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ARTICLE INFO ABSTRACT

Keywords: The direct crystallization of a closo-borate solid electrolyte from solution is demonstrated and applied to infiltrate

Solid state battery porous battery electrodes fabricated by traditional slurry casting methods. Employing isopropanol as a solvent, we

;‘ﬂ; Cetl)l show that Na4(B12H12)(B1oH10) crystallizes inside the open porosity of the electrodes with the appropriate crystal
ydroborate

structure yielding high ionic conductivity (1 mS em™ at 25 °C) and providing efficient contact to the active
materials. Very stable cycling is demonstrated at 30 °C for NaCrO|Na-Sn half cells employing infiltrated NaCrO,
cathodes with mass loadings of ~7.7 mg cm™ at rates up to 5C (4.5 mA cm?). The all-solid-state cells exhibit
remarkable cycling stability at moderate (70 MPa), and low (3 MPa) applied external pressure, retaining 95.6%
and 85.9% of the initial capacity after 100 cycles at 0.5C respectively. A NaCrOz|Sn rocking-chair all-solid-state
full cell with capacity-balanced infiltrated electrodes is also demonstrated. The more pronounced fading of the full
cell is characterized with a three-electrode measurement and can be attributed to the poorer cyclability of Sn. This
work bridges the gap between the attractive materials properties of closo-borate electrolytes and their integration

Infiltration process

into all-solid-state batteries facilitating their adoption in industrial cell production at scale.

1. Introduction

Lithium-ion batteries have become ubiquitous as power sources for
portable electronics, and their application is extended to the growing
electric mobility market. Given their widespread deployment, fabrication
protocols for their components are well established in industry. In par-
allel, intense research efforts are currently directed to the development of
all-solid-state batteries (ASSBs), aiming to replace the flammable organic
liquid electrolyte in today’s lithium-ion batteries with a solid ion
conductor for improved safety, and increased energy and power density
[1,2]. Furthermore, the development of sodium-ion-conducting solid
electrolytes could be desired for potentially more cost-effective
sodium-based batteries [3].

Significant progress has been made in finding candidate solid elec-
trolytes that fulfill the criteria of high ionic conductivity and high
(electro-)chemical stability for ASSBs [4-7]. On the way to
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commercialization, criteria related to their processing into cells become
equally important as fabrication protocols will strongly depend on the
class of material chosen as the solid electrolyte [8,9]. While
oxide-ceramic electrolytes require high-temperature sintering to estab-
lish ionic contact between grains, sulfide-based electrolytes can be pro-
cessed at room temperature owing to their high deformability and may
be prepared from solution [2,8,10,11]. For example, a method was
recently described to infiltrate solution-processable sulfide solid elec-
trolytes into slurry-casted porous electrodes, typically employed in
commercial lithium-ion batteries in combination with a liquid electrolyte
[12]. Unfortunately, the development of ASSBs with sulfide solid elec-
trolytes is hindered by their low (electro-)chemical stability and sensi-
tivity to moisture which causes the evolution of toxic HyS [13,14]. In
addition, sulfide solid electrolytes often do not form favorable passiv-
ating films at voltages close to 0 V vs. Na/Na* or Li/Li* [15-17].
Meanwhile, closo-borates and related closo-carbaborates have
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emerged as a promising alternative class of solid electrolytes [18-27].
They can achieve high lithium- and sodium-ion conductivities (on the
order of several mS/cm) and exhibit a wide electrochemical stability
window, including stability towards lithium and sodium metal anodes,
high thermal and chemical stability, and stability in air (though they tend
to absorb water, but can be dried easily before subsequent processing)
[23,25,28-32]. They are also lighter (e.g., density of 1.17 g cm™ for
Nay(B12H12)(B1gH10)) than alternative solid electrolytes such as sulfides
(e.g., 1.86 g em® for LigPSsCl) and oxides (e.g., 5.01 g em’® for
LiyLa3Zrs042), which may translate into a higher gravimetric energy
density for batteries using closo-borate electrolytes. Similarly to sulfides,
closo-borate materials are also highly deformable [28,33,34]. Thanks to
this property, stable cycling of a 3 V all-solid-state battery with a sodium
metal anode and a cathode fabricated by stacking and pressing of dry
powders of NaCrO, (NCO) cathode material and Na4(B12H12)(B10H10)
(NBH) closo-borate electrolyte was recently demonstrated [35].

