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Abstract. Na2 O−B2 O3 −SiO2 −H2 O system hydrated glass with Tg ranges from −10 to 150◦ C is synthesized by aqueous
chemical methods and is applied to symmetrical cells as quasi-solid electrolyte. At the temperature around Tg , the solid
state transforms to quasi-solid state, whose mechanical property keeps like gel electrolyte, but the conductivity leaps from
5.31 × 10−6 S cm−1 to 5.43 × 10−3 S cm−1 , much higher than most of the glass–ceramic electrolytes. As most of the
solvated water is evaporated, H2 O left in the system distributes in the intervals as hydroxyl, which is much benefit to the
ions transportation, and more important is to increase the voltage window to 2.24 V and even higher. The cycle performance
is also researched. After 1000 circulations, there is still 65% capacity retention and no obvious damage is discovered
in the electrolyte, which means much better cycle property of the electrolyte than gel electrolyte. Other compositions
in the quasi-solid system including different contents of B2 O3 , Na2 SO4 and m in sodium silicate NaO2 ·mSiO2 are also
studied. In general, quasi-solid Na2 O−B2 O3 −SiO2 −H2 O system owns better conductivity and cycle performance than most
glass–ceramic solid electrolyte, and it is environment-friendly, inexpensive and practical to be used as sodium ions quasi-solid
electrolyte.
Keywords. Sodium ions electrolyte; quasi-solid state; Na2 O−B2 O3 −SiO2 −H2 O system hydrated glass; voltage window;
ionic conductivity; cycle performance.

1. Introduction
As the limited storage of lithium on the earth and its most
reserves are located in remote or politically sensitive areas,
as a substitution, sodium-ion batteries (NIBs) gain much
attention again [1–3]. The electrolyte plays important role
in electrochemical cells, which can be divided into liquid
electrolyte and solid electrolytex by forms. Liquid electrolyte
owns the better conductivity, but the capacity of aqueous is
limited, and the stability of organic-liquid electrolyte is poor
[4], while solid electrolyte is stable and easy to get, but its
ionic conductivity is unsatisfactory [5].
Efforts have been made to incorporate the advantages of
liquid and solid state electrolytes. Gel polymer electrolyte
though has conductivity close to liquid state, the voltage window with aqueous solution has not been improved much.
Though glass-ceramics electrolyte has been explored a lot, the
low conductivity still hinders its application. In 2017, Braga
et al reported anti-perovskites A3 OCl and their doped glassy
form. They apply these glasses to the electrolyte for a sodium
ion battery by adding water to its solvation limit. The water
was evaporated with HCl and the remaining O2− attracts a
Na+ to form dipoles, leaving the remaining Na+ as mobile
ions. Above the glass-transition temperature, Tg = 41◦ C
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in the Na–glass (Na2.99 Ba0.005 OCl1−x (OH)x ), the Na+
conductivity is enhanced. If heated to 60◦ C, which is higher
than Tg , The ionic conductivity may reach 6.3 × 10−2 S cm−1
[6]. As glass transition temperatures of the most traditional
glasses are much higher than room temperature, to find a system whose glass transition temperature can be adjusted to fit
different working temperatures is very meaningful.
According to the random network theory, in Na2 O−B2 O3
−SiO2 −H2 O system, hydrated glass random ionic trihedrons
and tetrahedrons construct the network of glass, and the
ions, such as Na+ distribute in the intervals of the network.
This structure is quite similar to the gel electrolyte which
is constructed by organic molecular chains. Once reaching
the glass transition temperature, the solid state will transform to quasi-solid state, where the network is activated
and the intervals may expand. Besides satisfactory stability, the electrolyte may have much better conductivity like
anti-perovskites A3 OCl electrolyte. Our group has studied
Tg of Na2 O−B2 O3 −SiO2 −H2 O system hydrated glass may
range from −10 to 150◦ C, we can easily get quasi-solid state
glass at a large range of temperature. And if H2 O left in
the system occupies a smaller part, it will exist as hydroxyl
in the network and the voltage window may be improved.
Finally, a new kind of sodium ions quasi-solid electrolyte
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with Na2 O−B2 O3 −SiO2 −H2 O system hydrated glass was
designed.

