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The practical application of aqueous sodium-ion batteries (ASIBs) is limited by the electrolysis of water,
which results in a low working voltage and energy density of ASIBs. Here, a NaClO4-based acetonitrile/

water hybrid electrolyte (NaClO4(H,O),AN, 4) is applied to ASIBs for the first time, which effectively

extends the electrochemical stability window (ESW) to 3.0 V and reduces the internal resistance of the
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battery. Based on this hybrid electrolyte, an ASIB full cell using carbon coated Na; gsKp 15V2(PO4)s and

NaTix(PO4)s as the cathode and anode materials, respectively, can afford a discharge capacity and
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Large-scale storage of electricity is one of the key problems in the
development of new energy technology. Sodium-ion batteries
have gained increasing attention, because of the greater abun-
dance and lower cost of Na as compared to Li.' However, the use
of flammable and toxic organic electrolytes has safety issues and
these must be handled with care to avoid explosion due to
overheating /overcharging. In addition, these electrolytes have
low conductivity and high cost. A simple way to achieve a low-
cost, safe battery is to replace the organic electrolyte with an
aqueous electrolyte.>® However, the study of ASIBs is still in the
primary stage and there are many problems to be solved. One of
the most difficult problems is the fact that the electrolytic
potential of water in the electrolyte is 1.23 V (hydrogen evolution
potential is 2.297 V and oxygen evolution potential is 3.527 V vs.
Na'/Na, at pH = 7). The redox potentials of electrodes should lie
in between the hydrogen and oxygen evolution potentials to avoid
the electrolysis of water, but this limits the increase of the
working voltage of ASIBs. Therefore, the energy density of ASIBs
is much less than that of organic sodium ion batteries. As
a result, the energy density of the ASIBs under study is generally
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energy density of 52 mA h g*1 and 51 W h kg’l, respectively, at a current density of 1 A g’l. The energy
density of this battery exceeds almost all reported traditional ASIBs.

below 40 W h kg '.* To solve the above problem, many
researchers began to pay attention to high concentrated aqueous
electrolytes for ASIBs. Different from dilute electrolytes, the
“water in salt” (WIS) is a new type of super-concentrated system,
which apparently reduces the content of water and effectively
limits the chemical activity of water molecules, thus significantly
expanding the electrochemical stability window (ESW) of elec-
trolyte. NaClO, is a preferred electrolyte salt for ASIBs because the
saturated concentration of NaClO, (16.5 mol kg™ ") is the highest
among the common sodium salts (CH;COONa: 5.7 mol kg™,
NaCl: 6.1 mol kgfl, NaNO;: 10.3 mol kgfl, Na,SO,: 1.4 mol
kg™ ").>* The saturated NaClO, electrolyte was reported with
aremarkable wide ESW around 2.8 V.* However, the wettability of
the electrolyte with high concentration on the electrode surface is
low, which reduces the utilization ratio of the electrode material.
In addition, the electrolyte with high concentration has low
conductivity, which increases the internal resistance of batteries.

In this work, water/acetonitrile (AN) hybrid electrolyte based on
NaClO, (NaClO,(H,0),AN, ) was applied to ASIBs for the first
time. AN is an electrochemical inert organic solvent with wide ESW
and high dielectric constant that ensures high conductivity of
electrolytes.” Besides, the presence of AN can increase the wetta-
bility of electrolyte on the electrode surface. The as-prepared
electrolyte can widen the ESW to 3.0 V. Based on this electrolyte,
an ASIB full cell using carbon coated Na, gsKg 15V2(PO4)s small
particles (NKVP-SP-C) and NaTi,(PO,); (NTP) as the cathode and
anode materials, respectively, can afford the discharge capacity
and energy density of 52 mAh g~ ' and 51 W h kg™, respectively, at
a current density of 1 A g~*. The energy density of this battery
exceeds almost all reported traditional ASIBs.

This journal is © The Royal Society of Chemistry 2020
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The ESW largely depends on the composition of the elec-
trolyte. The ESW of the electrolytes with different composition
were determined by linear sweep voltammetry tests. As shown
in Fig. 1a, the saturated 17 M NaClO, electrolyte (NaClO4(H,-
0);3) had an ESW of 2.55 V, which was larger than that of 5 M
NaClO,; (NaClO4(H,O);, ~2.3 V). The introduction of AN
further increases the ESW to 3.0 V, as in the case of NaClO,(-
H,0),AN, 4 (x = 2). Further decrease in H,O content will result
in the crystallization of the salt.

The composition of the electrolyte is also related to the
conductivity of the electrolyte. Fig. 1b shows the conductivities
of NaClO,(H,0),AN, electrolytes with different AN-to-salt molar
ratios. The content of AN had a slight influence on the
conductivity of NaClO4(H,0),AN,. Considering the electrolyte
will be flammable with the rise of AN content, x = 2.4 is
a reasonable choice. Conductivities of NaClO,(H,0),AN, 4
electrolytes with different water-to-salt molar ratios are also
shown in Fig. 1c. The higher the H,O content, the higher the
conductivity. However, the lowest conductivity of 36.2 mS ecm™"
can be still achieved.