Here we report the infiltration and crystallization of closo-borate
electrolytes directly in the open porosity of slurry-casted electrodes.
Thus, our electrolyte infiltration and crystallization process can be inte-
grated into today’s cell production lines after the electrode coating step
substituting the electrolyte filling step thereby facilitating adoption of all-
solid-state battery technology at scale. Critical for enabling this method,
we show that the solution-processed Na4(B12H12)(B1oHi0) crystallizes in
its highly conductive face-centered cubic (fcc) phase (1 mS cm™ at 25 °C)
using the appropriate solvent, isopropanol. The infiltration method is
demonstrated for porous NaCrO, cathodes and porous Sn metal anodes
for ASSBs cycling at room temperature with outstanding stability and
rate capability.

2. Results and discussion

Fig. 1 illustrates the fabrication protocol used to obtain the solid-
electrolyte-infiltrated electrodes. Slurry-casted electrodes consisting of
NaCrO; or Sn active material powders, polyvinylidene fluoride (PVDF)
binder, and conductive carbon additives (Super P) are prepared and
infiltrated with Na4(B12H12)(B1oH10) using isopropanol as a solvent. By
dipping the as-prepared porous electrodes in a homogeneous isopropanol
solution containing an equimolar ratio of NayBi2Hj2 and NagBigHjg
(100 mg mL™), the solution infiltrates the continuous porous network of
the electrodes. After evaporation of the solvent and heat treatment at
180 °C the highly conductive Na4(B;2H;2)(B1oH1p) then crystallizes
throughout the porous structure of the electrode. In contrast to the
conventional mechano-chemical-based synthetic protocol for the prepa-
ration of closo-borate electrolytes [23,36], Na4(B12H12)(B1oHig) is
derived directly from its precursors via the solution process. The resulting
solution-processed Nay(B12H12)(B1oH10) possesses a high ionic conduc-
tivity of 1 mS em™ at room temperature, comparable to the values for
samples obtained by mechano-chemical synthesis reported earlier (see
Fig. S1) [23]. This is in contrast to sulfide solid electrolytes which tend to
show lower conductivity after exposure to a solvent [11].
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Na;BioHi;  NayBioHyo

—
HT@180 °C
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Assuming the electrolyte crystallizes only inside the porous network
of the electrode (electrode porosity near 80% after casting and drying,
see Table S1), we expect an electrolyte mass fraction of about 8 wt% for a
NaCrO; electrode with a composition of 95:2:3 (active material to binder
to carbon ratio, see Supporting Information for calculation details). The
measured electrolyte mass loadings relative to the combined mass of
active material, binder, and carbon after drying were about 15-17 wt%
for the 97:1:2 and 95:2:3 compositions, respectively, suggesting that
some electrolyte was also coated outside the porous network of the
electrode. A top view SEM image and the corresponding boron energy
dispersive X-ray spectroscopy (EDXS) elemental map shows an even
distribution of the solid electrolyte over the surface of the
Nay(B12H12)(B1gH1g)-infiltrated NaCrO, electrode (Fig. S2), which con-
firms that the surface of the porous electrodes is also coated with
Nay(B12H12)(B1gH10), causing the difference between the measured mass
loading and that expected based on the porosity of the electrode. Robust
mechanical contact with the active material is formed by subsequent
uniaxial cold pressing at 350 MPa also minimizing the remaining
porosity. As seen in a cross-sectional scanning electron microscopy (SEM)
image after pressing at 350 MPa, the infiltrated electrode appears dense
throughout its thickness. The remaining porosity was estimated to be
around 30%-38% based on the measured thickness and the weight of the
pressed electrodes (details in the Supporting Information, Table S1).
Further elaboration on the protocol, such as the control of solution
concentration, downsizing NaCrO, particles, and hot pressing, may help
to further decrease the porosity [12].

