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a b s t r a c t

Composite electrolytes with higher conductivities have been widely studied, aiming at application to
advanced all-solid-state batteries with good safety and high energy density. Most composite electrolytes
are prepared via physical blend of electrolyte precursors or modification/doping/reaction based on one of
them, which may confine people's scope for the further development of advanced solid electrolytes.
Herein, we first prepare composite electrolytes via sophisticated design of chemical reaction without
using any electrolyte precursors. Chemical reaction between NaNH2 and B10H14 is successfully used to
synthesize NaBH4-Na2B12H12 composite electrolyte with special core-shell structure. Importantly, the
NaBH4-Na2B12H12 composite electrolyte synthesized via electrolyte precursorefree approach exhibits a
high ionic conductivity of 1 � 10�4 S/cm at 373 K-over 1 (or 4) magnitude higher than the bulk Na2B12H12

(or NaBH4) and excellent electrochemical stability up to 5 V (vs. Naþ/Na). All-solid-state Na-ion battery
using the as-synthesized composite electrolyte can reversibly work more than 100 cycles with capacity
retention of 75.4 mAh/g at 348 K and 0.1�C. This work sheds new lights on the preparation of more
advanced composite electrolytes.

© 2023 Published by Elsevier Ltd.

1. Introduction

With the broader application of lithium-ion batteries, their low
operational safety deriving from using flammable organic liquid
electrolytes has been arousing more and more vigilance from all
over the world. Rechargeable all-solid-state battery with high
safety and energy density is suggested as an effective solution to
the issues of traditional batteries using liquid electrolytes. The
remarkable difference between all-solid-state batteries and tradi-
tional batteries is the former adopts solid electrolytes, whereas the
latter adopts liquid ones; therefore, the properties of solid

electrolytes play an important role in the performance of as-
assembled all-solid-state batteries.

Usually, solid electrolytes have room temperature conductivities
far less than that of liquid electrolytes at the magnitude of 0.01 S/
cm, which hampers the practical application for all-solid-state
batteries [1e4]. In recent years, sulfides and oxides electrolytes
with high ionic conductivities comparable to those of liquid elec-
trolytes have been successively reported; nevertheless, their sta-
bilities or poor interfacial contact are encountering challenges
[5e10]. A new type of stable solid electrolyte-complex hydrides,
owning favorable mechanical properties and high conductivities
above their phase transition temperatures, are one of the most
promising solid electrolyte materials if their high-temperature
phases can be stabilized at relatively low temperature [4,11e13].

To obtain electrolyte materials with both outstanding conduc-
tivity and stability for all-solid-state battery application, prepara-
tion of composite electrolytes is becoming a very important and
popular approach. Many kinds of composite electrolytes have been
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prepared, and they can be easily divided into two categories:
inorganic-organic composite electrolytes such as PEO-NaPF6 [14],
TiO2-PEO-NaClO4 [15], NASICON-PVdF-HFP-ether [16]; and
inorganic-inorganic composite electrolytes such as LiBH4-P2S5 [13],
LiBH4-LiCl [17], LiBH4-SiO2 [18], Na3PS4-Na4SiS4 [19], Li3PS4-LiI [20],
Na3NH2B12H12

21, Li/NaCB9H10-Li/NaCB11B12 [22], conjuncto-
hydroborate [23e29], Li7La3Zr2O12 [2], NASICON [30e33], and
others [34e37]. Traditional preparation method of these composite
electrolytes can be simply depicted using equation (1):

A þ B/AB (1)

In mode (1), composite electrolytes are usually obtained by
physical blend of electrolyte precursors A and B (e.g. LiBH4-LiCl and
Na2B10H10-Na2B12H12) or decoration of precursor A using B as ad-
ditive/dopant/modifier (e.g. PEO-NaPF6 and LiBH4eSiO2) followed
by sintering at appropriate temperatures. Many of them exhibit
optimized performance, and more and more similar research using
the same strategy are reported, which may result in confining the
further development of composite electrolytes. The notable char-
acter of mode (1) is that no valence change happens during com-
posite electrolytes (AB) preparation processes and the electrolyte
precursor units still exist in AB.

