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Na2811H13 and N311(511H14)3(511H13)4 as Potential Solid-State

Electrolytes for Na-lon Batteriest

Diego H. P. Souza,® Anita M. D’Angelo,” Terry D. Humphries,® Craig E. Buckley,® and Mark
Paskevicius®”

Solid-state sodium batteries have attracted great attention owing to their improved safety, high energy density, large
abundance and low cost of sodium compared to current Li-ion batteries. Sodium-boranes have been studied as potential
solid-state electrolytes and the search for new materials is necessary for future battery applications. Here, a facile and cost-
effective solution-based synthesis of Na:BiiHiz and Naii(Bi1H1a)3(B11H13)a is demonstrated. NazBiiHis presents an ionic
conductivity in the order of 107S cm™ at 30 °C, but undergoes an order-disorder phase transition and reaches 103S cm™
at 100 °C, close to that of liquids and the solid-state electrolyte Na-8-Al,0s. The formation of the mixed-anion solid-solution,
Na11(B11H14)3(B11H13)s, partially stabilises the high temperature structural polymorph observed for Na;BiiHiz to room
temperature and it exhibits Na* conductivity higher than its constituents (4.7 x 10> S cm™ at 30 °C). Na;Bi:Hi3 and

Naa11(B11H14)3(B11H13)s exhibit an oxidative stability limit of 2.1 V vs. Na*/Na.

Introduction

Hydridoborates compounds have attracted the interest of
researchers in the past decades due to their rich chemistry and
variety of compositions and structures.2 These compounds
have shown applicability in a number of different fields, such as
medicinal chemistry,3 military,* organic synthesis,>® hydrogen
storage’~? and as ionic conductors.10.11

Closo-boranes, negatively charged hydridoborate clusters with
a cage-like structure, form metal salts with high chemical and
thermal stability as well as superionic conductivity of their
respective metal cations at high temperatures.12-15 Generally,
these compounds undergo an order-disorder polymorphic
phase transition at a specific temperature, which results in fast
anion reorientational dynamics and high cation mobility.16:17
Several attempts to improve the performance of hydridoborate
salts as solid-state electrolytes at room temperature have been
reported, such as chemical modification of the anion,12.1518
mechanical-induced modification,®-21 and anion mixtures with
other borane compounds?2-2* or metal oxides.?>26 These
strategies seem to create defects into the structure and/or
stabilise the disordered high temperature polymorph to room
temperature, which increases the ionic conductivity of the
material.21.22 Recently, nido-boranes, boron anions with a nest-
like open-cage structure, have also been investigated as
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potential solid-state electrolytes due to their high ionic
conductivity properties at room temperature.11.27-29

The use of inorganic salts, such as metal boranes, as solid
electrolytes seems to be an attractive choice for the
development of solid-state batteries, which promise high
energy storage capacity, durability and safety, with the
elimination of the flammable organic liquid electrolyte used in
current generation Li-ion batteries.1630 The energy density of a
battery cell can be increased with the use of solid electrolytes,
as they can be more compatible with alternative electrode
materials, e.g. pure lithium or sodium metal.3%3% Lithium-ion
batteries are one of the most common types of energy storage
technology, and they are used in a variety of electronic devices.
However, the increasing use of lithium will limit its availability
and raise its cost, which makes it necessary to search for
alternative metal-ion battery technologies.32 This is exemplified
by the recent ~ 500% increase in Li metal prices in a single year,
due to rapidly rising electric vehicle demand.33 Moreover, a
conservative lithium consumption forecast, based only on the
increasing demand from electric vehicles, shows that the
lithium reserve on land will be totally consumed in about 60
years.34

It has been observed that certain sodium borane salts exhibit
even higher ionic conductivities than their lithium borane
analogues at room temperature.111527 Na-batteries are being
actively investigated as sodium metal is more abundant than
lithium, has a lower cost, and presents a suitable standard half-
cell potential (-2.71 V vs. standard hydrogen electrode).32:35.36
Current sodium-sulphur (Na-S) batteries operate with molten
electrodes wusing a solid-electrolyte, sodium B8-alumina
(NaAl11017).37 However, operation is required to occur at high
temperatures (300 — 350 °C), which incurs safety issues, limits
scalability, and presents higher operating costs. Some of the



difficulties surrounding the implementation of
temperature Na-S batteries can be avoided by searching for a
solid-state alternative to problematic liquid electrolytes.37,38
Due to the promising properties observed for some sodium
nido-boranes as solid-state electrolytes,127:2% the synthesis and
characterisation of NayBiiHi3 is investigated, as well as the
mixed-anion solid solution Na11(B11H14)3(B11H13)a.