Fig. 2a compares the X-ray diffraction (XRD) patterns of the NaCrO,
electrode before and after electrolyte infiltration, showing no alteration
of the NaCrO, material. Another reflection at 20 ~15° may be associated
with the fcc lattice of the highly conducting Na4(B12H12)(B1oH10) phase
present in the infiltrated electrode. To confirm this, we separately crys-
tallized Na4(B12H12)(B1gH1p) out of a solution of NasBioHpjp and
NayBjoH; 0 in isopropanol, not in the electrode pores, but in a glass flask
(see experimental methods for details). XRD patterns in Fig. 2b show that
identical reflections are visible for the electrolyte powder obtained from
solution or from a mechano-chemical synthesis employed previously
[23].

Both routes thus yield Na4(B;12H12)(B1oH1) in the same fcc structure.
In particular, the main reflection at 15° corresponds to the one seen in the
infiltrated electrode in Fig. 2a. Note that when using methanol as a sol-
vent as in a previous study [35], fcc Nas(B12H12)(B1oH10) is not formed
and the phases of NayBoHp2 and NayBioHj crystallize separately from
solution (see Fig. S3). We also performed infrared spectroscopy, which is
especially sensitive to the B-H vibrations. Fig. 2c copares the infrared
spectra for the infiltrated electrode with the ones of pure NaCrO; and
Nay(B12H12)(B1gH19) powders. The same B-H stretching modes at
2400-2500 cm™! and bending modes 600-1200 cm™, characteristic of the
B1,H?5 and B1oH?; anions, are visible in both pure Nay(B12H12)(B10H10)
and in the infiltrated electrode. It confirms that the anions remain intact
after the solution process. NaCrO, remains also unaffected by the

Densified NBH-NaCrO, electrode

Pressing
. (350MPa)

Fig. 1. Schematic diagram illustrating the fabrication of NaCrO, electrodes infiltrated with the Na4(B;2H;2)(B1oHi0) solid electrolyte by solution processing. Pho-
tographs of the electrodes prepared by slurry casting and their corresponding schematic cross-sectional microstructures before and after infiltration are also shown.
Polymeric binders (PVDF) are not shown in the schematics for simplicity. A cross-sectional SEM image of the densified Na4(B;5H12)(B1oH10)-infiltrated NaCrO,

electrode is also shown.
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Fig. 2. Characterization of a NaCrO, electrode infiltrated with

Nay(B12H12)(B1oHi0) by solution processing. (a) XRD patterns for a NaCrO,
casted electrode before and after infiltration with Na4(B;2H12)(B1oH10). (b) XRD
patterns of Nay(B12H;2)(B1gH19) prepared from an isopropanol solution
compared to the previously reported mechano-chemical synthesis. [23] (c)
Infrared absorption spectra of pure Nay(B;2H12)(B1oH10), NaCrO, powders, and
a Nay(B12H12)(B1gH1o) infiltrated NaCrO, electrode. (d) Local cross-sectional
SEM image and its corresponding EDXS elemental maps for an infil-
trated electrode.

exposure to isopropanol. Importantly, the B-H vibrational modes corre-
spond to the ones of the Bi1oH?5 and B10H%5 anions in their highest
symmetry configuration, I, and D4q point group symmetries, respec-
tively, as found previously for fcc Nas(B12H12)(B1gH10) [23]. No vibra-
tional modes characteristic of isopropanol are detected, confirming the
complete removal of the solvent after drying and heat treatment. In
Fig. 2d, a SEM image taken within the cross section of an infiltrated
electrode, along with the corresponding EDXS maps for boron, chro-
mium, and oxygen are shown. The images were acquired in a region close
to the aluminum current collector. Boron is present across the image
area, notably between the chromium and oxygen rich regions, confirm-
ing an intimate mixture of NaCrO, and Na4(B12H12)(B1oH10) throughout
the electrode porous structure. Nas(B12H12)(B1gH10) is thus present in
close contact with the NaCrOs electrode particles providing continuous
ion conduction pathways.

