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Novel hybrid batteries are fabricated using an aluminum anode, a sodium intercalation cathode NazV2(POs); (NVP),
and a sodium/aluminum dual salt electrolyte based on NaAICl, and an eutectic mixture of 1-ethyl-3-

methylimidazolium chloride (EMImC) and aluminum chloride. Cyclic voltammograms indicate that increasing the
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molar concentration of AICI; in the electrolyte is beneficial to high coulombic efficiency of aluminum

deposition/stripping, which, unfortunately, results in lower coulombic efficiency of sodium extraction/insertion in the
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cathode. Therefore, EMIMC-AICI; with a molar ratio of 1-1.1 is used for battery evaluation. The hybrid battery with

1.0 M NaAlICl, exhibits a discharge voltage of 1.25 V and a cathodic capacity of 99 mAh g under a current rate of
C/10. In addition, the hybrid battery exhibits good rate performance and long cycling stability while maintaining a
high coulombic efficiency of 98 %. It is also demonstrated that increasing salt concentration can further enhance the
cycling performance of the hybrid battery. X-ray diffraction analysis of the NVP electrodes under different conditions
confirms that the main cathode reaction is indeed the Na extraction/insertion. Based on all earth-abundant elements,
the new Na-Al hybrid battery is very attractive for stationary and grid energy storage applications.
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1. Introduction

The rapid increase in energy demand coupled with environmental
concerns over the use of fossil fuels and their limited resources have
spurred great interest in energy harvesting from renewable sources
such as wind and solar.t'2 However, the energy from renewable solar
and wind are intermittent and unreliable, therefore, they must be
stored in electric energy storage (EES) devices.> 4 Among various
EES technologies, lithium ion batteries (LIBs) are the most mature
technologies with high energy density, high coulombic efficiency
and long cycle life. Unfortunately, their high cost and the unevenly
distributed global lithium source are major concerns.®> As a result,
beyond lithium technologies based on cheap and naturally abundant
elements such as sodium (Na), 5° magnesium (Mg), 1%-2° calcium, 2
2L and aluminum (Al) ion batteries 2>27 have been intensively studied
during the last few years. Among different metals, Al is one of the
most earth abundant elements, only second to silicon, resulting in its
low price of $0.52/kg, 100 times lower than Li. In addition, Al with
three electrons redox couple has distinct advantage over one electron
redox couple such as Li and Na and two electrons redox couple such
as Mg and Ca, providing a high theoretical specific capacity of 2980
mAh g and a high volumetric capacity of 8040 mAh cm3,

The development of rechargeable Al ion batteries has been
hampered by the electrolyte and cathode materials. Due to the low
reduction potential of Al (-1.68 V vs. SHE), aqueous electrolytes
cannot be used when Al is being used as the anode, since hydrogen
will be released before Al can be plated during the reduction process.
On the other hand, without using Al as the anode, Al ion batteries
could be cycled in aqueous electrolytes. 28-30 However, to fully take
advantage of the earth-abundancy Al anode is essential for
rechargeable Al batteries; therefore, non-aqueous electrolytes are
required. The non-aqueous electrolytes used in commercial SIGAL
and Hall-Héroult processes for Al deposition are not suitable for
ambient rechargeable Al batteries because highly flammable
alkylaluminum and extreme high temperature are used, respectively.
81,32 As an alternative, ambient room temperature ionic liquids with
high ionic conductivity and wide electrochemical windows are good
candidates for rechargeable Al batteries.®337 Currently, the ionic
liquids used for Al deposition are still based on mixtures of
anhydrous AICIls and organic halide salts discovered sixty years
ago.®4! It has been confirmed that only the acidic mixtures show
reversible Al deposition/stripping, which poses stringent requirement
for the hardwares of the Al batteries, as it has been shown that
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corrosion was readily occurred to stainless steels.*? To avoid the
corrosion issue, pouch cell and special cell configuration have been
used.?> “® Recently, there are some new developments on Al
deposition in ionic liquid electrolytes. “45> However, the suitability
of these electrolytes for Al batteries still needs to be confirmed,
especially their compatibility with new cathode electrode materials.
Besides electrolytes, Al batteries also face challenges from the
cathodes due to the high charge density of the AI¥* ion, making its
insertion/extraction into/from the cathode host very difficult.>
Although different materials such as V20s, 425758 VO, 59 M0eSs,
61 copper hexacyanoferrate, 2> 62 conducting polymers,  and
fluorinated graphite % have been evaluated as cathodes for Al
batteries, low cell voltage and poor cycling performance were
usually observed. Recently, high voltage Al batteries with good
cycling performance were reported by utilizing three-dimensional
graphitic-foam and carbon paper as cathodes.?? 65

