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Abstract

Hydroborate solid electrolytes are attracting increasing attention as alternatives to argyrodite
electrolytes for all-solid-state lithium and sodium batteries. In this work, we first summarize recent
progress in mixed-anion closo-hydroborate and closo-hydrocarborate electrolytes and derive
criteria to select anion compositions that balance ionic conductivity, electrochemical stability, and
interface compatibility. Building on a diffusion-limited interphase growth model, we quantitatively
compare the interface resistance growth rate of Li;(CB;H;;),(CByH() and LigPSsCl in contact
with lithium metal, lithiated silicon, and delithiated NMCS811 obtained by monitoring impedance
as a function of time using electrochemical impedance spectroscopy. Despite its lower reductive
stability, the hydroborate exhibits substantially slower interface resistance buildup in contact with
lithium metal than the argyrodite, emphasizing that the transport properties of the solid electrolyte
interphase, rather than the bulk electrolyte stability alone, govern long-term interfacial degradation.
In contact with lithiated silicon, both electrolytes show markedly slower resistance growth, with
the hydroborate showing higher stability than the argyrodite. In contact with delithiated NMC811,
both electrolytes do not show any resistance growth at an open-circuit potential of 3.8 V vs Li/Li".
At4.1 Vs Li/Li*, the hydroborate electrolyte shows resistance growth due to electrolyte oxidation,
despite its higher oxidative stability compared to the argyrodite, which shows no resistance growth
at this potential. The cell resistance is dominated by the interface resistance at the cathode
highlighting the importance of protective coatings to prevent electrolyte oxidation. Our findings
highlight closo-hydroborates and closo-carborates as promising electrolytes for high-energy solid-
state lithium and sodium batteries and underline the critical importance of tailoring interphase
composition and transport to unlock their full potential.
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Introduction

All-solid-state batteries are widely regarded as a transformative technology for electric vehicles
and aviation, promising higher energy density and superior safety. Expectations for their disruptive
impact have therefore been immense, yet deployment in vehicles has lagged behind these
ambitions, because the key bottlenecks, interfacial stability and chemo-mechanical robustness,
have only recently begun to be addressed systematically.

Argyrodite electrolytes such as LigPSsCl are considered prime candidates for all-solid-state
batteries due to their high ionic conductivity, sufficient deformability, and compatibility with
scalable processing routes.!: > Early demonstrations of solid-state batteries with argyrodites
positioned them as benchmark materials against which emerging solid electrolytes can be
compared.?

Hydroborates represent a promising, yet underexplored, class of electrolytes for all-solid-state
batteries combining high ionic conductivity with a wide electrochemical stability window and
favorable mechanical properties.* They typically possess low density comparable to liquid
electrolytes enabling all-solid-state batteries with high specific energy.’> Figure 1 compares the
lithium-ion conductivity, the electrochemical stability window, and the density of the hydroborate
Li3(CB;1H2)2(CBgHy) (green) and the argyrodite LigPS;Cl (purple).
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Figure 1: a) lithium-ion conductivity, b) electrochemical stability window, and (c) density of
hydroborate Li;(CB;H;5),(CBoH ) (green) and argyrodite LizPSsCl (purple) © 68

Recent studies have successfully demonstrated the integration of hydroborates with 4 V-class
intercalation cathode materials such as LiNiygMn, ;Coy 10, (NMC811) ¢ and Na3z(VOPO,),F ° as
positive electrodes enabling stable cycling to potentials up to 4.2 V vs. Li*/Li or Na*/Na.
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Integration with low-voltage intercalation cathodes including TiS,,'!> LiFePQ,,'* NaCrO;,'4 13
and conversion cathodes such as sulfur!® was also demonstrated.

On the anode side, both lithium metal and sodium metal have been integrated as negative electrodes
in hydroborate-based solid-state batteries.® % 1617 While stable long-term cycling with minimal
capacity fading was demonstrated for positive electrodes against In/Li and Sn/Na alloy anodes,5 13
cycle life against alkali metal anodes remains limited by their tendency to form dendrites. Recently,
we showed that silicon-hydroborate nanocomposite electrodes enable stable cycling at high areal
capacity of up to 3 mAh cm? with a remarkably slow interface resistance growth, demonstrating
the feasibility of integrating silicon as a high-capacity negative conversion electrode in
hydroborate-based solid-state batteries.'®

In this study, we build on these recent developments to examine mixed-anion closo-hydroborate
and closo-hydrocarborate electrolytes from a broader materials design perspective. We highlight
structure—property relationships that help identify anion combinations that promote simultaneously
high ionic conductivity and high interface stability. Furthermore, Li3;(CB;;H;,),(CBgH;¢) is
benchmarked quantitatively against LigPSsCl in terms of interface resistance growth rate in contact
with lithium metal, lithiated silicon, and delithiated NMC811, to elucidate how hydroborates differ
from argyrodites in their interfacial behavior and to pinpoint the most promising directions for
further performance improvements.