The infiltrated NaCrO5 electrodes were tested in all-solid-state half
cells cycled at 30 °C using a <500-pm-thick Nas(B12H12)(B1oH10) pellet
as the solid-state separator and a Na-Sn alloy counter electrode (NasSn,
~0.1 V vs. Na/Na"). While the -electrochemical stability of
Nay(B12H12)(B1oH10) against sodium metal was previously demonstrated
[23,35], we chose to employ a Na-Sn alloy to prevent non-uniform so-
dium metal plating. In previous experiments this was prevented by
cycling at low current densities and at an elevated temperature of 60 °C
[23,35]. Fig. 3a compares the voltage-capacity curves of the first two
charge/discharge cycles of the all-solid-state half cell with the infiltrated
NaCrO, cathode (95:2:3) at 0.1C (0.084 mA cm'z), with that of an
analogous cell with a liquid organic electrolyte (1 M NaClOy4 in propylene
carbonate). The all-solid-state cell reaches a high initial discharge ca-
pacity of ~118 mA h g}, close to that of the liquid-electrolyte cell (within

545

Energy Storage Materials 26 (2020) 543-549

a] 4@14o|.,,,.|.,,[
— 120 e —
‘e — —
£30 "o100 |-
z 2
$ g 80— -
> = 0.5C
2 260 a
825 2
8 © 40 — 2| T
° O B 95:2:3-7.0mgcm
= 20 | A& 971:2-77mgem?|
2.0 Py I I O RO |
0 20 40 60 80 100
Cycle number
Q10T T T
—_ 120 0.2C o 5¢ 0.2C_]|
£30 o100 [~ —
z £ 5C
s E 80 -
= Ze0l —
325 4
8 H © 40 — 2]
3 - o B 95:2:3-7.0mgcm
= i ! v 20 - A 97:1:2-7.7mg em? —
B 5C 2C1cC0.1CT
201 L | L | L 1= 0 | | | | | |
0 40 80 120 0 5 10 15 20 25 30
Capacity [nAh '] Cycle number
e - 140 I T I T l T I T I T [
— 1 120+ —
+§ 1~
< - 'o100
E 12 e ——
<
¢ 1 £80| -
> 4z 0.5C
2 1 60} -
32 12
% 138 40— 95:2:3 - 7.0 mg em” I
> i B 70 MPa
] 20~ ® 3MPa —
= | NI NI T NI N
0 20 40 60 80 100
Capacity [nAh g'] Cycle number
Fig. 3. Electrochemical  characterization of  solid-state =~ NaCrO,|

Nay(B12H12)(B1oH10)|Na-Sn half cells at 30 °C. (a) Charge/discharge voltage
profiles for the first two cycles of a all-solid-state NaCrO,|Nas(B12H12)(B1oH10)|
Na-Sn half cell at 0.1C compared to a NaCrO2|1 M NaClO,4 in PC|Na organic
liquid-electrolyte-based cell. (b) Electrochemical cycling stability upon
discharge at 0.5C for two all-solid-state cells with different electrode composi-
tions (95:2:3 and 97:1:2), after two initial cycles at 0.1C. (c) Charge/discharge
voltage profiles (second cycle) at different rates of a NaCrO,|
Nay(B12H12)(B1oH10)|Na-Sn cell with 95:2:3 composition. (d) Rate performance
upon discharge for two all-solid-state cells with different electrode compositions
(95:2:3 and 97:1:2). All-solid-state cells shown in a-d were tested with applied
external pressure of 70 MPa. (e) Charge/discharge voltage profiles for the 1st,
2nd cycle of NaCrO|Nas(B12H12)(B1gH10)|Na-Sn cells at 0.1C with applied
external pressures of 70 MPa and 3 MPa. (f) Electrochemical cycling stability for
the same cells at 0.5C after two initial cycles at 0.1C.

weighting error of 5%). Also the coulombic efficiency reaches similar
values for the all-solid-state and liquid-electrolyte cell with 95.2% and
93.7% for the first cycle, respectively. For the all-solid-state cell the
coulombic efficiency improves to 99.0% already for the second cycle.
Long-term cycling at 0.5C shown in Fig. 3b demonstrates excellent ca-
pacity retention of 95.6% after 100 cycles with respect to the initial
discharge capacity at 0.5C. These results confirm the excellent reductive
stability as previously reported for Nas(B12H12)(B1oHi1o) [23]. Similar
cycling results were also obtained for the second infiltrated NaCrO,
electrode (97:1:2, 7.7 mg cm'2) with different electrode composition as
shown in Fig. 3b (higher gravimetric capacity within weighting error of
5%). The SEM cross-section of a cycled electrode shown in Fig. S4 also
demonstrates that the intimate ionic contacts between electrolyte and
active material are maintained upon cycling. This result is well matched
with the excellent cycling stability of the Na4(B12H12)(B1oH10)-infiltrated
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NaCrO,, electrodes.