room

Experimental section
Chemicals

Sodium borohydride (NaBH4, anhydrous, 98%), diglyme
(CeH1403, anhydrous, 99.5%), 1-bromopentane (CsH11Br, 98%),
diethyl ether ((C:Hs).0, anhydrous, 99.7%), trimethylamine
hydrochloride ((CHs)sN-HCI, 98%), deuterated water (D,0, 99.9
atom % D), sodium (Na lump in kerosene, 99%), graphite
powder (C, 99.9%), tetrahydrofuran (THF, with 250 ppm BHT,
99%), sodium hydride (NaH, 90%), sodium hydroxide (NaOH,
98%) and platinum foil (Pt, 99.95%, thickness 0.1 mm) were all
purchased from Sigma-Aldrich. Gold foil (Au, 99.95%, thickness
0.1 mm) was obtained from Alfa Aesar, and acetone (CsHgO,
99.5%) from Unilab. To maintain an inert atmosphere, all
chemicals and samples were manipulated in an argon filled
glovebox (Mbraun, O, & H,O < 1 ppm) or using Schlenk
techniques under argon.

Nuclear Magnetic Resonance (NMR) Spectroscopy

Powdered samples were characterised through 11B (128 MHz)
solid-state NMR spectroscopy with a Varian VNMRS 400 NMR
spectrometer at room temperature. The samples (= 30 mg)
were ground using a mortar and pestle and packed inside a 4
mm zirconia rotor in an argon filled glovebox and sealed with a
gas-tightinsert. The samples were spun at 5 kHz, and acquisition
was performed with proton decoupling and a one pulse
sequence, with a relaxation delay of 10 s for a total of 50
transients.

Solution-state NMR spectroscopy was also used to characterise
samples with a Bruker Avance Il 400 MHz NanoBay
spectrometer. 'H: 400 MHz, 11B: 128 MHz, 11B{1H}: 128 MHz
NMR data were collected after dissolution of the solids in 600
uL of deuterated water (D,0O). The 1B NMR spectra were
referenced to a boron trifluoride etherate (BF3O(C:Hs)y)
external standard, and the *H NMR spectra were referenced to
a tetramethylsilane (Si(CHs)4) external standard.

Structural Characterisation

X-Ray Powder Diffraction (XRPD) data were acquired by
employing a Bruker D8 Advance Powder Diffractometer with a
Cu K, radiation source (A = 1.54056 A) operated at 40 kV/40 mA
with a LynxEye detector in the 29 range of 5 - 60°. The samples
were ground using a mortar and pestle in an argon filled
glovebox, mounted on a single-crystal Si low background
sample holder and sealed with an airtight poly(methyl-
methacrylate) (PMMA) dome under argon to prevent air
exposure during data collection. The use of the dome results in
two broad diffraction halos at low angle.

The sample Na;BiiHiz3 was characterised using Synchrotron
Radiation X-Ray Powder Diffraction (SR-XRPD) at the Australian
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Synchrotron Powder Diffraction beamline (A = 0.590827(4) A)
and refined using a NIST LaBg 660b line position standard. The
solid was ground using a mortar and pestle and packed inside a
1.0 mm borosilicate capillary inside an argon filled glovebox,
which was then flame-sealed. A Mythen Il microstrip detector
was used to collect the data at two positions from 1° — 81° 29
(0.0038° steps),3? which were merged into gap-free data sets.
In-situ SR-XRPD experiments were performed under heating
(AT/At = 5 °C min~1) and cooling (AT/At = 6 °C min~1) from 30 —
230 — 30 °C, which was controlled by an Oxford Cryosystems
Cryostream Plus using a 60 s data collection time for each scan.
Rietveld refinement of diffraction patterns was conducted using
Bruker Topas software (version 5),%° and reported uncertainties
are based on mathematical fitting uncertainty in the Topas
software. Rietveld refinements were conducted using a Le Bail
model for the identification of phases, but no atomic
information was used.

Differential Scanning Calorimetry and Thermogravimetric analysis

(DSC/TGA)

Thermal behaviour was analysed using a Netzsch STA 449 F3
Jupiter DSG/TGA. The powders were ground with a mortar and
pestle inside an argon filled glovebox, and approximately 5 mg
of each sample was mounted inside an Al crucible and crimp-
sealed with a lid. The lid was pierced (= 10 seconds prior to
analysis), and the crucible was transferred to the Pt furnace,
which was evacuated and filled with argon (40 mL min-1). The
data were obtained from 40 — 350 °C at 10 °C min~1. The sample
NayBi11H1i3 was also analysed under heating and cooling from 40
—220—-40 °C under the same conditions already described. The
temperature and sensitivity of the DSC/TGA was calibrated
using In, Zn, Sn, Bi and CsCl reference materials, resulting in a
temperature accuracy of + 0.2 °C, while the balance has an
accuracy of + 20 pg.