Design principles for mixed-anion hydroborate and hydrocarborate electrolytes

Hydroborates are salts containing complex anions composed of covalently bonded boron and
hydrogen atoms. Of particular interest for solid-state batteries are closo-hydroborates (or more
specifically closo-hydridoborates), in which the boron atoms occupy the vertices of a polyhedron
and are passivated by hydrogen atoms. The most stable anions are the doubly charged dodeca-
hydroborate anion Bj;H;,? and the deca-hydroborate anion BjoHo?> shown in Figure 2a and b.
Related closo-hydrocarborates (or closo-carba-hydridoborates) have the same polyhedral structure,
but with one of the boron atoms replaced by a carbon atom, resulting in the singly charged CB;H;,"
I'and CBgH ¢! anions shown in Figure 2¢ and d.
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CByqHqy CBgHqo”

Figure 2: Atomic structure of the doubly charged hydroborate (a,b) and singly charged
hydrocarborate (c,d) anions. B;;H ;> is built from twelve symmetry-equivalent boron atoms,
while B;oH,y’~ has two distinct apical boron atoms and eight equatorial boron atoms.
Consequently, the CBoH ¢ exists as two isomers, differing in the location of the carbon atom. The
structure shown in (c) is the isomer with the carbon atom occupying an apical vertex.

At room temperature the corresponding lithium and sodium salts are in an ordered low-symmetry
phase in which anions only possess librational degrees of freedom resulting in low cation
conductivities < 10 S em™.!” Upon heating, the salts undergo a first-order phase transition to a
high-symmetry phase in which the anions are orientationally disordered and rotate freely thereby
promoting cation conductivities reaching values on the order of 10! S cm! at high temperature.*
20 The transition temperature increases in the following sequence CBoHo!, CB{H;5>!, BioH o2,
Bi,H ;%2 showing a marked hysteresis between heating and cooling.?! Ball milling was shown to
be capable of suppressing this phase transition, resulting in cation conductivities of several 103 S
cm! at room temperature.?> There are, however, indications that the structural modifications
induced by ball milling are not fully stable. Upon thermal annealing, the material gradually reverts
toward its original structure accompanied by a corresponding decrease in conductivity.

Persistent cation conductivities of several 103 S cm-! at room temperature can be achieved by
stabilizing the high-symmetry phases via mixing of different anions into a solid solution.
Combining Li,B,H;, and Li,B;¢H;, into Li4B;,H,B¢H;( results in a cation conductivity of 4 10-
4 S cm! 13 at room temperature which increases to 9 10* S cm™! for NayB,H ;B oHjo.!7 The
increase in conductivity when going from lithium to sodium is typical and can be explained with
the larger size of the sodium cation resulting in lower electrostatic attraction between anions and
cations. Electrostatic attraction between anions and cations can be further lowered by replacing
doubly charged hydroborate anions by singly charged hydrocarborate anions. Li,CB;;H;,CByH¢
exhibits a cation conductivity of 2 10 S cm™! at room temperature® which increases to up to 7 10
2 S cm! for Nay,CB;H;;,CBgHj(.2> Mixtures of doubly charged hydroborate anions and singly
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charged hydrocarborate anions such as Na;CB;;H;,B,H;, were also explored resulting in a cation
conductivity of 2 10 S cm™!.24