Fig. 3c shows the voltage-capacity characteristics for the 95:2:3
electrode at different rates, while Fig. 3d compares the rate performance
of the 95:2:3 (7.0 mg cm'z) and the 97:1:2 (7.7 mg cm'z) electrodes. Both
cells exhibit remarkable rate performance. At rates as high as 5C, both
electrodes with compositions of 97:1:2 and 95:2:3 retain 67.4 and 57.5%
of their capacities, respectively, compared to the capacities at 0.1C. The
slightly better rate capability of the electrode with 97:1:2 is consistent
with the previous result observed for LiCoO; cathodes infiltrated with
sulfide-based electrolytes (LigPSsCl), and was attributed to the lower
binder content improving ionic contact between the LiCoO, particles
[12]. Notably, the C-rate of 5C at 30 °C corresponds to a high current
density of 4.5 mA cm. This value is 45 times greater than the value
reported for this electrolyte in a symmetric sodium metal cell at 60 °C
[23]. This unprecedentedly high-rate capability is attributed to the high
ionic conductivity of the solution-processed electrolyte and to the inti-
mate ionic contact.

The results presented in Fig. 3a—d were obtained with an applied
external pressure of 70 MPa to reduce the impact of contact loss between
the electrode particles and the electrolyte upon repeated cycling. Such
external pressure is often required in all-solid-state cells [37]. However,
previous cell tests with Nas(B12H12)(B1gH10) showed that stable cycling
could be achieved at lower pressure given that an intimate
electrode-electrolyte contact was initially formed by e.g solvent
impregnation of the electrolyte [35]. We thus performed additional
electrochemical cycling at a reduced pressure of ~3 MPa applied by a
spring. Fig. 3e shows that the two cells measured at 70 MPa and 3 MPa,
respectively, behave very similarly during the first two cycles at 0.1 C,
independent of the applied pressure, confirming our previous observa-
tion. Still, long-term cycling at 0.5C shown in Fig. 3f reveals that capacity
fading after 100 cycles is more pronounced at 3 MPa resulting in capacity
retention of 85.9% with respect to the initial discharge capacity at 0.5C,
compared to 95.6% at 70 MPa. Note that closo-borates have favorable
mechanical properties, notably a low bulk modulus on the order of
10-20 GPa, to accommodate volume changes of the electrodes upon
cycling [28,33,34]. In addition, NaCrO is known for its low volume
change (<0.5%) upon cycling which may reduce the effect of external
pressure on cycling stability [37].

To fabricate rocking-chair all-solid-state full cells, the solid-
electrolyte infiltration method was also applied to the preparation of
porous composite tin metal anodes (Sn, 10 pm). Sn was chosen for its
high theoretical sodiation capacity of 847 mA h g, low average
discharge voltage, and its ductility [38]. The first two charge-discharge
profiles for the solid electrolyte infiltrated Sn anode obtained in a Sn|
Na-Sn half cell at 0.1C are shown in Fig. 4a. A coulombic efficiency of
84.3% is observed for the first cycle at 0.1C, improving to 97.0% for the
second cycle. The discharge capacity then reaches 634 mA h g*. The Sn|
Na-Sn half cell was further cycled at 0.2C, and retained 92.1% of its
initial discharge capacity at 0.2C after 50 cycles (Fig. 4b).