2. Experimental
2.1 Materials and reagents
Sodium silicate NaO2 ·mSiO2 (USOLF, 34 %, m = 2.3, 3.3,
4.3), boric acid, H3 BO3 (SCR, 99.5%); sodium sulphate,
Na2 SO4 (SCR, 99.0%); copper foil, Cu (Bling, 99.95%);
sulphuric acid, H2 SO4 (SCR, 99.0%); acetone CH3 COCH3
(SCR, 99.9%); glass fibre ( = 10−20 µm).

2.2 Synthesis of precursor
Aqueous chemical methods were taken to prepare Na2 O0.493
B2 O30.087 SiO2 SO40.190 ·nH2 O. Four wt% H3 BO3 and 10 wt%
Na2 SO4 were slowly and gradually added to NaO2 ·mSiO2
(m = 3.3) stirred intensely to avoid devitrification at room
temperature. The stirring continued until the solution was
clear and transparent. Then, the solution was stored in wellclosed container as a precursor.
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2.3 Cell preparation
First, copper foils were soaked in 1 M H2 SO4 and acetone
for 0.5 h, respectively, polished them to mirror surface, and
finally cut them into pieces 5 × 2 cm2 . The electrolyte and
electrode were bonded by sol-dip-coating method. The electrodes were dipped into the precursor and lifted them slowly
until the precursor adhered to the electrodes well. Then, hung
the electrodes in the oven, heated them slowly at 40, 60 and
80◦ C to avoid cracking off and kept the temperatures for
6 h, denoting these temperatures as glass forming temperatures (TG ). Then, the dip-lift and thermal treatments were
given twice, until there was a 0.5–1 mm thick solid electrolyte on the surfaces of cooper electrodes. Then, each two
pieces electrodes through the same temperature treatment as
above-mentioned were set face to face. To avoid short circuit, some glass fibres were kept between the electrodes.
Then, pressed them hard and put the cells in an oven at
about 55, 75 and 95◦ C (denoting as bonding temperature, TB ),
which were higher than the thermal treatment temperatures for
1 h. During the process, the solid Na2 O−B2 O3 −SiO2 −H2 O
system hydrated glass would soften to quasi-solid state
and bonded together to be an electrolyte. The synthesis
process and unsupported glass electrolyte are shown in
figure 1.

Figure 1. (a) Diagram of synthesis procession and (b) unsupported glass sample.
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2.4 Thermodynamic characterization and electrochemical
measurements

Table 1. Tg , Tf and w(H2 O) of Na2 O−B2 O3 −SiO2 −H2 O
system hydrated glass heat-treated at different temperatures from
20 to 80◦ C, where TG is the glass forming temperature.

Differential scanning calorimetry (DSC) and thermogravimetric (TG) curves were formed at temperatures in the range
of 20−500◦ C, to find the glass transformation temperature of
Na2 O−B2 O3 −SiO2 −H2 O system hydrated glass and study
the relationship between it and the best working temperature.
Powder was sealed in Ampere tubes, the measuring rate was
10◦ C min−1 , the reference was an empty Ampere tube, and
the instrument was NETZSCH DSC 200 F3.
To study the best working temperature for the electrolyte,
all the electrochemical measurements were taken at different
temperatures in the air. For the voltage window, we got the
CV curves from the range of 0–0.8 to 0–5.0 V. The current
would not leap until the voltage reaches the voltage window, where the electrolyte decomposes. The electrochemical
impedance spectroscopy curves are formed and obtained the
resistances by matching the artificial circuits. According to
σ = d/(R · A), the conductivity were calculated. And for the
cycle performance, the charge–discharge cycles curves were
obtained at the rate of 0.01 V s−1 .