Electrochemical Impedance Spectroscopy (EIS)

Solid-state ionic conductivity measurements were collected as
a function of temperature by using a ZIVE SP1 electrochemical
workstation at 100 mV AC from 10 Hz to 1 MHz at RT (room
temperature) and isothermally after heating with 50 minutes of
thermal equilibrium at each 10 °C temperature step. Na;Bi11His
was analysed from 30 — 200 °C, and 30 — 170 °C for
Nai11(B11H14)3(B11H13)a. The samples were ground with a mortar
and pestle inside an argon filled glovebox, and approximately
30 mg of each sample was pressed into pellets (6 mm diameter)
at 700 MPa between two gold foils (0.1 mm thickness). They
were sealed within an air-tight ‘Swagelok-type’ Teflon cell with
316 stainless steel electrodes. The temperature was recorded
using a K-type thermocouple, which was placed ~ 5 mm from
the pellet inside a sealed tube furnace. The Nyquist plots at low
temperature were fitted using the equivalent circuit model (R;
+ Q1)/(R2 + W,), in which R; is the internal resistance, R; the
charge transfer resistance, Q; is the constant phase element
and W, is the Warburg element to obtain the impedance of the
pellet.*! At high temperatures, due to the absence of the semi-
circle at high and intermediate frequencies, the pellet
impedance was determined through the intercept of the linear
spike with the x-axis in the Nyquist plots.*!
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Solid-state ionic conductivity data (o) were determined from: o
=d/IA, where ¢ is the ionic conductivity in Scm™, d is the pellet
thickness in cm, I is the x-intercept of the Nyquist blocking tail
(pellet impedance), and A is the area of the pellet face in cm?2.
The activation energy of each material was determined from
the slope of the solid-state ionic conductivity plot between 30 —
50 °C for LT (low temperature) Na;Bi1H13, 170 — 190 °C for HT
(high temperature) NazBi;;Hizs and 30 - 80 °C for
Nai11(B11H14)3(B11H13)a using the logarithm of the Arrhenius
equation: In gion = In 0o — (E2/KsT), where o, is a pre-exponential
factor (S cm™1), E, the activation energy (J), Kz Boltzmann’s
constant (1.3806 x 1023 J K1), and T the temperature (K).11.42
Linear Sweep Voltammetry (LSV)

A mixture of 75(SSE):25(graphite), where SSE = Na;BiiHis3 or
Nai11(B11H14)3(B11H13)a Was prepared by grinding in a mortar and
pestle repeatedly until a fine mixture was obtained. Graphite
was previously dried under vacuum at 550 °C for 12 hours to
remove any moisture or volatiles. 2.5 mg of that mixture was
layered on top of 28 mg of SSE and pressed at 700 MPa to form
a pellet that was sandwiched between aluminium, platinum and
sodium foil in the following configuration (Al/Pt/SSE+C/SSE/Na),
which was then sealed within an air-tight ‘Swagelok-type’
Teflon cell with stainless steel electrodes. LSV was conducted
from 1.4 — 6.0 V at 30 °C with a scan rate of 50 pV s1. The
oxidative stability voltage limit of each sample was determined
from the intersection point of the regression lines (R2 > 0.99)
fitted to the background and anodic currents in the
voltammogram following a known method.*3

Synthesis of mixed anion nido-borane, N311(311H14)3(311H13)4

The synthesis of Nai1(Bi11H14)3(B11H13)a was achieved through
the reaction of (CH3)sNHB;;Hi4 with NaOH, according to
reaction 1. .

H,0, 100 °C
7 (CH3)3NHB11H14(aq) + 11 NaOH aq) ————
Na11(B11H14)3(B11H13)a(aq) + 7 (CH3)3N(g) + 11 H2Oy (1)

(CH3)sNHB11H14 was prepared based on the same methodology
described in our previous work.!? The trimethylammonium-
borane salt was recrystallised prior to use by solubilisation in a
hot aqueous solution of acetone (10% acetone).** The
colourless powder of (CH3)sNHBi11H14 that was obtained was
filtered and dried under vacuum at 90 °C before use. 400 mg of
recrystallised (CH3)sNHB11H14 (2.1 mmol) was dissolved into 20
mL of an aqueous solution of 177 mg of NaOH (4.4 mmol, ~33%
excess), which was then heated at 100 °C for 15 minutes under
constant stirring in an open vessel. After cooling back to room
temperature, the solution was filtered, and the filtrate was
washed three times with 5 mL of diethyl ether.

The aqueous layer was dried in vacuo at 110 °C overnight, and
a solid containing a mixture of both anions was obtained (0.28
g, 0.24 mmol, 80% yield). No additional step for removal of
excess NaOH or possible by-products was taken.

Synthesis of disodium nido-tridecahydroundecaborane, Na;B11His

The synthesis of Na;Bi11Hi3 was achieved based on reaction 2,
an adapted procedure proposed by Pecyna et. al.*> that was
originally used to prepare (C2Hs)aNCB11H15.

This journal is © The Royal Society of Chemistry 20xx

THF
(CH3)3NHB11H14(s0l) + 2 NaH(s) — NazB11H13(s) + (CH3)3N(g) + 2 Hag)
(2)

0.11 g of NaH (4.6 mmol) was mixed with 5 mL of THF under
argon in an ice bath. Under constant stirring, 5 mL of a THF
solution containing 250 mg of recrystallised (CH3)sNHB11H14 (1.3
mmol) was added slowly and left stirring for 15 minutes at 0 °C
and for 30 minutes at room temperature. The mixture was
filtered, and the filtrate was dried in vacuo at 40 °C for 2 hours,
which yielded a white powder of Na;Bi1Hi3 (0.17 g, 0.9 mmol,
73% vield).