A full cell was then built combining an infiltrated NaCrO5 (97:1:2, 5.6
mg cm?) cathode with an infiltrated Sn (90:5:5, 1.2 mg cm?) anode.
Based on the result of Sn|Na-Sn half cells, the Sn anode in the full cell was
balanced with an excess capacity of 20% with respect to the cathode
capacity (areal capacity ratio of negative to positive electrodes (np ratio)
of 1.20), to minimize the risk of sodium metal plating [39]. The first two
charge/discharge cycles at 0.1C (based on the cathode capacity) are
shown in Fig. 4c. The cell exhibits a discharge capacity around 110 mA h
gNCO Tie a specific energy density of 282 W h kgf\}co based on the
cathode active materials weight only, and 222 W h kg! considering the
total anode and cathode weights (including carbon and binder but
excluding electrolyte and current collectors). The initial coulombic effi-
ciency reaches 72.2%, as it is limited by the coulombic efficiency of the
Sn anode, and climbs to 95.8% in the second cycle. The energy efficiency
reaches 84.9% for the second cycle. Rate tests in Fig. S5a show that the
full cell retains about 34% of its discharge capacity at 1C (constant charge
of 0.1C) with respect to the initial discharge capacity at 0.1C. This poorer
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Fig. 4. Electrochemical performance of a Sn|Nay(B;2H12)(B1oH10)|Na-Sn half
cell and a NaCrOy|Nay(B12H12)(B1oH10)|Sn full cell at 30 °C with an applied
external pressure of 70 MPa. (a) Charge/discharge voltage profiles for the first
two cycles of a Sn|Nay(B12H12)(B1oH10)|Na-Sn half cell at 0.1C. (b) Electro-
chemical cycling stability for the same cell at 0.2C after two initial cycles at 0.1C
(c) Charge/discharge voltage profiles for the first two cycles of a NaCrO,|
Nay(B12H12)(B1oH10)[Sn full cell at 0.1C. (d) Electrochemical cycling stability
for the same cell at 0.2C after two initial cycles at 0.1C.

rate capability compared to that of NaCrOy half cells is the result of the
poor kinetics of sodium insertion and disinsertion in Sn as shown in the
half cell rate test in Fig. S5b.

During long-term cycling at 0.2C shown in Fig. 4d, the cell shows
significant capacity fading, particularly during the first ten cycles where
the coulombic efficiency remains below 98%. The fading is less pro-
nounced upon further cycling as the coulombic efficiency slowly in-
creases to values above 99%. Ultimately, the cell retains 47.4% of its
initial discharge capacity at 0.2C after 50 cycles. The comparison of
coulombic efficiencies of the NaCrO, and Sn half cells in Fig. S6a shows
that Sn cycles with a slower increase in coulombic efficiency and likely
drives the fading of the full cell. To support this hypothesis, we cycled an
additional full cell with a reduced cut-off voltage of 3.15 V shown in
Fig. S6b. Because the ratio of areal capacity between anode and cathode
in the full cell is 1.2, the lowering of the cut-off mainly affects the
maximum potential of the cathode. We observe that a reduction of the
cutoff potential does not alleviate fading of the full cell thereby con-
firming the role of the Sn anode in the full cell fading, in contrast to a
fading caused by oxidation at higher voltages.

We further investigated the fading mechanism in an all-solid-state full
cell with a three-electrode configuration to monitor the behavior of
NaCrO; and Sn separately [40]. The three-electrode measurement shown
in Fig. 5a confirms that the fading is caused by the poorer cyclability of
the Sn anode. We observe a significant change of the voltage profile
particularly during sodium insertion in Sn. However, the absence of an
overpotential build-up, notably visible upon sodium removal (gray
dashed lines), rules out the formation of a highly resistive interphase
layer. The poor cyclability is more likely related to the large morphology
and compositional change of Sn upon cycling [41]. The NaCrO; cycling
behavior is then only affected as a response to the loss of Na ions at the
anode. We observe that only the first plateau of the charge/discharge
cycle of NaCrO, is affected during the initial cycles as illustrated by the
black dashed arrow in Fig. 5b. The high voltage electrochemical activity
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Fig. 5. (a) Charge-discharge profiles at selected cycles of a NaCrO,|
Nay(B12H12)(B1oH10)[Sn full cell with a three-electrode configuration cycled at
0.1C and 30 °C, along with the corresponding profiles of the separated elec-
trodes vs. a Na/Na* reference electrode. The gray dashed are here to highlight
the absence of overpotential build-up (b) Effect of sodium loss on the compo-
sitional cycling range of the NaCrO, cathode. The black dashed arrow highlights
the change of the compositional range during cycling of NaCrO,.

remains nearly unaffected. Thus, because of sodium loss on the anode
side, NaCrOs cycles within a more restricted range of sodium content.