TG (◦ C)
20
40
60
80

Tg (◦ C)

Tf (◦ C)

w(H2 O) (%)

30.2
48.5
65.0
82.1

46.8
65.7
82.5
—

45
30
20
15

3. Results and discussion
3.1 Conductivity
Figure 2 shows the DSC and TG test curves for Na2 O−
B2 O3 −SiO2 −H2 O system hydrated glass heat-treated at
60◦ C. The first peak in DSC curves appears at 65.0◦ C, where
there is no decrease in TG curve, indicating the glass transition temperature, Tg . The second peak appears at 102.0◦ C,
after which the melt begins to foam along with H2 O, leaving
the Na2 O−B2 O3 −SiO2 −H2 O system hydrated glass dramatically and the volume swelling a lot. Altering the glass forming
temperature, TG , the relationship can be found between Tg

Figure 2. Typical DSC and TG tests for Na2 O−B2 O3 −SiO2
−H2 O system hydrated glass heat-treated at 60◦ C.

Figure 3. Conductivities
at
different
temperatures
of
Na2 O−B2 O3 −SiO2 −H2 O system hydrated glass electrolyte
heat-treated at 60◦ C.

and TG as shown in table 1. Below 100◦ C as TG increases, the
content of H2 O decreases, while Tg and Tf increases. It is
worth noting that Tg is always a little higher than TG , which
means that we can adjust Tg of this system by changing TG .
To avoid forming, the working temperature of the electrolyte
should not surpass the Tf .
Figure 3 shows the relationship between working temperature and conductivity of Na2 O−B2 O3 −SiO2 −H2 O system
hydrated glass electrolyte heat-treated at 60◦ C, each point
of which was calculated from the results of electrochemical
impedance spectroscopy tests. Under glass transition temperature (65◦ C), the conductivity increased linearly and slowly
as heated up, which is acceptable as energy of conducting
particles promoted with the increase in temperature. Until
the temperature reached to 82◦ C, where the electrolyte transformed to quasi-solid state, the conductivity leaped from
5.31 × 10−6 to 5.425 × 10−3 S cm−1 . This is similar to
the Na–glass (Na2.99 Ba0.005 OCl1−x (OH)x ) aforementioned,
whose conductivity accelerated over the glass transition temperature. But as the temperature increased to above 100◦ C, the
electrolyte failed because of foaming, hence the conductivity
decreased.
There is no exact melting point in Na2 O−BO3 −SiO2 −H2 O
system hydrated glass. As heated up to quasi-solid state, the
system softens gradually and first the viscosity decreases

75

Page 4 of 5

Bull. Mater. Sci.

(2020) 43:75

Figure 4. (a) CV tests for the samples undried and (b) dried fully.

quickly, and then increases slowly. As conductivity is
negatively correlated to viscosity, when the system is heated
to glass transition temperature, where the anion groups start
to associate and the structure of melt begins to transform, the
viscosity decreases fast, and the conductivity increases exponentially. So, the quasi-solid state electrolyte not only owns
mechanical property like gel electrolyte, but also possesses
good conductivity. And if heating it up is continued to flow
temperature, then, the system transforms to liquid state.
Based on the random network theory, under glass transition
temperature, the network cannot move or recombine, only the
atoms are vibrating in situ. But once reaching glass-transition
temperature, though the network would not move like earlier,
the chains between atoms may be active, so the melt owns
elasticity, and more important is the Na+ in the interval of the
network can transport much easier. This may explain the relationship between conductivity and temperature. Meanwhile,
H2 O in the network produces the hydroxyl defects, which
break Si–O bonds and improve the porosity. And this benefits
to ions transportation too [7–9].

3.2 Voltage window
The maximum values of CV curves from different ranges of
voltage were taken to form the curve in figure 4, and figure 4a
represents the result of original Na2 O−B2 O3 −SiO2 −H2 O
system glass without heat treatment, while figure 4b is from
the result of Na2 O−B2 O3 −SiO2 −H2 O system glassy electrolyte in quasi-solid state. Figure 4a shows the curve starts to
leap after about 1.23 V, which corresponds to the decomposition voltage of H2 O exactly. When changed to quasi-solid
state, the curve begins to leap at about 2.24 V. The content
of H2 O can be tested by TG shown in table 1. As nearly
all the free H2 O had left during the heat treatment, the content of H2 O approximates to the content of hydroxyl in the
system. In the Na2 O−B2 O3 −SiO2 −H2 O system quasi-solid