Results and discussion
Sample characterisation

Solid-state 11B MAS NMR spectroscopy was used to identify the
composition of each material synthesised in the powdered state
(Fig. 1). NaB11H14:(H20),, reported in our previous work,! was
also characterised and added for comparison.

The resonances at 611B -15.2 and -17.9 ppm are assigned to
B11H147,2° whereas B11H132" is represented by the signals at 611B
-21.5and -32.2 ppm.1! B;;1H13%" resonances cannot be observed
in the spectra of hydrated NaBi1H14 samples, and there is no
apparent signal of BijHisa™ in the sample of Na,BiiHis. The
asymmetry of the main peak in the Na,B;;Hi3 pattern (61B
-21.5 ppm) may indicate that some NaB11H14 could exist in that
powder, however an analysis of solution-state 11B NMR of
NayBi1Hi3 in D20 also does not show any presence of BiiHia™
peaks (Fig. S1). The only material that shows the presence of

18279 NaB;,H,4(H,0),

-21.5
INa4(B11H14)3(B11H13)s

Intensity (a.u.)

-10 -20

s'"B (ppm)

Fig. 1. Solid-state 1B MAS NMR spectra of NaB;;H14:(H20),, Na11(B11H14)3(B11H13)4 and
Na,Bi1Hi3 at room temperature. § (B1;H147) = -15.2 and -=17.9 ppm, and 6 (By1H13%) =
-21.5and -32.2 ppm.

-30 -40
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both anions in the solid-state is Nai1(B11H14)3(B11H13)a, Which
consists of 0.75 mol of B11H14~to 1 mol of B1;1H132~ based on the
integration of the solid-state NMR resonances. However, it is
interesting that when Nai1(B11H14)3(B11H13)4 is dissolved in D,O
and analysed through solution-state 1B NMR, the integration of
the NMR signals provides a composition of 0.13 mol of B1iHi4™
to 1 mol of B11H;3%2™ (Fig. S1). The observation of less B1iHi4™ in
the solution-state 1B NMR spectrum of Nai1(B11H14)3(B11H13)a
could be due to the deprotonation of this anion into B11H132™ in
an alkaline medium as follows:11.28

B11H147(aq) + OH (aq) @ B11H13%"(ag) + H20y) (3)

During synthesis, excess NaOH was not specifically removed,
which could remain to some degree within the solid product,
however the XRPD pattern for Nai1(B11H14)3(B11H13)s (Fig. 2 &
S2) does not show any presence of unreacted NaOH, which
instead suggests the formation of an amorphous sodium
borate, which could be alkaline on dissolution.?648 The
diffractogram of Na,;B11Hi3 also does not show any presence of
unreacted NaH (Fig. 2 & S2), which implies that all the excess
starting material used was successfully removed through
filtration.

Na,1(B11Hy4)3(B4H13)4

Na,B,,H,;

Intensity (a.u.)

NaBﬂHM'(HzO)n

- *

T T T T T

10 15 20 25 30 35 40
20(°)

Fig. 2. XRPD pattern (A = 1.54056 A) for Najy(BiiH14)3(B11His)s, Na,BisHis and
NaBi;H14:(H,0),!* (added for comparison) at room temperature. Asterisk at 26 = 31.8°

in the NaBjjHi4(H20), pattern represent inadvertent NaCl contamination from
synthesis.!!
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The possibility of alkaline aqueous solutions upon dissolution of
Nai11(B11H14)3(B11H13)4a can be elucidated by analysing the NMR
data in more detail. Solid-state 2B MAS NMR spectroscopy of
Nai11(B11H14)3(B11H13)a (Fig. S3) shows the presence of small
resonances at = +1 ppm and between +10 and +22 ppm, which
represent BO, and BOs units, respectively, of an inorganic
borate*-31, e.g. hydrated sodium metaborate, NaB(OH)4.#7-5253
It has been reported that the reaction of (CH3)sNHB11H14 with a
metal hydroxide in aqueous solution under heating yields boric
acid as a side product.l! Sodium metaborate can then be
formed by the reaction of boric acid with excess NaOH.>%35 In
aqueous solution, NaB(OH), dissociates, releasing NaOH and
yielding a solution with a high pH, which induces deprotonation
of BiiHis~ into BijHi32™ (reactions 3 and 4),11285455 gnd
formation of boric acid, which is observed in the 11B solution-
state NMR of Na11(B11H14)3(B11H13)4 in D20 at 14.6 ppm (Fig. S1).
NaB(OH)a(aq) 2 NaOH(aq) + H3BO3(aq) (4)

