785 cm”) and compressed under a pressure of ca. 200 MPa
during the entire measurement. The temperature was stabil-
ised with a dedicated water jacket coupled with a Lauda
RE 1050 thermostat and controlled via SMART software from
Solartron. The pressure was stabilised using a SPECAC ATLAS
15T laboratory press. The sample thickness was monitored
using a SICK OD Mini LIDAR distance sensor. All the auxiliary
data (T, p, d) were collected and synchronised using a dedi-
cated data acquisition unit. The IMPED CELL was loaded
under argon gas inside the glovebox. Each experimental spec-
trum was measured until the value was reproduced. Fitting
was carried out using the ZPlot software from Scribner
Associates, Inc.

The IMPED CELL was designed to provide a versatile, user-
friendly tool for EIS research. The development was performed
under the Stanford Design Thinking Model approach with a
functional wusability study based on qualitative analysis
employing in-depth interviews and mini-focus group work-
shops with participants representing the International
Electrochemical Society.

Graphical presentation

Visualisations of crystal structures have been performed
with Vesta.?® Illustrations have been prepared using Inkscape
0.92.1.%°

Data availability

The data supporting this article have been included as part of
the ESL}
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