Figure 5. Cycle performance of samples working at 75◦ C.

glassy electrolyte, the voltage window increases as free water
evaporates.
3.3 Cycle performance
Figure 5 shows the cycle performance of the electrolyte.
There is a leap on the curve at the 52nd circulation, this
may correspond to the formation of solid electrolyte interface.
After 1000 circulations, there is still 65% capacity retention compared to the beginning, which prove very stable
cycling stability of the electrolyte. The loss of capacity may be
explained by the interface reaction as the system is not stable
on the copper foils. If changed to other electrodes, which will
interpenetrate between the electrolyte and electrode, then, the
cycle performance may be better.
3.4 Composition adjustment
Table 2 presents the typical relationships between conductivity and compositions including m of sodium silicate
NaO2 ·mSiO2 , contents of H3 BO3 and Na2 SO4 . To be more

Bull. Mater. Sci.

(2020) 43:75

Page 5 of 5

75

Table 2. Conductivities of samples with different contents of Na2 SO4 , H3 BO3 and different
m for sodium silicate NaO2 ·mSiO2 .
w(Na2 SO4 ) (%)
0
5
10
15

σ (S cm−1 )

m

σ (S cm−1 )

w(H3 BO3 ) (%)

σ (S cm−1 )

1.115 × 10−3
3.607 × 10−3
5.425 × 10−3
6.555 × 10−3

2.3
3.3
4.3

7.531 × 10−3
5.425 × 10−3
2.374 × 10−3

2
4

6.363 × 10−3
5.425 × 10−3
4.692 × 10−3

4. Conclusions

Figure 6. Conductivities of samples with different contents of
Na2 SO4 , H3 BO3 and different m for sodium silicate NaO2 ·mSiO2 .

clear, we translate it to figure 6. All the samples are dried
at 60◦ C totally and tested at 80◦ C. First, from the green
triangles, we can conclude that the moderate addition of
Na+ improves the conductivity effectively. This is because
Na2 O is network modifier in the system, and the more
Na+ added, the more intervals are produced in the network, so the ions can transport more easily. The solubility
of Na2 SO4 in the system is so limited that it starts to
devitrify before w(Na2 SO4 ) reaches 15 wt%. And contradictorily, when SO2−
4 is adhibited to the network, the large
anions will block the passageway, hence, the improvement
is limited as more Na2 SO4 added. Second, the conductivity
negatively correlates to m as the black squares show. This
is because as m increases, the content of Na+ decreases
accordingly. What needs illustration is that when m continues to decrease, the conductivity fails to boost because
of the weakness of structure stability. Finally, as the red
circles show (figure 6), the influence of the H3 BO3 content is very limited, and the function of H3 BO3 is more
prominent in improving the mechanical property. In practice, if we add no H3 BO3 in the system, the electrolyte will
break up easily in the heat treatment and packaging process,
and more important is it will crack under working
condition.

Adopting Na2 O−BO3 −SiO2 −H2 O hydrated glass system, a
kind of sodium ions quasi-solid electrolyte by aqueous chemical methods were formed. Above glass transition temperature,
the solid electrolyte will transform to quasi-solid state, which
possesses conductivity to 5.425 × 10−3 S cm−1 , voltage window to 2.24 V, stable mechanical and cyclic performance,
incorporated the benefits of gel and ceramic electrolytes. As
Tg of the system can be adjusted from − 10 to 150◦ C, we can
apply it at a large range of temperatures.
As the interface of glassy solid electrode/electrolyte affect
the behaviour of battery, liquid phase Na2 O−BO3 −SiO2 −
H2 O hydrated system glass fuse into the electrodes, while
processing, this is beneficial to decrease the interface resistance and improving the stability [10]. All the raw materials
are inexpensive and abundant on the earth. The process is
convenient and ecological, revealing the electrolyte’s brilliant
application prospect in the future.
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