Cation conductivity is an important criterion but equally important is the electrochemical stability.
Oxidative stability increases in the following sequence BjgH o2, CBoH ¢!, BjpH 52, CBy Hy ! 613
resulting in the highest oxidative stability for Li;CB;H,B,H;, and Na;CB;;H,B|,H,,. Oxidative
stability can be promoted further kinetically, by moving away from an equimolar ratio using a
combination of anions rich in the more stable anion such as Li3(CB;H;,),CB;H,® and
Nay(CB;;H1,),B,H;,’ enabling the integration of 4 V-class cathodes such as coated NMC811 and
Na3(VOPOy),F. In the lithium case, the combination of two singly charged anions is preferred to
maintain a lithium-ion conductivity at 1-2 10> S cm’!, while the lower electrostatic attraction in
the sodium case enables the use of a combination of a single charged anion with a doubly charged
anion while maintaining a sodium-ion conductivity at 1-2 103 S cm™!. An additional increase in
oxidative stability is critical for high-voltage sodium-ion batteries due to the ~300 mV difference
between the redox potentials of Li/Li* and Na/Na*. Oxidation products forming in contact with a
delihiated/desodiated cathode as predicted by density functional theory include oligomerized
hydroborate anions, e.g., two or three Bi,H;,> oligomerized into a Li;ByH,; dimer or LiyB3sHzy
trimer, respectively. The dimer and trimer have a significantly higher predicted oxidative stability
than the monomer ion, albeit with a lower reductive stability.?> Note that in the case of Li3;BysHj;3
and Li4B3¢H34, which are built from two and three hydrogen sharing B,H;,?- anions, respectively,
a fractional charge of 3/2 e and 4/3 e is contributed by each subunit of the dimer and trimer,
respectively. Continuing this series, the charge thus reduces with (n+1)/n with n the number of
anions reaching a charge of 1 e in the limit of infinite oligomer lengths. In principle, the resulting
lowered electrostatic attraction favors higher cation conductivity. However, in parallel,
oligomerization reduces the rotational degrees of freedom of the constituting anions, which is
expected to be detrimental to cation conductivity. Anion mixing of oligomers with monomers
offers a strategy to identify the optimum combination and indeed a cation conductivity of 1 mS cm-
' was demonstrated for the mixed-anion compound Na;gB3sH34(B12H12)7,2° composed of one trimer
and seven monomers per formula unit.

The reductive stability increases in the following sequence CBoH;y!, CBH;5!, BigH o2, BioHio
2 7 resulting in the highest reductive stability for equimolar mixtures with Li;B1,H;,B;oH;o and
NayB,H,BoH9, which happen to be the most lithiated and sodiated binary mixed-anion
compounds, respectively. However, while relatively stable cycling in contact with lithium and
sodium metal anodes at current densities on the order of 0.1 mA cm over extended periods of time
is possible,'® 17 time-dependent electrochemical impedance spectroscopy shows that these
electrolytes get reduced, as shown previously for Li;(CB1;H;,),CBoHjo.” In the spirit of the
approach described above, compounds with higher reductive stability may be obtained kinetically,
by using a combination of anions rich in the more stable anion, e.g., Lig(B;2H2),B10H;o. However,
for this compound, the conductivity drops significantly compared to the equimolar mixture.'3
Reduction products predicted by density functional theory include LiB, LiH, and, if
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hydrocarborates are involved, LiBH4 as well as various Li,B,C, compounds.” Stability trends are
summarized in Table 1.

Transition temperature CB()HlO'] < CB“HIZ—I < B10H10'2 < B]2H12_2
Oxidative Stablllty B10H10_2 < CBngo_l < B12H12_2 < CBHHIZ_I
Reductive Stablllty CB()HlO'] < CB“HIZ—I < B10H10'2 < B]2H12_2

Table 1: Qualitative ranking of different stability criteria for selected closo-hydroborate and
closo-hydrocarborate anions including the transition temperature from the low-temperature low-
symmetry phase to the high-temperature high-symmetry phase, the oxidative stability, and the
reductive stability of the corresponding lithium and sodium salts.

Kinetics of solid electrolyte interphase growth

While it is important to consider the thermodynamic stability of solid electrolytes, the
technologically relevant question is how rapidly the corresponding solid electrolyte interphases
grow when in contact with electrodes. The chemical interface resistance growth is typically limited
by diffusion such that interface resistance as measured by electrochemical impedance spectroscopy
grows linearly with the square root of time. It is not a priori clear if the transport of lithium ions,
or electrons, or the diffusion of lithium atoms is at the origin of the diffusion limitation.?’- 2 Figure
3a compares the interfacial resistance growth rate given in units of Q cm? h?%5 of
Li;(CBH3),CBgH; and LigPS;Cl in contact with lithium metal. What is interesting here is that
despite the 300 mV lower reductive stability of Liz(CB;;H;,),CBgH; vs LigPS;Cl (see Figure 1b),
the hydroborate shows an almost 5x lower interface resistance growth rate than the argyrodite. The
same trend is also observed in contact with delithiated silicon (Li3Si), albeit with a 10x lower
growth rate for both electrolytes as shown in Figure 3b indicating that the transport properties of
the solid electrolyte interphase rather than the thermodynamic stability govern interface stability.
The 10x lower growth rate in contact with Li3Si compared to lithium metal is attributed to the lower
chemical potential of lithium in Li;Si, reducing the driving force for transport of lithium ions and
electrons across the interphase, as detailed in the Wagner-type model for interphase growth.?’
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Figure 3. Interface resistance growth rate of hydroborate Lis(CB;;H;5),(CBoH ) (green) and