As such, it is postulated that Naji(Bi1H14)3(B11H13)s contains
some quantity of NaB(OH)4 (~ 8 mol% based on integration of
the MAS NMR resonances), or a derivative thereof, that only
affects the structure of the undecaborane upon aqueous
dissolution. It should be highlighted that it is critical to
characterise nido-borane anions through solid-state 1B MAS
NMR, as the results of solution-state NMR can be misleading
due to possible side reactions upon dissolution. This has also
been a problem identified in NMR studies of higher boranes
formed during metal borohydride decomposition.>¢ The specific
issue faced with impurities in Na;1(B11H14)3(B11H13)2 may also be
solved by the removal of the inorganic borate from solution,
however, in the case of Naj1(B11H14)3(B11H13)s, the separation of
a borate species from a sample that contains Na;Bi1H13 can be
challenging as both have strong polar features and similar
solubility properties in polar and apolar solvents. Prior to drying,
the aqueous solution of Naji(BiiHi4)3(B11Hi3)s was washed
three times with diethyl ether, as an attempt to remove
impurities and isolate both anions, B1iHi4~ and BiiH;327, from
the medium. However, upon drying the aqueous layer, a solid
was obtained that was a mixture of both anions and the
inorganic borate.

The H solution-state NMR of Na;BiiHiz in DO shows the
presence of THF (Fig. S4), which accounts for only 0.15 mol of
THF to 1 mol of Na,Bi1Hi3 based on the integration of the NMR
resonances. The multiplets at 1.7 and 3.6 ppm represent the
resonances of CH, and CH,O from THF, respectively,>’-58 and
those between -0.6 and 1.5 ppm were assigned to BiiHi3Z:
Na;Bi1Hi3 was only briefly dried at 40 °C during synthesis to
avoid unwanted decomposition, which may allow some THF to
remain coordinated to the dried solid.

Na,Bi1H1i3 was also analysed through in-situ SR-XRPD and DSC
(Fig. 3), and it can be seen that a polymorphic phase transition
occurs at ~ 170 °C upon heating (endothermic) and 90 °C on
cooling (exothermic). Another endothermic event, between 60
- 90 °C, can be identified during heating in the DSC (Fig. 3) and
DSC/TGA (Fig. S5) plots with a subsequent mass loss of 5.5(2)
wt%, which accounts for the release of residual coordinated
THF. This mass loss is in close agreement with the amount of

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Left: In-situ SR-XRPD data (A = 0.590827(4) A) of Na,B1;H13 during heating (5 °C min-1) and cooling (6 °C min-1). A reversible polymorphic phase transition is seen at ~ 170 °C
on heating and 90 °C on subsequent cooling. Red line represents temperature. Right: DSC plot (AT/At = 10 °C min~2, Ar flow = 40 mL min-!) for Na,B;;H;3 upon heating and cooling

between 40 and 220 °C.

THF that was calculated through integration of the 1H NMR
peaks (Fig. S4), which corresponds to 0.15 mol of THF to 1 mol
of NazBi1Hi3. A mass loss of 3.1(2) wt% observed between 320
and 340 °C (Fig. S5) is assigned to the decomposition of the
sample, commensurate with a large exothermic feature. The
decomposition temperatures of other nido-boranes, such as
LiBl1H14'(Hzo)n, NaBllH14'(H20)n and K811H14 have already been
identified to be ~ 210 °C with a sharp exothermic peak in their
DSC/TGA plot coupled with hydrogen release.!! Solution-state
1H NMR spectroscopy of Na,Bi1H;3 after DSC/TGA, in which the
sample was heated to 220 °C and cooled back to room
temperature, reveals that THF resonances are no longer
detected (Fig. S6). However, the 11B NMR spectrum does reveal
a 5 mol% impurity of B11Hi4~ that is present after heating.

Fig. 4 shows select SR-XRPD diffractograms of Na;BiiHis at
different temperatures during and after heating. No major
differences can be observed between the diffractogram at 30 °C
(before heating) and after the minor THF release. This implies
that the small amount of THF detected in the sample (0.15 mol
of THF to 1 mol of Na,B11H13) could be solvent adsorbed to the
powder, or that the material is composed of a mixture of

30 °C AH
M N
| 200°c
5
s |
> s
g 140 °C
e L ‘\ ,\J\
E e
30 °C BH
2 4 ' 8 10 12

26(°)
Fig. 4. SR-XRPD patterns (A = 0.590827(4) A) for Na,By;Hy3 at 30 °C BH (before heating),
30 °C AH (after heating), 140 °C and 200 °C (during in-situ heating experiment).
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NazB11Hi3 and NazBii1Hi3:(THF)x. The THF is considered a small
impurity, and the sample is here called Na;Bi;H13. Samples of
NayB11Hi3 can then be prepared THF free by disolvating the
powder under vacuum at slightly higher temperatures than the
one here adopted (40 °C) without its decomposition.