In order to explore the mechanism of the expansion of ESW
for the hybrid electrolyte, Raman spectroscopy was used to
probe the electrolytes with different compositions (Fig. S1, ESIT,
Fig. 2a and b). Fig. 2a illustrates the CI-O symmetric stretching
vibration (v;) of different electrolytes. In NaClO, saturated
solution, NaClO,(H,0),4, the band of Cl-O symmetric stretch-
ing vibration (v;) occurs at 937.7 cm ™. In comparison, the band
of dilute solution (NaClO4(H,0);3) and the electrolytes con-
taining AN, underwent a red shift (~934.4 cm ™). This red shift
can be attributed to the transformation of the contact ion pairs
of Na" and ClO," to solvent separated ion pairs.® The spectra of
O-H stretching vibration of H,O molecules in different elec-
trolytes are shown in Fig. 2b. The NaClO,(H,0);; displayed
three peaks (3227.6 cm™', 3428.2 cm ™' and 3532.5 cm™ ') that
are partially overlapped. The peaks of 3227.6 and 3428.2 cm™"
were characteristic of the hydrogen-bonded free water mole-
cules, and the peak at 3532.5 cm™! was attributed to H,O
molecules coordinated with Na'.® In contrast, NaClO4(H,0),
(AN), 4 only had one peak at 3550.5 cm™ ", and this means that
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Fig. 1 (a) ESWs of various electrolytes. (b) Conductivity of NaClO,4

(H,0),AN, electrolytes with different AN-to-salt molar ratios. (c)
Conductivity of NaClO4(H,0),AN, 4 electrolytes with different water-
to-salt molar ratios.
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Fig. 2 (a) Cl-O stretching vibration (v1) (b) O—H stretching vibration in
Raman spectroscopy for NaClO4(H20)z3 NaClO4(H,0)1;, NaClOg4
(H20)3_3(AN)2_4, NaClO4(H20)3(AN)2_4, NaClO4(Hzo)2_5(AN)2_4, and
NaClO4(H,O)>(AN), 4. DFT-MD simulations pictures of (c) NaClO4
(HZO)n, (d) NaCIO4(H20)3_3, and (e) NaClO4(Hzo)2(AN)24

almost all of the water molecules in the solution were coordi-
nated with the Na'. In addition, the peak value blue shifts from
3540.9 cm™ ' to 3550.5 cm ™' as the concentration of the solution
increases. This should be attributed to the regulated interplay
among H,0, -ClO, and AN with the rise of NaClO,
concentration.

Furthermore, density function theory molecules dynamics
(DFT-MD) simulations were conducted to achieve a theoretical
insight into the electrolyte structure. In NaClO,(H,0);; elec-
trolyte (Fig. 2¢), the majority of water molecules were in the free
water state and were bonded by hydrogen bonds. In NaClO,
(H,0); 5 electrolyte (Fig. 2d), there were still some water mole-
cules that existed as free water molecules. In contrast, there
were almost no free water molecules in NaClO4(H,0),(AN), 4
electrolyte (Fig. 2¢). Besides, Na* ions were mainly attached to
AN and water molecules and the interaction force between Na*
and ClO,~ was weakened because of the presence of AN. This
result is consistent with the results of the Raman test.

To determine the effectiveness of the hybrid electrolyte in
high voltage ASIBs, we assembled the coin cell using
NazV,(PO,4); (NVP), NTP and NaClO4(H,0),AN, , as the cathode
material, anode material and electrolyte, respectively. Although
NVP has a high theoretical specific capacity (=117 mA h g™ ),
its large particle size, inferior cyclic stability and low conduc-
tivity limit its practical electrochemical performance as
a cathode material in ASIBs.'*"* We optimized NVP material in
three aspects: (1) reduce its particle size by introducing N,N-
dimethylformamide (DMF) in the preparation; (2) dope K" to
increase its interstitial void, resulting in better cyclic stability;
(3) coat a carbon layer to improve its conductivity. This synthetic
strategy is presented in Fig. S2 (ESIf). The X-ray diffraction
pattern, refined X-ray diffraction pattern, EDS maps, HRTEM
and micrograph of NKVP-SP-C can be found in Fig. S3a-e (ESIf).
The Fig. S3f (ESIt) shows the micrograph of NKVP.