An alternative way to take advantage of metallic Al anode but
bypasses the need for efficient Al insertion cathodes is hybrid Al
battery.*® It was demonstrated that high voltage and high capacity
were possible in a hybrid Al battery with LiFePO4 as the cathode in
an acidic ionic liquid electrolyte.*® However, considering the limited
Li resources, a switch to the more earth-abundant sodium chemistry
is more desirable. Based on the same consideration new Na-Mg
hybrid batteries have been reported recently.®% 67 Herein, we report a
new hybrid battery using earth-abundant Na and Al chemistry, that
is, Al as the anode, NasV2(POa)3 (NVP) as the cathode and NaAICl4
dissolved in acidic ionic liquid as the electrolyte. The selection of
NVP as the cathode is based on the fact that it is also composed of
earth-abundant elements, has flat charge/discharge plateaus and fast
Na extraction/insertion characteristics.68™* It should also be
emphasized that NVP is used to demonstrate the concept of new
hybrid Al battery and investigate its working mechanism, its
limitation on capacity and cell voltage can be easily improved by
selecting other suitable high capacity and high voltage cathode
materials.

Fig. la illustrates the working principle of the hybrid Al
battery, that is, during the charge/discharge process, the anode
reaction is reversible Al deposition/stripping while the cathode
reaction is Na extraction/insertion, respectively. The overall cell
reactions can be described by the following equations:

Anode: 8NaAl:Cl; + 6Na* + 6« 2Al + 14NaAlCls
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Cathode: 3NasV2(POa4)s - 66" < 3NaV2(PO4)s + 6Na*

Overall: 8NaAlCl; + 3NasV2(POs) 3 <« 2Al + 14NaAlCls +
3NaV2(POa4)3

Fig.1b illustrates the specially designed polyethylene inner cup
placed inside the coin cell that is bridged with Pt wire to avoid the
corrosion of the ionic liquids toward the coin cell cases. *3

a b
% ~ <4—— Al Anode
2 ¢—— Separator
! | -
< % 4— Cathode
g | ¢— PEcup

47— Pt wire
o = Celgard wrap

Fig. 1. a) Schematic illustration of the hybrid battery with Al as the anode,
NazV,(PO,); as the cathode and NaAICl, dissolved in acidic ionic liquid as
the electrolyte; b) internal coin cell design that mitigates the corrosion issue
of acidic electrolyte towards the stainless steel cases of the coin cell.

2. Results and discussion

2.1. lonic conductivity

It has been demonstrated previously that when the molar ratio
of EMImC-AICIs was 1-1.1, reversible Al deposition/stripping was
possible.*® In this work, a more acidic electrolyte with a molar ratio
of EMImC-AICI; being 1-1.3 was also prepared and evaluated. Fig.
2 shows the temperature dependence of the ionic conductivities of
the electrolytes with and without NaAICls. Generally, the
temperature dependence of the ionic conductivities can be described
by the well-known Vogel-Fulcher-Tamman (VFT) equation:>74

o = o0 exp[—B/(T— To)] 1)