Composite electrolytes are so widely used in batteries; one may
ask, “Whether there is another alternative strategy for composite
electrolytes preparation?” It triggers us to investigate the possi-
bility to prepare composite electrolytes via a completely novel
approach, that is, synthesis via sophisticated design of chemical
reaction. To distinguish it frommode (1), it is simply depicted using
equation (2) as follows:

C þ D/AB (2)

In mode (2), valence states of partial elements change during
the formation process of AB from non-precursor compounds C and
D. The comparison of mode (1) and (2) is shown in Fig. 1; the colors

represent different materials, and the shapes describe their distri-
bution state. By the comprehensive consideration of cost (Na is
much cheaper than Li), stability, ionic conductivity, and large-scale
energy storage, as a case study, Na2B12H12 was finally chosen as B
for its outstanding performance in composite electrolytes
[4,23e25,38]. To design reaction (2), it is expected that A has
certain similarity to B for both A and B are transformed from C and
D; and A is preferable to be the precursor of B and can in situ react
with C or D to produce B. If either condition is fulfilled, reaction (2)
can be well designed. Inspired by the solid reaction between
M(BH4)n (n is the valence of metal M) and B10H14 for M2/nB12H12

synthesis [39e42] and the high conductivity of Na3BH4B12H12

[23,38] and Na3NH2B12H12 [21] composite electrolytes, A is set as
NaBH4 and D as B10H14. C should be the material, which can react
with B10H14 to produce NaBH4; based on the reported literature
[43], NaNH2 with relatively fine safety and low cost was eventually
adopted for the case study. Because both NaBH4 and Na2B12H12 are
the reaction products of NaNH2 and B10H14, moreover, NaBH4 will
further form Na2B12H12 under the reaction with B10H14, and the
composite electrolytes NaBH4-Na2B12H12 with higher ionic con-
ductivity are hopeful to be synthesized via simple adjustment of
the stoichiometric ratio of NaNH2:B10H14.

2. Experimental

Commercial B10H14 (98%; 3B Scientific) and NaNH2 (99%; Ther-
moFisher Scientific) were purchased and stored in Ar glove box for
direct experimental use. Reactants NaNH2 and B10H14 were
weighed according to different stoichiometric ratios and then
milled using pestle and agate mortar for 30 min at room temper-
ature under 1 atm Ar pressure to form uniform mixtures. Subse-
quently, the uniform mixtures were put into (~2.8 cm3) stainless
steel crucibles for heat treatment with different reaction temper-
atures and times. The products after heat treatment were collected
for analysis, and all the sample preparation was conducted in Ar
glove box.

Fig. 1. Schematic illustration of composite electrolytes AB prepared via traditional method and electrolyte precursorefree chemical reaction (A ¼ precursor 1; B ¼ precursor 2 or
additive/dopant/modifier; C ¼ non-precursor compound 1; D ¼ non-precursor compound 2).
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Rigaku SmartLab X-ray diffractometer with Cu-Ka radiation
(l¼ 1.5418 Å) was used to collect the X-ray diffraction patterns, and
accelerating voltage/tube current was set as 45 kV/200 mA.

The samples were smoothly placed in quartz glass plate fol-
lowed by sealing using Scotch tape in Ar glove box to prohibit air
contamination during measurement process. Raman spectra were
collected using a 532 nm of laser wavelength on Horiba Raman
Spectrometer. To well exhibit all the B-H vibrations, the wave-
number range was set as 100e4,000 cm.

Solid-state 11B MAS NMR spectra were obtained from a Bruker
Advance 500 MHz spectrometer using a MAS probe of 4 mmwith a
magnet of 11.7 T. The 11B nuclei spectral frequency was set as
160.50. An 8 kHz of single pulse (0.5 ms-p/12) 11B MAS NMR
experiment was performed with strong 1H decoupling. NMR shifts
are referenced to BF3�Et2O (d ¼ 0.00 ppm) as standard sample for
11B NMR. The samples were put into a ZrO2 rotor (4 mm diameter)
and sealed with airtight Kel-F cap in Ar glove box. Dry N2 was used
for sample spinning. PeakFit 4.12 software with a Gaussian
response function was used to perform the peak deconvolution of
11B MAS NMR curves, and the related coefficient (r2) is higher than
0.99.