At 200 °C, NazB11Hi13 has completely undergone a polymorphic
phase change, assuming a disordered body-centered cubic (bcc)
structure, indexed in Pm3n with a = 7.955(1) A and vV =503.32(2)
A3 (Fig. 57). This is the same symmetry observed for the high
temperature Na;B12H1,, which undergoes the first polymorphic
transition near 257 °C.5° After cooling from 220 °C to 30 °C after
heating, the SR-XRPD (Fig. 4) shows that the HT polymorph is
only metastable and is predominantly transformed back into
the original structure, with a minor portion of the Pm3n phase
remaining, as seen in Figs. 3 & 4.

Interestingly, there are similarities in the room temperature
diffraction patterns of Na,BiiHi3 after heating and
Nai1(B11H14)3(B11H13)s, with the three main diffraction peaks
located at Q = 1.05, 1.13 and 1.17 A-1in both diffractograms (Q
= (4msing)/A, Fig. 5). In fact, the cubic Pm3n polymorph,
represented by the peak at Q = 1.13 A-%, seems to be present in
the diffractogram of both samples, Na,B11H13 at RT after heating
(AH) and Naii(B11H14)3(B11H13)s at RT, with greater intensity,
relative to the peaks at Q 1.05 and 1.17 AL, in
Na11(B11H14)3(B11H13)4 than in NazBl1H13. This is also shown in
Fig. S8 where the Pm3n polymorph in NasBi1Hiz at 200 °C is
refined to a = 7.955(1) A and V = 503.32(2) A3 and in
Nai11(B11H14)3(B11H13)4 at room temperature it is refined to a =
7.983(1) A and V = 487.94(9) A3. The peaks observed at Q = 1.05
and 1.17 A-! represent the Bragg reflections from the low
temperature structures of the sodium borane. These data
suggest that samples of Na;Bi1iHi3 and Naii1(Bi11H14)3(B11H13)a
have some degree of dynamics in their structures at room
temperature, which is enhanced to a greater degree in the
mixed anion compound.

The DSC/TGA plot for Naii1(B11H14)3(B11H13)s (Fig. S9) shows a
subtle endothermic event (= 160 °C) close to the temperature
observed for NayBiiHiz (170 °C), which may indicate the
complete transformation to the same Pm3n polymorph seen in
NayB11Hi3. Based on the XRPD data (Fig. 5), most of the sample
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Fig. 5. XRPD pattern (A = 1.54056 A) for Na;;(B11H14)s(B11H1s)s at room temperature
(blue), and SR-PXD data (A = 0.590827(4) A) for Na,B;;Hs3 at 200 °C (black) and at room
temperature after being heated to 220 °C (red). Dashed lines at 1.05, 1.17 A-1 (RT
polymorph) and at 1.13 A~ (HT polymorph) were added to show the similarities
between the diffractograms. The diffractograms were plotted with the x-axis in
scattering vector to compare XRPD results obtained using different wavelengths.

Nai11(B11H14)3(B11H13)s at RT is already in the Pm3n polymorph,
and it is surmised that the remaining portion of that sample
would transition into this polymorph at 160 °C, which generates
a discrete endothermic feature. Naii(Bi1Hi4)3(B11H13)s also
exhibits an exothermic peak at 265 °C with a weight loss of
1.7(4) wt%, which indicates its decomposition.

Fig. S10 shows a comparison between the DSC results obtained
for NaB11H14-(H20)n,** Na11(B11H14)3(B11H13)a and NazB11H13 from
50 — 350 °C. It is possible to observe that samples containing a
larger proportion of BiiHi32", rather than BiiHi4~, exhibit a
higher thermal stability, with elevated temperatures for their
exothermic decomposition. This may be due to the fact that
salts of NayBi1Hi3 present higher lattice energy than salts of
NaB:[;|,H;|_4.60'61

Electrochemical Analysis

The solid-state Na* conductivity of Nai1(Bi11H14)3(B11H13)s and
NazBiiHis was investigated through AC impedance
measurements as a function of temperature and compared to
other single-anion and mixed-anion sodium hydridoborate salts
and the solid-state electrolyte Na-6-Al,0s! (Fig. 6). For
simplicity, an Arrhenius plot of ionic conductivity of
Nai1(B11H14)3(B11H13)a and NazBiiHiz compared only to
anhydrous and hydrated NaBiiHi4 was also plotted (Fig. S11).
The Nyquist plOtS for NazBi1His and N311(311H14)3(311H13)4 at
certain temperatures with the corresponding circuit model used
to fit the impedance data are shown in Fig. S12.