where o0 (S cm™) is a constant, B (K) is the pseudo-activation
energy, and To (K) is the vanishing ion mobility temperature. As
demonstrated in Fig. 2, the ionic conductivities of the electrolytes
with NaAlICls are lower than those without it, mainly due to the
higher viscosities of the former solutions. 3 It is also observed that
the electrolytes based on EMImC-AICIs (1-1.3), with or without
NaAICls, are much higher than those based on EMImC-AICIs (1-
1.1). The ionic conductivities at 20 °C are 1.41 x 102, 9.32 x 1073,
1.83 x 10, and 9.90 x 10 S cm™ for EMImC-AICI3 (1-1.1), 1.0 M
NaAICls/ EMImC-AICIs (1-1.1), EMImC-AICIs (1-1.3), and 1.0 M
NaAICls/  EMImC-AICI3  (1-1.3), respectively. These ionic
conductivities are high enough for practical battery applications.

2.2. Cyclic Voltammograms

Figs. 3a and 3b show the cyclic voltammograms (CVs) of the
ionic liquid electrolyte EMImMC-AICI3(1-1.1) with and without
NaAICls on a Pt working electrode at a scan rate of 20 mV/s.
Reversible Al deposition/stripping is still observed after addition of
NaAICls, similar to the case of LiAICl4 being added in the hybrid
Al/LiFePOs battery.#® Typical aluminum nucleation loops are
observed in both electrolyte solutions during the reduction process
with significant overpotentials. The current densities of the
electrolytes with NaAICls are always lower than those without
NaAICls, mainly due to their lower ionic conductivities (Fig.3 and
Fig.S1 in the ESI). In addition, the current densities of the
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electrolytes based on EMImC-AICIs (1-1.3) (Fig. S1 in the ESI) are
higher than those based on EMImC-AICI3 (1-1.1), probably due to
the presence of more active Al.Cl7 species. Table 1 summarizes the
coulombic efficiencies of Al deposition/stripping in both EMImC-
AICIz (1-1.1) and EMImC-AICIz (1-1.3) electrolytes, with and
without NaAICl.. It is noticed that the coulombic efficiencies of the
electrolytes containing NaAICls are similar to those without it.
However, the coulombic efficiencies of the electrolytes based on
EMImC-AICI; (1-1.3) are always higher than those based on
EMImC-AICIs (1-1.1). These CV results indicate that at least on an
inert working electrode (Pt), the more acidic electrolyte is beneficial
to high coulombic efficiency of aluminum deposition/stripping.
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Fig. 2. Temperature dependence of ionic conductivities of the acidic ionic
liquid electrolytes, EMImC-AICI3(1-1.1), 1M NaAICIl/EMImC-AICI;(1-1.1),
EMImC-AICI3(1-1.3) and 1M NaAICI,/EMImC-AICI; (1-1.3).
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Fig. 3. Cyclic voltammograms of electrolytes EMIC-AICI; (1-1.1) (a and c)
and 1.0 M NaAICI,/EMIC-AICI; (1-1.1) (b and d) on a Pt (a and b) and NVP
(c and d) electrodes at a scan rate of 20 mV/s (a and b) and 0.1mV/s (c and
d), respectively.

Table 1 Coulombic efficiencies of Al deposition/stripping on a Pt
working electrode in different ionic liquid electrolytes.

Electrolyte 1 2nd 31 4t 5t
cycle cycle cycle cycle cycle

EMIC-AICI; (1-1.1) 92.0 93.4 94.6 94.2 93.8

1.0 M NaAICI/EMIC- | 915 93.3 93.3 93.9 93.5

AlCl; (1-1.1)