The ionic conductivity was collected using electrochemical
impedance spectroscopy. The sample was tablet compressed into a
1 mm/8 mm (thickness/diameter) pellet at 20 MPa for 12 h. Nine-
micrometer thickness of Cu foils were adopted as electrodes, and
they were mechanically pasted on two sides of the pellet in 2025
coin cell. Zahner-Elektrik IM6ex electrochemistry workstation was
used to collect impedance plots, and the frequency range was set as
1 Hz to 1 � 106 Hz.

Cyclic voltammetry (CV) was completed on Zahner-Elektrik
IM6ex electrochemistry workstation, and the scanning rate and
voltage range were set as 10 mV/s and �1 V to 5 V. The electrolyte
powder was vertically pressed into 35 MPa for 12 h in an 8 mm die
(diameter). The as-prepared pellet was used as solid electrolyte,
and Pt and Na were used as positive and negative electrodes,
respectively. They were sealed into an airtight coin cell for CV
analysis.

The property of all-solid-state battery was measured with
Neware battery test system via galvanostatic charge/discharge
measurements at 348 K and 1.0 to ~2.5 V (vs. Naþ/Na). TiS2 is mixed
with 1.43:1-HT in a 60:40 wt% ratio by hand milling for 0.5 h to
prepare TiS2/1.43:1-HT powder. Then the TiS2/1.43:1-HT powder
was adopted as mixture cathode and pressed together with 1.43:1-
HT solid electrolyte powder at 35 MPa for 12 h to fabricate a
composite pellet with electrolyte and positive electrode. Na foil was
then pasted to the produced pellet as negative electrode, and they
were sealed into a 2025 coin cell tomake TiS2/1.43:1-HT | 1.43:1-HT
| Na battery for battery property analysis.

3. Results and discussion

Electrolyte synthesis is based on the chemical reaction as illus-
trated in Fig. 1(2) and follows the reaction paths (3) and (4) as
previously reported [43].

5NaNH2 þ B10H14/ 5NaBH4 þ 5BN þ 2H2 (3)

10NaNH2 þ 7B10H14/ 5Na2B12H12 þ 10BN þ 29H2

(1.43NaNH2 þ B10H14) (4)

Nevertheless, neither Equation (3) nor Equation (4) indepen-
dently occurs because the produced NaBH4 simultaneously reacts
with B10H14 to form Na2B12H12.as described in Equation (5) [39]:

2NaBH4 þ B10H14/ Na2B12H12 þ 5H2 (5)

This special reaction property between NaNH2 and B10H14 is
harmful for synthesizing NaBH4 or Na2B12H12 with highest purity
but facilitates to prepare a series of NaBH4-Na2B12H12 co-existing
composite electrolytes. The mol ratio of NaBH4:Na2B12H12 can be
easily manipulated by adjustment of relative mol amount of
starting materials of NaNH2 and B10H14. With peak fitting of [11]B
MAS NMR spectra (Fig. S1), the mol ratio change of NaBH4 to
Na2B12H12 as a function of relative mol ratio (x:1) of NaNH2:B10H14

is shown in Fig. 2.
It is shown that the sintered 5NaNH2þB10H14 sample (x ¼ 5,

marked as 5:1-HT, similarly hereinafter) results in 38.36:1 of NaBH4

to Na2B12H12 [43], and with the increase of B10H14 content, the mol
ratio of NaBH4 to Na2B12H12 monotonously decreases, which in-
dicates the second step reaction of B10H14 for Na2B12H12 production
via Equation (5). In 2:1-HT and 1.43:1-HT samples, the mol ratios of
NaBH4 to Na2B12H12 are 5.22:1 and 1.96:1, respectively (Table S1). In
1:1-HT sample, the content of Na2B12H12 reaches highest, and the
mol ratio of NaBH4 to Na2B12H12 is as low as 1.09:1 [43]. The
interesting change tendency of relative content of NaBH4 to
Na2B12H12 triggers us to investigate the conductive behaviors of a
series of NaBH4-Na2B12H12 composite electrolytes synthesized by
chemical reaction of xNaNH2þB10H14.