argyrodite LisPS5sCl (purple) in contact with a) lithium metal %" and b) lithiated silicon (Li;Si)
18,29

When the electronic conductivity of the solid electrolyte interphase is negligible compared to the
ionic conductivity, the interface resistance grows proportional to the square root of the electronic
conductivity and the inverse of the ionic conductivity.?’ Both electrolytes possess roughly the same
lithium-ion conductivity on the order of 1-2 10 S cm! (see Figure 1a). For the argyrodite-derived
solid electrolyte interphase, the electronic conductivity was estimated at 3 107! S cm™' and the
ionic conductivity at 1.3 107 S cm™! by synthesizing and characterizing solid electrolyte interphase
material in bulk form.3? In order to make a valid statement, the ex-situ synthesized solid electrolyte
interphase material needs to have comparable composition and structure to the in-situ formed
interphase material, which still needs to be determined in detail for hydroborates. Therefore,
corresponding values for the hydroborate-derived solid electrolyte interphase have not yet been
reported. A lower electronic conductivity and/or higher ionic conductivity of the hydroborate-
derived solid electrolyte interphase compared to the argyrodite-derived solid electrolyte interphase
would explain the slower interfacial resistance growth observed for the hydroborate in contact with
lithium metal and lithiated silicon.

Figure 4 shows the corresponding interface resistance growth values for Li;(CB;H;,),CByH;( and
LigPSsCl in contact with partially delithiated uncoated and coated NMC811, at an open-circuit
potential of 4.1 V vs Li/Li* (after delithiation of 185 mAh gywvc'). This potential is outside the
stability window of both electrolytes (see again Figure 1b). However, only the hydroborate
composite electrode shows interface resistance growth despite the higher oxidative stability, while
the argyrodite composite electrode appears to offer sufficient interface passivation to prevent
resistance growth at this potential. For the hydroborate, the interface resistance growth rate can be
reduced from 25 to 11 Q cm? h"%3 by applying a TiO,-Li,COj; coating on the NMC811 particles,
indicating that the NMC811-hydroborate interface may be stabilized as well in the future by
developing optimized protective coatings.
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Figure 4. Interface resistance growth rate of hydroborate Li;(CB;;H;5),(CBoH ) (green) and

argyrodite LigPSsCl (purple) in contact with partially delithiated (a) uncoated and (b) coated

NMCS811. The evolution of the impedance spectra over time and the corresponding fits using
equivalent circuits models are provided in Figures S1-S10.

Notably, at an open-circuit potential of 3.8 V vs Li/Li* (after delithiation to 120 mAh gxwc!), the
hydroborate-NMCS811 composite electrodes do not show any interface resistance growth (Figure
S1), which is expected based on the oxidative stability limit of 3.9 V vs Li/Li" determined
previously.®