EMIC-AICI; (1-1.3) 97.2 97.3 98.1 94.9 95.1

1.0M NaAICI/EMIC- | 95.8 95.5 96.0 95.8 96.1
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Figs. 3c and d show the CVs of the NasV2(POs)sz (NVP)
electrode in the EMIC-AICI3 (1-1.1) electrolyte, with and without
NaAICls, at a scan rate of 0.1 mV/s. It is noted that the CVs with
NaAICls4 are significantly different from those without it, which are
also dramatically different from those observed in the hybrid
Al||LiFeO4 battery.*® There is no significant polarization during the
initial sodium extraction process for the electrolyte without NaAICla.
Even though they both have two oxidation peaks for Na* extraction
process, there is only one sharp reduction peak in the electrolyte with
NaAICls for Na* insertion process. In addition, the polarization in
the electrolyte without NaAICls increases with cycling, as evidenced
by the downshift of the reduction peaks and upshift of the oxidation
peaks with cycling (Fig. 3c). Similar trends are also observed for the
EMIC-AICI3 (1-1.3) electrolyte with and without NaAICls (Fig. S1
in the ESI). Table 2 summaries the coulombic efficiencies of the first
five cycles of the NVP cathode in both EMImC-AICIs (1-1.1) and
EMImC-AICIs (1-1.3) electrolytes, with and without NaAICla.
Generally, the coulombic efficiencies of the two electrolytes with
NaAICls are much higher than those without it. However, the
coulombic efficiencies of EMIC-AICIs (1-1.1) based electrolytes are
higher than those of EMIC-AICIs (1-1.3) based electrolytes. This
result is in direct contrast to the behaviour obtained on the Pt
electrode (Table 1), indicating that the electrolytes based on the
stronger acid EMIC-AICIs (1-1.3) might initiate some side reactions
on the cathode. Therefore, the battery evaluation is mainly focused
on the less acidic electrolyte EMIC-AICIs (1-1.1). For comparison,
the battery performance using the stronger acid EMIC-AIClIs (1-1.3)
based electrolytes is provided in the ESI section.

2.3. Cell performance

Fig. 4a shows the typical charge-discharge profile of a hybrid battery
in the electrolyte of 1.0 M NaAICI«/EMIC-AICI; (1-1.1) at different
current rates. As expected from previous CV studies, the charge
profile shows an apparent two-step process while the discharge
profile exhibits a single step. The potential polarization between the
first charge step and the discharge curve under the current densities
of C/10 and C/5 is only 60 mV, which increases to 100 mV, 160 mV
and 260 mV under the current density of C/2, 1C and 2C,
respectively. The initial low polarization between charge and
discharge is similar to that observed in organic electrolyte, 7 but
different from those observed in the hybrid Al||LiFePOs batteries,
indicating facile ion insertion/extraction into/from the NasV2(PO4)3
cathode. However, it should be noted that double active material
loading was used in the organic electrolyte based cell tests.”
Nonetheless, high charge and discharge capacities of 106.9 and
98.9mAh g are obtained under a current density of C/10, resulting
in a high initial coulombic efficiency of 92.5. %. The charge and
discharge capacities decrease to 96.9 and 94.6 mAh g under C/5,
91.9 and 89.3 mAh g* under C/2, 82.3 and 80.1 mAh g under 1C,
and 69.1 and 67.8 mAh g under 2C, respectively. Considering the
good rate performance in Fig. 4b, a fresh hybrid battery was
assembled and evaluated under a current rate of C/5. The initial
reversible capacity is 86 mAh g2, and it reduces to 69 mAh g after
100 cycles, resulting in a capacity retention of 80 % (Fig. 4d). The
initial gradual decrease of the capacity is similar to that observed in
the hybrid Al||LiFePO4 battery, which is attributed to the trapping of
sodium in the electrolyte.** For comparison, a hybrid battery using
pure EMIMCI-AICIz (1-1.1) electrolyte was assembled and cycled
under the same current density of C/5. As shown in Fig.S2a in the
ESI, the initial potential polarization between charge and discharge
curve is 180 mV, which increases with cycling and it is as high as
480 mV after 50 cycles. Also, under the same current rate of C/5 the
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polarization is much worse when the stronger acid electrolyte EMIC-
AIClz (1-1.3) is used (Fig. S2c in the ESI). The increasing
polarization with cycling in the electrolyte without NaAICls, as
compared to the low polarization observed in the electrolyte with
NaAICl4 (Fig.4c), confirms the severe trapping of Na* in the former.
The trapping of Na* in the electrolyte without NaAICls also
contributes to the quick capacity drop in the first few cycles as well
as the following slow capacity degradation (Figs. S2b and S2d in the
ESI). It is further evidenced by the high coulombic efficiencies (98
%) for the batteries with NaAlCls (Fig. 4b and d) versus low
coulombic efficiencies (less than 90 %) for those without
NaAICl4(Figs. S2b and S2d). On the other hand, if 1.0 M
NaAICI4/EMIC-AICI; (1-1.3) is used to assemble hybrid battery; a
low polarization of 120 mV is maintained throughout the cycling
process (Fig. S3a in the ESI), however, the coulombic efficiency
decreases from the initial 97 % to only 94 % after 50 cycles (Fig.
S3b in the ESI). The low coulombic efficiency is mainly due to the
aforementioned side reactions resulting from the stronger acid
electrolyte.
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Fig. 4. Charge/discharge profile (a and c) and cycling stability (b and d) of
the hybrid battery Al|NVPin 1.0 M NaAICI,/EMIC-AICI; (1-1.1) at different
current rates and cycles, respectively. (The active material loading for Fig. 4a
and 4b is 1.4 mg/cm?while that for Fig. 4c and d is 2.0 mg/cm?).