Na2Bi11H13 presents an ionic conductivity of 2.5 x 1077S cm™! at
30 °C with a sudden increase upon heating, reaching 2.9 x 103
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Scm~1at 100 °C, a similar result to that observed for Na 8-Al,03
and NaBi1H14:(H20),at the same temperature (~ 1 x 10-2Scm™1).
This step-function type behaviour is similar to the results
observed for the nido-boranes Na-7,8-C;BgHi, and Na-7-
CB10H13,2” and the closo-borane Na;BigH10! as they undergo an
order-disorder polymorphic transition with temperature
increase. Even though Na;Bi1Hi3 assumes a disordered bcc
structure as NaBi1H14 (space group /43d) at high temperature,?’
the Na* conductivity observed for the formeris 7.7 x 103Scm™!
at 200 °C, whereas the latter exhibits results in the order of 102
S cm™! at 100 °C. The lower ionic conductivity observed for
Na;B11H1i3 compared to NaBi;H14 may be a result of the reduced
number of vacant sites for cation hopping, since despite having
a similarly sized unit cell, Na;B11H13 has twice the number of Na*
ions in its structure for charge-balance. There is also an
increased Coulombic attraction between divalent anions, as in
B11H1327, and Na*, as opposed to monovalent B;11H14~, which may
also reduce cationic conductivity in Na;B11H13.27-%5 Despite this,
the ionic conductivity observed in NaBiiHi3 is significantly
higher than either Na;B12H12,%3 NaBH4%2 and Na;B1,Cl12%1 in the
temperature range of 30 — 200 °C (Fig. 6). The B11H132~ anion
exhibits an asymmetric charge distribution (or polarisation),
which is analogous to other nido-boranes as well as carboranes,
such as CBgHip-, which have interesting reorientational
dynamics governed by their charge polarity.®> In contrast,
Na,B12H1,%3 contains an isotropic closo-borane anion, which
yields a salt with lower ionic conductivity.2”

The activation energy (E,) for Na* conduction for LT Na;B11Hi3
was measured to be 0.73 eV (£ 0.02 eV). This is similar to other
sodium nido-boranes, such as Na-7-CB1oH13, Na-7,8-C;,BgH1; and
NaBi1H14,27 which demonstrate an E; of 0.68, 0.78 and 0.61 eV,
respectively, for Na* ion conduction in their low temperature
ordered crystallographic phases (Table S1). Upon the order-
disorder polymorphic transition the E, for Na* conductivity in
Na,Bi1:1Hi3 decreases to 0.36 (+ 0.03 eV) eV, which is within the
range for other disordered high temperature sodium boranes,
such as Na-7-CBjgHi3 (0.42 eV),2’” Na-7,8-C;BgH12 (0.39 eV),?’
NaBnH14 (041 eV),27 NazBloHlo (047 eV),14 and NazBlelz (021
eV)é3 (Table S1).

Mixed-anion N311(311H14)3(BMH13)4 presents higher Na*
conductivity than the LT NazB11H13 and NaBllH14,27 which shows
that the formation of the solid-solution results in a material with
better ionic conductivity properties near room temperature
(4.6 x 107> S cm™ at 30 °C) than its constituents (Fig. S11). The
results of Na* conductivity for N311(311H14)3(B11H13)4 from 100 —
170 °C are also close to that observed for the HT Na,B11H13 (Fig.
S11), with the mixed-anion solid-solution reaching an ionic
conductivity of 3.0 x 103 S cm™ at 170 °C, and Na3Bii1His
exhibiting a result of 6.1 x 1073S cm™! at the same temperature.
Again, this is thought to be related to the presence of the Pm3n
polymorph in the Naj1(B11H14)3(B11H13)4 structure at RT (Figs. 5
& S8). The stabilisation of the disordered superionic structure at
RT via formation of mixed-borane-anion solid-solution has been
previously Naz(CBgsH10)(CB11H12)?2
Naz(B12H12)05(B1oH10)05.22 The mixture of monovalent with
divalent hydridoborate species, such as Nas(BH4)(B12H12),%4
Nas(B11H14)2(B12H12),%° Nas(CB11H12)2(B12H12),3?

seen as in and

and
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Fig. 6. Solid-state ionic conductivity of Na,B;;H;3 and Naj;(B1:H14)3(B11H13)s @s a function of temperature compared to other sodium single anion (left)1121415.27.29,41,62.63 and mixed
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polymorph at RT.?® The solid-state electrolyte Na-8-Al,03 was also added for comparison in both plots.! The solid green lines denote the ionic conductivity of the samples synthesised

in the present work.

Nas(NH2)(B12H12)% has also already been presented as an
efficient strategy to enhance the ionic conductivity properties
of the material. The result observed for the Na* conductivity of
Nai11(B11H14)3(B11H13)4 near room temperature is also higher
than the majority of the single-anion sodium-borane
compounds reported so far at the same temperature (Fig. 6)
and presents lower ionic conductivity when compared to
NaBi1H14:(H20), (1.1 x 103 S cm™® at 25 °C) as water may
facilitate the Na* migration (Fig. S11),1* and to bcc-NaCB11H12 (4
x 103 S cm™ at 25 °C) as mechanical modification induces
stabilisation of the bcc polymorph at RT.1?

The activation energy for Na*  conductivity in
Nai11(B11H14)3(B11H13)4 was measured to be 0.51 eV (£ 0.02 eV)
from 30 — 80 °C, which lies between the results observed for the
HT and the LT Na,Bi;Hizand NaBiiHi4 (Table S1).