The electrochemical behavior of NKVP-SP-C was investigated
by cyclic voltammetry (CV) and constant current charge-
discharge in a half cell using Pt plate and SCE (saturated
calomel electrode) as the counter electrode and the reference
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electrode, respectively. CV curves of the NKVP-SP-C electrode at
different scan rates from 1 to 20 mV s~ ' are shown in Fig. 3a.
The potential of the anodic peak increased and the potential of
the cathodic peak decreased with increasing scan rate, which
indicates greater polarization at higher scan rates. At the same
time, the intensity of anodic and cathodic peaks increased with
the increase of scan rate (v). As shown in Fig. 3b, the peak
current I, and v*? are in a linear relationship, which indicates
that the electrode reaction of NKVP-SP-C is mainly controlled by
ion diffusion. The apparent diffusion coefficient of Na* was
estimated according to the classic Randles-Sevcik equation:'

I, = 2.69 x 10°n*?4AD"*Cv'? (1)

where I, is the peak current (A), n stands for the number of elec-
trons involved in the redox couple (n = 2), A is the contact area
between the electrode and electrolyte (cm?), D denotes the diffu-
sion coefficient of Na* in the solid state NKVP-SP-C (cm® s '), C is
the concentration of Na* in the NKVP-SP-C (4.25 x 10 * mol
cm %), and v is the voltage scan rate (V s~ ). The calculated value of
Dyt Was 1.92 x 10~°, which was 2-3 orders of magnitude higher
than that of non-optimized NVP reported previously.’*** This
indicates that the combination of K" doping, particle size reducing
and carbon coating greatly increase the migration rate of Na* in
NKVP-SP-C.

Corresponding to the redox peaks in the CV curve, the potential
platform can be observed at the constant charge-discharge curve
(Fig. 3c). Based on the galvanostatic charge-discharge measure-
ment, cycle performance was obtained (Fig. 3d). The first discharge
specific capacity of NKVP-SP-C was 97.8 mA h g™, After 100 cycles,
it maintains 63.9 mA h g™ (65.3%).

To design a full cell based on the NaClO4(H,0),AN, 4 elec-
trolyte, the redox potential of anode material NTP was also
investigated in this hybrid electrolyte by CV. It is shown in
Fig. 4a that both NTP and NKVP-SP-C exhibited a pair of redox
peaks in good symmetry, which can be ascribed to the reversible
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Fig.3 (a) CVs of the NKVP-SP-C electrode at different scan rates from

1to 20 mV s~ (b) Peak current as a function of the square root of the
scan rate. (c) The first constant current charge and discharge curve of
the NKVP-SP-C at 1A g~ (d) Cycle performance of NKVP-SP-C under
constant current charge and discharge at 1 A g~* for 100 cycles.
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Fig. 4 (a) CVs of the NTP and NVP-SP-C at a scan rate of 5mV st in
NaClO4(H20),AN, 4. (b) The constant current charge—discharge curve
of full cell (NKVP-SP-C//NTP) at 1 A g~%. (c) Rate performance of full
cell (NKVP-SP-C//NTP). (d) Capacity retention ratio of the full cell
(NKVP-SP-C//NTP)at 1 A g~

conversion of Ti*" /Ti *' couple and V** /V*' couple.’s'®

Accordingly, the full cell comprising the NTP anode and the
NKVP-SP-C cathode will have an effective working voltage of
2.4 V. Fig. S4 (ESIt) depicts the CV curve of the full cell at the
scanning rate of 5 mV s~ '. The potential interval between the
cathodic and anodic peaks was 0.18 V, suggesting the full cell
has low electrochemical polarization and good reversibility.

The galvanostatic charge-discharge curve of the full cell
(Fig. 4b) shows a discharge voltage platform at about 1.2 V. The
specific capacity of the full cell can achieve 52 mA h g '
(calculated on the basis of the total mass of both cathode and
anode materials), which is higher than full cells using other
cathode materials, such as NaMnO,,"” NazV,0,,(PO,),F; 5y,
NazV,(PO4)3,""  Ko27MNO,,*°  Nagee[Mng.geTio 34]02,°  Nay-
NiFe(CN)s,** Na,CuFe(CN)g,>* Nay 44,Mn0,.> Based on the mass
of active electrode materials used, the energy density of this
battery was calculated to be 51 W h kg™, which is higher than
those of almost all traditional ASIBs,"”* as illustrated in Fig. S5
(ESIY).

Fig. 4c depicts the rate capability of the full cell. When the
current density increased from 0.5 to 5 A g™ ", the full cell retains
60.4% of its initial capacity at 0.5 A g *. Then, the full cell ran
another 100 cycles at 5 A g~ with high coulomb efficiency
(>99%) and mild capacity fade (79.3% of capacity retention).

Fig. 4d shows the cycling performance of the full cell (NKVP-SP-
C//NTP) at the current density of 1 A g~ ". The specific capacity of
the full cell can maintain 60.2% of initial capacity after 100 cycles.
Nyquist plot of the full cell before and after 100 cycles is shown in
Fig. S6 (ESIt). After 100 cycles, the resistance remains almost
constant, indicating a small and stable internal resistance of the
full cell due to the high conductivity of the hybrid electrolyte.

Conclusions

In summary, the hybrid electrolyte NaClO,(H,0),AN, , was
successfully developed for ASIBs, and its ESW can reach 3.0 V.

This journal is © The Royal Society of Chemistry 2020
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Based on this electrolyte, an ASIB full cell comprising NKVP-SP-
C cathode and NTP anode can afford the energy density as high
as 51 W h kg™, which surpasses all reported traditional ASIBs.
This work provides profound insights into the rational design of
electrolyte to achieve high energy density ASIBs.
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