Table 2 Coulombic efficiencies of Na insertion/extraction in NVP3
cathode in different ionic liquid electrolytes.

Electrolyte 1 2nd 3rd 4t 5t
cycle cycle cycle cycle cycle

EMIC-AICI; (1-1.1) 73.9 88.4 91.6 92.8 92.8

1.0 M NaAICI/EMIC- | 80.0 92.0 944 94.1 94.1

AlCl; (1-1.1)

EMIC-AICI; (1-1.3) 65.5 81.1 82.8 84.4 82.6

1.0M NaAICI/EMIC- | 83.7 90.2 91.4 91.0 91.0

AICI; (1-1.3)

To reduce the trapping of Na* with cycling while maintaining
high coulombic efficiency, a high salt concentration electrolyte, 2.0
M NaAICIs/EMIC-AICIs (1-1.1), was used to assemble the hybrid
battery that was cycled under the same current density of C/5. As
shown in Fig.5, a low polarization of 60 mV is maintained
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throughout the cycling process. In addition, the capacity quickly
reaches equilibrium within the first 10 cycles, whereas it takes more
than 20 cycles to reach equilibrium for the cell using 1.0 M NaAICls
electrolyte (Fig. 4d). Furthermore, a high coulombic efficiency of
98.5 % and high capacity retention are realized with the use of high
concentration electrolyte. For example, the initial reversible capacity
in 2.0 M NaAICls electrolyte is 96.3 mAh g, and it reduces to 85.6
mAh g after 50 cycles, resulting in capacity retention of 88.9 %
(Fig. 5b). In contrast, the capacity retention for the cell in 1.0 M
NaAICl4 electrolyte is only 82.6 % after 50 cycles (Fig.4d). The
above result confirms that high salt concentration is an effective way
to reduce the trapping of Na* and improve long cycle stability while
maintaining high coulombic efficiency in the new hybrid Al battery.
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Fig. 5. Charge/discharge profile (a) and cycling stability (b) of the hybrid
battery Al||NasV,(POg)sin 2.0 M NaAICI/EMIC-AICI; (1-1.1) at the current
rate of C/5 (The active material loading is 1.2 mg/cm?); (c) cycling stability
of the hybrid battery in 2.0 M NaAICI,/EMIC-AICI; (1-1.1) at a current rate
of 1C at 25 and 50 °C (The active material loading is 1.1 mg/cm?).