Fig. 6 also shows that the mixture Nai1(Bi1H14)3(B11H13)s
presents higher ionic conductivity results than
Na(BH4)o5(NH2)osin the temperature range of 30 — 170 °C,%2 yet
lower results when compared to other mixed-anion solid
solutions. However, the synthesis of Naii(Bi1H14)3(B11H13)a
reported here requires only the use of wet chemistry
approaches and common laboratory consumables, which may
be more cost-effective than when compared to the majority of
the syntheses reported for carboranes.®”

The oxidative stability limit of Na;B11H13 was determined to be
2.1V against Na metal based on the anodic peak observed in its
linear sweep voltammogram at 30 °C (Fig. S13). This result is
similar to the one determined for NaBH,4 (1.9 V vs. Na*/Na)¢8.69
and higher than the oxidative stability limit estimated for
Li>B11H13 against Li metal (< 1.0 V), which was based on DFT

calculations.?® However, the oxidative stability limit of
NazBiiHis is lower than the ones for NaBiiH14?° and
NaBiiHi4:(H20),11  with both exhibiting an onset of
decomposition at 2.6 V vs. Na*/Na. The mixed-anion

This journal is © The Royal Society of Chemistry 20xx

Nai1(B11H14)3(B11H13)4 exhibited two onsets of anodic current,
one at 2.1 V and another one at = 2.7 V (Fig. S13), which is in
agreement with the electrochemical decomposition of
NayBi1Hiz and NaBiiHia, respectively. A multistep oxidation
process has been reported for other mixed-anion boranes, such
as Nay(Bi12H12)(BioH10), which presents two onsets of
decomposition, one at 3.02 V vs. Na*/Na and another one at
3.22 V vs. Na*/Na that were attributed to NayBioHio and
NayB12H1,, respectively.43

The higher electrochemical stability of closo-boranes, such as
Na;B10H10and NazBi1,H12, than nido-boranes, as in NaB11H14 and
NayBi11Hi3, can be expected as the latter present an open borane
cage with delocalised hydrogen atoms, which tend to reduce
their stability, with hydrogen release or dimer formation upon
oxidation.?® Despite that, an oxidative stability limit of 2.1 V vs.
Na*/Na, as in samples of Na,B11H13, may not be an issue for their
application as solid-state electrolytes in Na-S batteries as such
batteries present a working potential in the range of 1.78 — 2.08
V.37.70 Besides that, the use of Na as the anode in solid-state
batteries brings additional challenges that may need to be
overcome prior to practical applications. For example, pure Na-
metal can lead the battery to short circuit due to Na dendrite
formation,”! and the use of a Na-Sn alloy as the anode can result
in battery capacity fade owing to the volume expansion of Sn.”2
Therefore, the compatibility of sodium-borane electrolytes,
such as N32311H13, N3311H14, N3311H14'(H20)n, and
Nai1(B11H14)3(B11H13)s, should also be assessed against other
types of anode materials, for instance, hard carbon and
NazTi307.73_75

Conclusions
A facile synthesis of the solid-state Na;B;;Hi3 and the mixed-
anion solid-solution Nai1(B11H14)3(B11H13)a was reported.
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Na;B11Hi3 undergoes a polymorphic phase change at ~ 170 °C
assuming a body-centered cubic structure indexed in Pm3n,
isostructural to the first HT phase observed for Na;Bi,H12. Even
though both Na;Bi1H13 and NaBi1H14 assume a bcc polymorph
at HT, the latter presents higher Na* conductivity than the
former, with Na;B11H13 reaching 7.7 x 10-3S cm~! at 200 °C. It is
proposed that the increased Coulombic attraction between Na*
and divalent Bii;H132-, along with the increased cation site
occupancy, decreases the mobility of the cation in the crystal
structure compared to the monovalent B11H14~ analogue.

At 30 °C, Naii(B11H14)3(B11H13)a exhibits an ionic conductivity
(4.7 x 105S cm™1) higher than its constituents NaBi1H14 (2 x 1076
S cm™1) and NazBiiHiz (2.5 x 1077 S cm™1). XRPD data for
Na11(B11H14)3(B11H13)a shows the disordered Pm3n polymorph at
RT, which is observed for Na;Bi1H13 at high temperatures. This
shows that a mixed-anion solid-solution could partially stabilise
the HT disordered-polymorph at RT, which results in a sample
with increased ionic conductivity properties.

NayBi1His presents higher thermal stability than NaBiiHia,
however the former is more susceptible to voltage induced
oxidation against Na metal, with an oxidative stability limit of
2.1 V vs. Na*/Na at 30 °C compared to 2.6 V vs. Na*/Na for
NaBiiHis  or  NaBiiHis(H20), at same temperature.
Nai11(B11H14)3(B11H13)s exhibits two onsets of electrochemical
decomposition at 2.1 V and 2.7 V vs. Na*/Na at 30 °C, which are
in agreement with the oxidative stability limit observed for its
counterparts. Sodium nido-boranes show great potential as
solid-state ion conductors and should be implemented in all-
solid-state battery cells in the near future to assess their
performance against promising anode and cathode materials.
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