Implications for cell design

Figure 5 summarizes the implications for solid-state battery design. Figures 5a and 5b illustrate the
evolution of the interface resistance over a period of 365 days, extrapolating from the impedance
measurements performed over ~100 hours. While diffusion may no longer be rate limiting at this
timescale, the extrapolation is still useful to discuss long-term implications. The interface resistance
does not typically extrapolate to zero at the beginning of the experiment due to an initial interface
resistance which depends on the initial contact area, the applied stack pressure, temperature, and
other parameters. The interface resistance of Li;(CB;H;,),CB9H;o and LigPS;sCl in contact with
lithium metal reaches 100 and 360 Q cm?, respectively, after 365 days. In contact with lithiated
silicon, the interface resistance reduces by a factor of 10. Meanwhile, the interface resistance of
Li3(CB1H;»),CB9H| in contact with delithiated NMC811 reaches 950 Q cm? after 365 days even
with the protective coating. This highlights the need to develop improved coatings to prevent
hydroborate electrolyte oxidation. While our measurements show negligible interface resistance
growth for LigPSsCl in contact with delithiated NMC811, similar protective coatings are necessary
for argyrodites as well, to enable operation of NMC811 electrodes at 4.2 V vs Li/Li* and above.!
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Figure 5: Time evolution of interface resistance calculated for hydroborate
Li3(CB;;H,5)2(CBgH ) (green) and argyrodite LigPSsCI (purple) in contact with (a) lithium
metal and lithiated silicon, and (b) with delithiated uncoated and coated NMC811 at an open-
circuit potential of 4.1 V vs Li/Li*. (c) Voltage vs capacity curve of a NMCS811 vs Li cell and
impact of upper cut-off potential on maximum achievable discharge capacity.

When a cell is operated at 1 mA cm2, a bulk or interface resistance contribution of 100 Q cm?
causes a voltage drop of 100 mV. For a NMCS811 vs Li cell cycled to an upper cut-off voltage of
4.3 V, this corresponds to a reduction in maximum achievable discharge capacity of about 10% as
shown in Figure 5c and consequently also a 10% reduction in stored energy because the upper cut-
off voltage is reached earlier leaving the upper state-of-charge window unused. If the cell resistance
increases to 400 Q cm?, a corresponding voltage drop of 400 mV reduces the maximum achievable
discharge capacity by about 40%, which is no longer acceptable. From this analysis, we consider
that 100 ©Q cm? represents a practical upper limit for the cell resistance, which should not be
exceeded. The contribution of the interface resistance on the negative and positive electrode and
the bulk resistance due to lithium-ion transport across the electrode(s) are in series and therefore
add up to the overall cell resistance. For an electrolyte with a lithium-ion conductivity of 2 mS cm-
I, lithium-ion transport across a 100 um thick composite electrode with an electrolyte to active
electrode material volume ratio of 0.3 and a tortuosity of 1.5 accounts already for 25 Q cm?. For a
NMCS811/LigPS5Cl/LisSi cell, the cathode and anode solid electrolyte interphase add another 40 Q
cm? each after 365 days. Summing these contributions results in a value slightly above 100 Q cm?.
For a NMC811/Li;(CB1H1,),CBogH;(/Li3Si cell, the cathode electrolyte interphase dominates and
contributes ~950 Q c¢cm? while the anode electrolyte interphase adds only 10 Q cm?. Our results
highlight the importance of protective coatings for hydroborates to prevent electrolyte oxidation.
Nevertheless, coated NMC811 embedded in Li;(CB;1H;,),CBgH;( cycled at C/2 to an upper cut-
off potential of 4.2 V vs Li/Li* demonstrated already 70% capacity retention after 1000 cycles (167
days) and 54% after 2000 cycles (333 days) indicating that galvanostatic cycling conditions, for
which the cell spends only 17% of its time above the oxidative stability limit, enable extended
cycling stability.® Further studies are necessary to understand how the potentiostatic interface
growth rates discussed here correlate with dis-/charge cycling results under different cycling
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conditions, which are subject to additional impedance growth due to contact loss caused by volume
changes and particle cracking of the active materials during cycling.

Conclusion

Our analysis confirms mixed-anion hydroborate electrolytes as strong contenders for all-solid-state
batteries. Despite the lower reductive stability, Li;(CB;;H;;),CByH;, forms interphases on the
anode side that grow more slowly than those of LigPSsCl, in contact with both lithium metal and
lithiated silicon, underscoring that the transport properties of the interphases, rather than bulk
thermodynamics, control long-term stability. Conversely, despite the higher oxidative stability of
Li;(CB;H3),CBoH;¢ compared to LigPSsCl and the ability to form oligomers upon oxidation with
even higher oxidative stability, the interface resistance growth in contact with delithiated NMC811
is faster for hydroborates than for argyrodites, highlighting the importance of protective coatings
to prevent electrolyte oxidation. Their superior interphase stability on the anode side positions
closo-hydroborates as a serious competitor to argyrodites with the potential to enable long-lasting,
high-energy all-solid-state batteries.

Supporting information

The evolution of the impedance spectra over time and the corresponding fits using equivalent
circuits models are provided in Figures S1-S10. Materials preparation and cell assembly is
described in detail in the Methods section.
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