To further demonstrate the potential of the hybrid battery, its
cycling stability was studied up to 300 cycles at a high current rate
of 1 C. At 25 °C, the reversible capacity slowly decays from initial
71 mAh g to 48 mAh g after 300 cycles. The capacity decay can
be attributed to the high current rate and low ionic conductivity of
the ionic liquid electrolyte, as the cycling stability is significantly
improved when a similar hybrid battery was cycled at 50 °C. For
example, the cell has an initial high capacity of 98.3 mAh g, and it
slowly decreases only within the first 20 cycles to 88 mAh g?,
however, it is still as high as 86 mAh g after 300 cycles. The
coulombic efficiency is 98.3 % for the hybrid battery cycled at 25 °C
while it is 97.8 % for the one cycled at 50 °C. The charge—discharge
profiles of the two hybrid batteries for the first cycle and the 300th
cycle are compared in Fig. S6. Apparently, the cell polarization is
more severe at 25 °C than at 50 °C, especially at the end of the
cycling.

2.4. Cell working mechanism investigation

To confirm the potential observed in the hybrid Al batteries is
truly related to Na extraction/insertion from/into the NVP cathode,
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X-ray diffraction (XRD) analysis was used to follow the reaction of
the cathode. Na||[NVP half-cells using Swagelok were first assembled
in the electrolyte of 1.0 M NaClOaJ/ethylene carbonate (EC)-
diethylene carbonate (DEC) (1/1, by Vol), which was charged under
a constant current of 19.3 pA until the voltage reaches 3.7 V vs
Na/Na*. As shown in Fig. 6a, there is a flat plateau at 3.4 V vs
Na/Na*, same as those reported in the literature. 7! The Swagelok
cells were then disassembled inside the glovebox and the electrodes
were washed with anhydrous dimethyl carbonate (DMC) for three
times, followed by drying under vacuum for overnight. Hybrid
Al|[NaV2(POa4)s cells were then assembled in the ionic liquid
electrolyte of 1.0 M NaAICls/ EMIC-AICIs (1-1.1). The cells usually
exhibit an open cell voltage of 1.45 V vs Al/AI®*, indicating that the
electrochemical potential of the hybrid cells are less than 1.45 V.
Indeed, as shown previously and in Fig. 6b, there is a flat discharge
plateau at 1.27 V vs Al/AI®*. The coulombic efficiency between Na
insertion in the ionic liquid electrolyte (Fig. 6b) and Na extraction in
the carbonate electrolyte (Fig. 6a) is 90.8%. On the other hand, the
coulombic efficiency of Na extraction and insertion in the ionic
liquid electrolyte (Fig. 6b) is 100%. Other samples involving Na
extraction in the carbonate electrolyte and Na insertion in the ionic
liquid electrolyte are shown in Fig.S4 and S5, respectively.

Fig. 6¢c shows the XRD patterns of the NVP electrode under
different conditions. The diffraction peaks of the pristine NVP
electrode are the same as that of the starting NVP powder, though
the pattern contains a strong contribution from the carbon cloth. The
XRD peaks at 14.6°, 20.5° 21.5° 24.6° 29.6° and 32.8° for Na
extraction in the carbonate electrolyte are consistent with prior
reports of the Nal] NVP battery,” which can be indexed to
NaV2(POs)s, confirming that Na is indeed being extracted.
Furthermore, the XRD patterns for Na insertion in the ionic liquid
electrolyte are same as those of the fresh electrode. More
importantly, the XRD patterns for Na extraction in the ionic liquid
electrolyte are same as those for Na extraction in the carbonate
electrolyte. Finally, the XRD patterns of the electrode cycled for 50
cycles are same as those of the pristine electrode, indicating the
cathode structure is well maintained after long cycling. The above
XRD spectra confirm that the main cathode reaction observed in the
hybrid Na||Al battery is indeed the Na extraction/insertion from/into
the NVP host.
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Fig. 6 (a) Sodium extraction profile of Na || NVP Swagelok cell in 1.0 M
NaClO,/EC-DEC under a current of 19.3 pA; (b) Charge/discharge profile of
hybrid Al|[NVP cell in 1.0 M NaAICI/EMIC-AICI; (1-1.1) under a current of
12.5 pA;(c) XRD patterns of the NVP electrodes under different conditions
as specified in the figure caption. Black dashed lines correspond to sodiated
NVP, red dashed lines correspond to desodiated NVP. Several other peaks
are present that can be assigned to the carbon cloth.