The significant difference in cycling stability observed between half
cells and full cells shows the importance and difficulty of electrode
balancing, a point that has rarely been discussed for all-solid-state bat-
teries [40]. Recently, this aspect was also emphasized for lithium metal
batteries which often use a largely oversized lithium metal anode which
masks the loss of active lithium during cycling and leads to artificially
long cycle life [42]. Generally, the underlying mechanism for the stable
or unstable cycling of ASSBs has various origins, linked to both the
electrochemical and mechanical stability of the electrode-electrolyte in-
terfaces [43]. With balanced electrodes the lack of an alkali ion reservoir
accentuates the fading mechanisms. In our case, the main mechanism for
the capacity fading is attributed to the poor kinetics and internal stresses
caused by the large volume expansion of the Sn anode upon sodium
insertion, similarly to what was observed for Si in all-solid-state lith-
ium-ion batteries [44].

3. Conclusion

In conclusion, our work demonstrates the particularly attractive
combination of properties exhibited by closo-borate-based electrolytes,
notably Nas(B12Hj2)(B1oH10). It can be crystallized directly from solution
into its highly conductive phase and thereby easily processed to infiltrate
porous composite NaCrO, cathodes and Sn metal anodes fabricated ac-
cording to established slurry-based protocols. Compared to a previous
study where only a coating layer was formed onto the cathode particles
by a solvent impregnation [35], the direct infiltration of crystalline
Nayg(B12H12)(B1gH19) into porous electrodes, demonstrated for both
cathode and anode materials, represents a significant step forward in
terms of device integration. All-solid-state half cells prepared with the
infiltrated electrodes can be cycled at room temperature and at high
current densities up to 4.5 mA cm2, due to the high ionic conductivity of
the solution processed electrolyte and the intimate ionic contacts. The
remarkable cycling stability of half cells with Na4(B12H12)(B1oH10) owes
to the excellent reductive stability of Nas(B12H12)(B1oH10)-
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Meanwhile, challenges remain to be solved to increase the cell
voltage towards 4 V, e.g., by increasing the oxidative stability of closo-
borate electrolytes, by developing protective cathode coatings or by the
use of multiple solid electrolyte materials in a single cell. Further work is
also required to understand and mitigate capacity fading in full cells with
balanced electrodes. Compared to all-solid-state batteries built with thick
electrodes fabricated by powder compaction [45], the method presented
herein will facilitate the adoption of all-solid-state batteries based on
closo-borates in industrial production requiring only minimal adaption of
the existing fab infrastructure thereby minimizing the investment risk [8,
12].

4. Materials and methods
4.1. Materials synthesis

NayBj2H12 and NagBjoH;o were purchased from Katchem. NayBioHi
was used as received, while NayBigH;¢ was first dried under vacuum
(<10 mbar) at 180 °C for 6 h. For a typical 1 g batch of
Na4(B12H12)(B10H10), 533.6 mg NayB12H1o and 466.4 mg NasyB1oH10
were dissolved in 20 mL anhydrous isopropanol (Sigma Aldrich). The
excess solvent was first removed with a rotary evaporator. The sample
was then further dried on a Schlenk line (<107 mbar) at 60 °C. The
obtained powder was finally heat treated at 180 °C for 4 h to yield
Nay(B12H12)(B1oH10) which was stored and handled in an argon filled
glovebox. NaCrO, was synthesized according to a previously reported
method [46]. CrpO3 (Sigma-Aldrich) and NayCO3 (Sigma-Aldrich) were
mixed in a mortar for 15 min. The resulting powder was then pelletized
and heat treated under argon atmosphere at 900 °C for 5 h. After the heat
treatment the sample was left to cool down naturally in argon and
transferred to an argon filled glovebox. The heat treated pellets were
finally ground and sieved to a particle size <100 pm. The Na-Sn alloy, in
a 3 to 1 M ratio, was prepared by grinding ~367.5 mg of Na with 632.5
mg of Sn with mortar and pestle in an argon filled glovebox until a dark
gray powder was obtained.