The temperature dependencies of ionic conductivity (s) of a
series of samples prepared by sintering xNaNH2þB10H14 are shown
in Fig. 3. Alternating current (AC) impedance measurements in a
frequency range of 1 Hz to 1 MHz and temperature range of
273 Ke373 K were adopted (Fig. S2). The conductivities of syn-
thesized samples varied greatly with the change of x. When x is 0.5,
the s is about two orders of magnitude lower than that of
Na2B12H12, which is attributed to the harmful influence of excess
B10H14 on the conductivity of produced Na2B12H12 [43]. While x
becomes 5, the main products are NaBH4 and BN (Fig. S3a and b),
and the s is more than one order of magnitude higher than that of
bulk NaBH4 [44], whichmeans the introduction of BNmay facilitate
to improve the conductivity of NaBH4. Both 1:1-HT and 2:1-HT
samples exhibit conductivities several times higher than that of
Na2B12H12. Particularly, 1.43:1-HT sample is found to present the
highest conductivity, and it is around one order of magnitude
higher than that of Na2B12H12 and reaches 1.2 � 10�6 and
1 � 10�4 S/cm at 298 and 373 K, respectively.

To understand the behaviors of Naþ ion conductivity, 5:1-HTand
1.43:1-HT samples as representatives were collected for X-ray
diffraction analysis (XRD), Raman, and transmission electron mi-
croscopy (TEM) measurements, as shown in Figs. S3 and S4. In
Fig. S3, XRD indicates the main formation of NaBH4, and Raman
indicates strong vibration peaks of BN and NaBH4, whichmeans the
amorphous morphology of produced BN [45]. TEM images of 5:1-
HT indicate spherical particles of formed NaBH4-BN composite

Fig. 2. The change tendency of relative proportion (mol%) of NaBH4 and Na2B12H12 as a
function of x (x represents the mol ratio value of starting materials NaNH2:B10H14,
573 K for 10 h) [43].
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with ca. 200e350 nm size (Fig. S3c). With greater magnification,
lattice fringewith 0.35 nm of width fromNaBH4 (111) (Fig. S3f) with
different growth directions (Fig. S3d and e) and amorphous BN can
be clearly observed, which support the XRD and Raman results and
reveal the elevated conductivity is derived from the formation of
glass phase of NaBH4 dispersed in amorphous BN, as the formation
of glass phases was reported to facilitate ionic conductivity [5,46].
In Fig. 4, XRD shows apparent diffraction signals of NaBH4 and
Na2B12H12, whereas Raman only shows the vibration peaks of
Na2B12H12, which implies Na2B12H12 may distribute on the surface
of NaBH4 and the signal of NaBH4 inside is shielded by Na2B12H12

[43]. TEM images of 1.43:1-HT indicate spherical particles with
special core-shell structure with a core diameter of 117 nm and
shell diameter of 160 nm (Fig. 4c). The result is in accordance with
the XRD and Raman analysis and confirmed the speculation that
the external part of sphere is Na2B12H12 and the internal part is
NaBH4. With greater magnification, the core shows amorphous
morphology with ambiguous lattice fringes similar to sample 5:1-
HT, whereas the shell shows obviously larger lattice fringes with
0.436 nm width originated from Na2B12H12 (111). The observation
further confirms the two-step reaction of Equation (4) via Equa-
tions (3) and (5). The excess B10H14 further reacts with as-formed
NaBH4 sphere on its surface and results in special core-shell
structure of NaBH4-Na2B12H12 composite electrolyte (Fig. 1); it is
much different from general composite electrolytes usually pre-
pared via physical blend followed by sintering. The similar core-
shell structure of NaBH4@Na2B12H12 with ionic conductivity of

Fig. 3. Ionic conductivity measurements for a series of samples synthesized via heat
treatment of xNaNH2þB10H14 at 573 K for 10 h NaBH4 [44], Na2B12H12 [40], and starting
material NaNH2 are also shown for references.