In summary, we have demonstrated the first hybrid battery
based on the chemistry of Na and Al, which can achieve high
capacity and high coulombic efficiency in an electrolyte based on
NaAICls and a low acidic ionic liquid EMIC-AICIs (1-1.1, in molar).
The safe nature and earth abundance of both sodium and aluminum,
coupled with high safety of the ionic liquid electrolytes makes this
new hybrid battery very attractive for grid and stationary
applications. Even though the energy density of the current hybrid
battery is very low as compared to the rocking-chair batteries due to
low capacity and low potential of the NVP electrode as well as larger
amount of the electrolyte being used, ™ it will become more
favourable and competitive if high capacity Na* insertion cathodes
with potentials above 2.0 V vs Al/AI** and corresponding high
voltage ionic liquid electrolytes can be developed. A close relative to
NVP is the fluorinated version, NasV2(PO4)Fs, which shows both
high voltage and capacity than N\V/P.76-80

Conclusions

In summary, we have demonstrated the first hybrid battery
based on the chemistry of Na and Al in an electrolyte of NaAICla
dissolved in a low acidic ionic liquid of EMIC-AICIs (1-1.1). The
hybrid battery with 1.0 M NaAICls exhibits a discharge voltage of
1.25 V and a cathodic capacity of 99 mAh g* under a current rate of
C/10. Even though the energy density of the current hybrid battery is
only 124 Wh kg, which cannot compete with current state-of-art
lithium ion batteries, the safe nature and earth abundance of both
sodium and aluminum, coupled with the high safety of ionic liquid
electrolytes still make this new kind of hybrid battery very attractive
for grid and stationary applications. Particularly, if suitable Na*
insertion cathodes with high capacity of 150 mAh g?! and an
operation potential around 2.0 V versus Al/AI®* can be developed,
the energy density of the corresponding hybrid battery will be
increased to 300 Wh kg?, which can significantly increase its
capability for grid and stationary applications.

3. Experimental Section

3.1. Materials

Anhydrous Al chloride (AICIs) was purchased from Fluka and
was purified by sublimation. High purity sodium chloride (99.5%)
was purchased from Aldrich and dried at 200 °C for overnight. Equal
molar mixture of purified AICls and dried NaCl were mixed inside
the glovebox and transferred to a Pyrex glass tube, which was then
taken outside the glovebox and sealed under vacuum with a torch.
The tube was heated to 240 °C inside an oven until it becomes a
clear solution. After cooling to room temperature, NaAICls was
grinded inside the glovebox and was used to prepare the electrolyte
solutions. 1-ethyl-3-methylimidazolium chloride (EMImC) was
purchased from Aldrich and purified via repeated recrystallization
according to the reported procedure.®® NaClOs monohydrate was
purchased from Aldrich and was dried at 150 °C under vacuum for
24 hours before use. Anhydrous propylene carbonate (PC) was
purchased from Novolyte Inc and was used directly. 1.0 M NaClO4/
PC solution was prepared inside the glove box. NazV2(POa4)s was
synthesized according to the reported procedure. 7% 7 Different
molar ratios of AICIz to EMIMC, as well as different concentrations

6 | J. Name., 2012, 00, 1-3

of NaAICls in the acidic ionic liquids, were prepared inside the
glovebox.

3.2 Electrochemical Measurement

High purity Al foil and wire (99.99%) from Aldrich were used
as anode and reference electrode, respectively. Al foil was cut into
disks with diameters of 1.1 cm. The Al disks were mechanically
polished with fine sandpaper, followed by activation in an acidic
solution composed of 1 wt. % HNOsz, 65 wt. % HsPO4, 5 wt. %
acetic acid and water for 5 min. Finally, they were rinsed thoroughly
with deionized water and degreased in acetone for 5 min before
taking inside the glove box (moisture and oxygen level below 0.5
ppm) for cell assembling.