4.2. Materials characterization

IR spectra were acquired on Bruker Alpha FT-IR spectrometer
mounted with an ATR set-up. The spectra were measured under argon
atmosphere between 400 and 4000 cm™ with a resolution of 1 cm™. For
XRD measurements, the Nay(B15H;2)(B1oH19) powders and infiltrated
NaCrO- electrodes were covered with Be window and mounted on a
MiniFlex600 diffractometer (Rigaku Corp.). Cross sections of electrodes
were prepared by polishing at 4 kV for 5 h using Ar ion beam (JEOL, IB-
19510CP). The SEM images and EDXS elemental maps of infiltrated
NaCrO; electrodes were obtained using a JSM-7619FPlus (JEOL).

4.3. Electrode preparation

Porous composite electrodes were prepared by casting a slurry con-
sisting of active material powder, PVDF binder (KF1100, Kureah Inc.),
conductive carbon additives (Super P), and N-methyl-2-pyrrolidone
(NMP) solvent on an aluminum current collector, followed by drying at
120 °C in vacuum. NaCrO, cathodes with compositions of 95:2:3 and
97:1:2 (active material to binder to carbon ratio) and Sn metal (Sigma-
Aldrich, 10 pm, 99%) anodes with composition 90:5:5 were made. The
as-prepared electrodes were cut in smaller pieces and dipped for 10 min
in a solution containing an equimolar ratio of NayB12H;5 and NagB1oH;jo
dissolved in isopropanol at a concentration of 100 mg mL!. After dipping
for 10 min, the electrodes were left to dry overnight on a flat substrate in
ambient glovebox conditions. Excess solvent was finally removed by
heating the electrodes to 80 °C in argon, followed by heating to 180 °C
for 4 h in vacuum to crystallize the Na4(B;2H;2)(B10H10) electrolyte. We
note that because NaCrOs is sensitive to humidity, cathodes were entirely
prepared inside an argon filled glovebox while Sn metal anodes could be
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prepared in air before being transferred to the glovebox for the solid
electrolyte infiltration process. In addition, the infiltration process re-
quires evaluating the electrode mass loading prior to the electrolyte
infiltration. Generally, the mass loading of four punched 12 mm elec-
trode was evaluated and an average was taken as the mass loading of the
entire casted electrode. This may lead to some imprecision as stated in
the main text but we restricted our analysis to cells with an initial
discharge capacity within +5% of the theoretical.

4.4. Cell assembly and testing

All-solid-state NaCrOy or Sn/NBH/Na-Sn half cells were prepared by
the following procedure. The Na4(B12H12)(B1oH19) powders were cold-
pressed at 70 MPa, forming a solid-electrolyte layer. The infiltrated
NaCrO; or Sn electrodes and Na-Sn were put on the both side of solid-
electrolyte layer. Finally, assembled cells were pressed at 350 MPa in
polyether ether ketone (PEEK) mold with Ti metal as current collector.
The galvanostatic charge-discharge tests for half cells were carried out in
the voltage ranges of 2.10-3.35 V (vs. Na/Na') for NaCrO, and
0.01-2.00 V (vs. Na/Na™) for Sn electrodes at 30 °C. For all-solid-state
full cells, infiltrated NaCrO, and Sn electrodes were put on the both
side of a Nay4(B1oHj2)(B1gHi1g) solid electrolyte layer, followed by
pressing at 350 MPa and cycled between 1.5 and 3.3 V at 30 °C. All-solid-
state three-electrode cells were fabricated by the same procedure in our
previous report [38]. The NaCrOs/Na4(B12H12)(B1oH10)/Sn full cells
were pressed at 350 MPa. Then, additional SE layers (50 mg of
Nay(B12H12)(B1gH10)) and Na metal as the reference electrode were put
on top of the NaCrOz, electrode, followed by pressing at 70 MPa. A small
piece of Al current collector of the NaCrO; electrode was carefully peeled
off in order to ionically connect the Na metal and the NaCrO; electrode
through the Na4(B12H12)(B1gH10) layer. The resulting three-electrode
cell configuration is a Na/Na4(B12H12)(B1oH10)/NaCrOy/Nas(B12Hi2)
(B1oH10)/Sn. The liquid-electrolyte cells using Na metal counter elec-
trodes were tested using 2032-type coin cells. The 1 M NaClOy4 in pro-
pylene carbonate (PC) was used as the liquid electrolyte and glass fiber
sheet was used as the separator.
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