Fig. 4. XRD pattern (a), Raman spectrum (b) [43], and TEM images (c, d, e, and f) of 1.43:1-HT sample.
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1� 10�4 S/cm at 388 K was recently reported by Luo et al., and they
used excess NaBH4 as precursor and toxic gas B2H6 as reactant
(mode 1) to partially modify NaBH4 on its surface [38]. In fact,
NaBH4-Na2B12H12 composite electrolyte was first prepared by
Sadikin et al. by ball milling of 1:1mol of NaBH4 and Na2B12H12, and
the as-prepared Na3BH4B12H12 is stable to 298 Kwith 5� 10�4 S/cm
Naþ conductivity [23]. The difference is that electrolyte precursors
are not needed in the present study because both NaBH4 and
Na2B12H12 are in situ produced by chemical reaction (mode 2), and
we propose a completely different and novel strategy to design and
prepare composite electrolyte here. The Na þ conductivities of
NaBH4-Na2B12H12 composite electrolytes prepared by different
methods are compared in Table 1. The conductivities of NaBH4-
Na2B12H12 prepared by chemical methods seem to be lower than
that by physical method at present, and it may originate from the
incomplete reaction and by-products during chemical processes
[43]. The conductivity is hopeful to be further improved by opti-
mization of reaction conditions in the future.

Excess B10H14 reacts with as-formed NaBH4 on the surface of
produced NaBH4 particles, which results in in situ production of
NaBH4-Na2B12H12 composite electrolyte with intimate contact in
core-shell structure. The intimate contact increases the conduc-
tivity of NaBH4-Na2B12H12, similar to the reported
Na2(B10H10)(B12H12) composite electrolyte [24,25]. The results
show in situ synthesis of composite electrolytes is an effective new
strategy for the preparation of electrolytes with higher conductiv-
ity, better molecule contact, and special morphology. Advanced
composite electrolytes with super-fine stability and conductivity
are probably synthesized by this method via reasonable design, e.g.
using LiH (or NaH) to react with B10H14 may produce Li2B12H12 (or
Na2B12H12)-included [39] composite electrolytes avoiding the
interruption of BN in the future.

11BMAS NMR spectra (Fig. S4) show the practical composition of
1.43:1-HT sample, and it is found that the main component is
Na2B12H12 (74.3 wt%/1 mol) and the others are NaBH4 (7.3 wt
%/0.488 mol), Na2B10H10 (9.8 wt%/0.151 mol), and BN (8.5 wt
%/0.866 mol). [B10H10]

2- as a side product in the process of prepa-
ration of [B12H12]

2- has been many reported [39,41,47]. In recent
years, M2B10H10 (M ¼ Li, Na) has been proved to show better ionic
conductivity than that of M2B12H12, and stable composite electro-
lyte Na2(B12H12)0.5(B10H10)0.5 has been successfully applied for a
stable all-solid-state Na-ion battery [25]. In this study, the high
conductivity of 1.43:1-HT sample may derive not only from the
formation Na2B12H12-NaBH4 core-shell structure but also the par-
tial formation of small amount of Na2B12H12-Na2B10H10, as both
composite electrolytes have elevated ionic conductivities [23,26].
The activation energy Ea for Na ionic conduction of 1.43:1-HT
sample was calculated from the slopes of Arrhenius plots as
0.59 eV, which is in good agreement with Na2B12H12-Na2B10H10

(0.56e0.64 eV) composition [26], which supports the aforemen-
tioned speculation well. In future work, reaction conditions will be
optimized to be apt to produce Na2B10H10, and the conductivity of
as-produced composite electrolytes is hopeful to be further
improved.

With the highest conductivity among all the synthesized sam-
ples, the electrochemical stability of 1.43:1-HT is then investigated
by CV using an asymmetric setup with Pt and Na as electrodes. The

scan rate and range are 10 mV/s and �1 to 5 V, respectively (Fig. 5).
The cathodic and anodic currents can be only observed around 0 V
(vs. Naþ/Na), indicating the sodium deposition and dissolution,
respectively. No significant anodic currents deriving from the
decomposition of electrolyte are observed up to 5 V (vs. Naþ/Na)
and four cycles, which indicates the excellent electrochemical sta-
bility of the synthesized composite electrolyte material. The elec-
trochemical stability is much better than other similar hydroborate
composite electrolytes, such as Na2(B12H12)0.5(B10H10)0.5,
Na5(B11H14)(B12H12)2, and Na4(CB11H12)2(B12H12) [25,48,49].
Outstanding cyclability of an all-solid-state Na-ion battery using
the mixed closo-boride electrolyte is then expectable.