The cathode was fabricated by casting a slurry of NasV2(POa)s
(70 wt.%), Super-S carbon black (20 wt%), and
polytetrafluoroethylene (PTFE, 10 wt%) in a mixture of
methanol/water (1/1, in V) onto E-Tek carbon cloth. Solvent was
removed and the electrodes were cut into discs with a diameter of
1.1 cm and further dried in a vacuum oven at 110 °C overnight. The
active material loading was 1.0 - 2.0 mg/cm?. The coin cells were
assembled with NasV2(POa4)s as cathode, Al disk as both counter and
reference electrode, and glass fibre paper soaked with the electrolyte
as separator. To avoid corrosion of the coin cell parts, a special cell
design as shown in Fig. 1b was adopted,® that is, an insulating
shallow cup made of polyethylene was used as an internal container
for the cathode electrode and the acidic electrolyte soaked in carbon
fibre paper. The cup was designed to fit inside the coin cell sealing
gasket. A thin platinum wire was used as a bridge between the
cathode and the coin cell base. To avoid shorting of the coin cell
during cramping, the wire was wrapped with Celgard at the edge of
the cup. Finally, a fixed amount of 80 [l electrolyte was used to
assemble the coin cells, which was enough to wet the cathode and
the separator but avoided flooding the shallow cup.

The ionic conductivity was measured by AC impedance
spectroscopy using a Biologic VMP potentiostat in the frequency
range from 2 x 10° Hz to 1 Hz with a perturbation amplitude of 10
mV. 3 The conductivity measurement was carried out in a self-made
conductivity cell with two parallel glass-sealed platinum electrodes.
The cell was placed in an aluminum block that was heated from
room temperature to 100°C, with equilibration time of 30 min at
each measuring temperature. The cell constants were calibrated with
a 0.1 M KCI aqueous standard solution at 25°C. Cyclic voltammetry
(CV) was performed on the Biologic instrument using either two-
electrode or three electrode configuration. The electrochemical
behaviour of Al anode in the acidic ionic liquids was investigated
using Pt as working electrode, Al coil and Al wire as counter and
reference electrode, respectively. The electrochemical behaviour of
the NasV2(POa4)s cathode was investigated using coin cells. The CVs
were recorded at a scan rate of 20 mV/s on Pt electrode and 0.1
mV/s on NasV2(POa)s in the voltage range of - 0.2 - 0.6 V and 0.5 V-
2.1V vs. Al/AIR*, respectively. The battery cycling performance was
evaluated using an Arbin BT2000 instrument. The cells were
charged and discharged under different current rates, according to
the theoretical capacity of NasV2(POas)3 (117 mAh g1). 7%71 The cut
off voltages were 0.5 V and 2.1 V during discharge and charge,
respectively.

XRD patterns were collected on a Panalytical Empyrian X-ray
diffractometer using Cu K, radiation. Due to slight differences in
each carbon cloth it was observed that there were slight height
offsets. Therefore, the patterns as presented in Figure 6 have been
corrected against the main peak position of the carbon cloth, for ease
of comparison. For XRD analysis the Na||[NVP half-cells were
assembled using a carbonate electrolyte of 1.0 M NaClO4/EC-DEC
(1/1, by Vol). The half-cells were charged under a constant current

This journal is © The Royal Society of Chemistry 2012



of 19.3 pA until the voltage reaches 3.7 V vs. Na/Na*, after which
the cells were disassembled inside the glove-box and the electrodes
were washed with dry DMC for three times. After drying the
electrodes were then used to assemble Al||NaV2(POa)s half-cells,
which were discharged and charged, respectively. Finally, these cells
were disassembled inside the glove-box and washed with dry toluene
for three times and dried under vacuum before analysis.
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hybrid battery exhibits a discharge voltage of
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