1.43:1-HT is adopted as solid electrolyte to assemble all-solid-
state Na-ion battery for its highest ionic conductivity. TiS2 is
mixed with 1.43:1-HT in a 60:40 wt% ratio by hand milling to
prepare a composite positive electrode and metal Na is used as
anode. Then all-solid-state TiS2/1.43:1-HT | 1.43:1-HT | Na battery
with bulk type is completed. The as-made battery is repeatedly
operated at 0.1�C charge and discharge rates (1�C ¼ 239 mAh/g)
and 348 K for more than 100 cycles, as presented in Fig. 6. Two
voltage plateaus at ca. 1.2e1.7 V and ca. 2.1e2.3 V vs. Na/Naþ

indicate the multistep process of sodium intercalation into TiS2
layer with different stoichiometry of sodium for the formation of
NaxTiS2 [26]. The specific discharge capacity of the initial cycle is
276.2 mAh/g, a little more than the theoretical capacity (239 mAh/
g) of TiS2. The little larger capacity measured for the initial
discharge process is derived from the interfacial reaction between
electrolyte and electrode for interface generation, which benefits to
smooth charge transfer between positive electrode (TiS2) and
electrolyte (1.43:1-HT) [26]. Discharge capacity of the second cycle
is as high as 172.9 mAh/g, which is equal to 86.8% Coulombic effi-
ciency, and the battery approximately remains 100% Coulombic
efficiency (Fig. S5) after five cycles, implying the charge/discharge
reactions take place without significant side reactions and

Table 1

Comparison of the Naþ conductivities of NaBH4-Na2B12H12 composite electrolytes prepared by different methods.

Name of NaBH4-Na2B12H12 composite electrolyte Conductivity at 298 K (S/cm) Conductivity at higher temperatures (S/cm) Preparation methods References

Na3BH4B12H12 5 � 10�4 4 � 10�3 @369 K Physical blend þ heat treatment [23]
NaBH4@Na2B12H12 4 � 10�6 1 � 10�4 @388 K Partial chemical modification [38]
1.43:1-HT 1.2 � 10�6 1 � 10�4 @373 K Full chemical reaction This work

Fig. 5. Cyclic voltammograms of 1.43:1-HT sample sandwiched between Pt and Na as
electrodes taken at 298 K with 10 mV/s voltage scan rate over four cycles.
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indicating that 1.43:1-HT is an excellent solid electrolyte material
for practical Na-ion battery application. The battery exhibits a good
capacity retention of 93.1/75.4 mAh/g even after 50/100 charge/
discharge cycles, which represents a 53.8/43.6% discharge capacity
retention ratio evaluated from the second cycle. The capacity
degradation is ascribed to the poor electrochemical kinetics and
structural stability of TiS2 [50] and the interfacial reaction between
TiS2 and 1.43:1-HT as well [26]. Despite all this, the obtained ca-
pacity and charge/discharge cycles are much better than partial all-
solid-state Na-ion batteries with sulfide, NASICON, or hydroborate
electrolytes [26,51e54].

4. Conclusions

In summary, a novel strategy to prepare composite electrolyte
for all-solid-state battery use via electrolyte precursorefree
approach is proposed and proved to be facile and effective by ex-
periments for the first time. Chemical reactions based on NaNH2

and B10H14 are adopted for preparing composite electrolyte NaBH4-
Na2B12H12, and a series of composite electrolyte materials with
different NaBH4:Na2B12H12 ratios have been synthesized. Among
them, 1.43:1-HT exhibits special core-shell morphology and the
highest Naþ conductivity up to 0.1 mS/cm at 373 K. It shows
excellent electrochemical stability up to 5 V (vs. Naþ/Na), and the
all-solid-state Na-ion battery using it as electrolyte reversibly
operates for over 100 cycles with 75.4 mAh/g of capacity retention
at 348 K and 0.1�C. More advanced composite electrolytes are
promising to be developed via reasonable chemical reaction design
from different aspects, such as reagent category, starting material
ratio, gas pressure, reaction temperature and time, and so on. This
study opens a new window for people to design and develop
advanced composite electrolytes for next-generation solid battery
application.
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