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Synthesis and Application of an Aromatic Sulfonate
Sodium Salt for Aqueous Sodium-lon Battery Electrolytes

Xu Dong, Xu Liu, Jin Han, Zhen Chen, Huang Zhang, Stefano Passerini,*

and Dominic Bresser*

The two-step synthesis of sodium (2,3,5,6-tetrafluorophenoxy) diethane sulfonate
(Na-TFP) is reported, starting from 2,3,5,6-tetrafluorohydroquinone as the precursor.
Compared with conventional aqueous electrolytes such as 0.5 m NaClO, and
Na,SO,, the 0.5 m aqueous solution of Na-TFP provides higher ionic conductivity
over a wide range of temperature (e.g.,, >60 mScm ' at 20°C and >70mScm ' at
30°C) and a wider electrochemical stability window. Electrochemical cells with
Na,VTi(POy); as the positive electrode active material and a carbon-based negative
electrode provide a stable capacity for more than 450 cycles in 0.5 m Na-TFP.
Additionally, symmetric cells with Na,VTi(PO,); as the active material for the negative
and positive electrode are studied. The cells employing 0.5 m Na-TFP exhibit a good
cycling stability at a high dis-/charge rate of 5C for more than 50 cycles, which is
superior to the performance of the cells employing 0.5 m aqueous solutions of
NaClO, and Na,SO; as the electrolyte. The design of this bifunctional salt may trigger

batteries."' ™3 Nonetheless, they also pos-
sess several shortcomings to be overcome.
First, the electrochemical stability window
(ESW) of the aqueous electrolytes with low
salt concentration is rather narrow (~1.23 V),
which limits the voltage output and the
choice of high-energy electrode materials of
ASIBs.™ Therefore, the overall energy
density of ASIBs is much lower than the con-
ventional nonaqueous LIBs." Moreover,
side reactions such as active material
dissolution, anode passivation, and electro-
lyte decomposition can also reduce the
reversibility and stability of ASIBs.!**

As important components of SIBs, electro-
lytes have been extensively investigated.[***”)

new ideas for the development of water-based sodium-ion battery electrolytes.

1. Introduction

Lithium-ion batteries (LIBs) are one of the major choices for
energy storage in modern portable consumer electronics and
electric vehicles.'™ However, concerning the enormous
consumption and rising price of Li resources, new rechargeable
battery systems beyond LIBs have recently drawn a lot of
attentions.®™ Thanks to the high abundance of sodium and
other raw materials employed, sodium-ion batteries (SIBs) are
expected to offer lower costs than LIBs. Thus, they are emerging
as a promising alternative.®% In particular, aqueous sodium-
ion batteries (ASIBs) with high safety and environmental friend-
liness are attractive candidates for next-generation rechargeable
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Currently, there are a lot of efforts invested
in the development of high-concentration
electrolytes, ie., “water-in-salt” electrolytes,
to suppress the electrochemical decomposi-
tion of water, particularly, the hydrogen evolution reaction.#2
However, the high content of the salt increases the viscosity and
decreases the ionic conductivity, which limits the rate capability
of the aqueous cells.”"**! Developing novel electrolyte salts for
low concentration aqueous electrolytes with expanded ESW and
high ionic conductivity is an interesting, alternative path for con-
structing ASIBs with superior cycle life, storage performance,
and high-energy density.

Fluorinated organic compounds have been known for about
two centuries, tracing back to 1835.% In 1929, the interest in
this material class started blooming owing to the commercializa-
tion of nonflammable refrigerants such as CCI3F and CCI,F,.1”!
In Germany, the commercial production of aromatic fluorine
compounds began in 1930, and numerous applications have sur-
faced in recent years. For example, fluoroaromatics have played
an important role in the development of drugs and other prod-
ucts that are used as intermediates for pharmaceuticals and pes-
ticides.?®*”! Substituted hexafluorobenzene compounds found
potential use in optical applications and as photoresists,*® as
complexing agent for transition metals in catalysis.?**” More
recently, they have been proposed also as redox-active component
in the catholyte of redox-flow batteries.®! While there are gen-
erally a lot of studies on the nucleophilic substitution of halide
groups and phenols,?*>”! little and only rather fundamental
studies have been reported on the investigation of 2,3,5,6-tetra-
fluorohydroquinone, also referred to as perfluorobiphenol.>*~*"!
However, the rather pronounced intermolecular interaction
potential in combination with the facile modification of the
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two hydroxyl groups, opening up the potential for the synthesis
of bifunctional alkali metal salts, render it a very interesting start-
ing block for the synthesis of novel electrolyte salts.

In this work, we propose sodium (2,3,5,6-tetrafluorophenoxy)
diethane sulfonate (Na-TFP) as a new conducting salt for aque-
ous electrolytes. Even with a low salt concentration, i.e., 0.5 m, its
aqueous solution not only realizes a wider ESW but also exhibits
a higher ionic conductivity with respect to the conventional
Na,SO,4 and NaClO, containing electrolytes. As a result, the sym-
metric NVIP cells comprising the 0.5m Na-TFP electrolyte
exhibit higher specific capacity and better cyclability than those
employing the Na,SO, and NaClO, electrolytes.

2. Results and Discussion

Na-TFP was synthesized using perfluorobiphenol as the precur-
sor following a two-step derivatization (Figure 1). The first step
consists of a nucleophilic substitution of perfluorobiphenol (1) by
1,2-dibromoethane under basic conditions,!”” followed by the
sulfoethylation reaction with Na,SO; to yield sodium sulfonate
groups in the second step.**! The chemical structure of the
intermediate (2) and the final product Na-TFP (3) were confirmed
by 'H NMR, "F NMR, C NMR, and FT-IR spectroscopy
(see Figure S1-S3, Supporting Information). Subsequently, we
investigated the potential application of Na-TFP as conducting
salt in aqueous electrolytes for sodium-ion batteries (SIBs), a bat-
tery technology that has recently attracted a lot of interest for
large-scale stationary applications, owing to the abundancy of
its constituents and potentially low cost.5**4  Aqueous

K2CO3, DMF, Ar

\_\ ~—
HO OH ———— b %} \_\ Hzo/DMF o O\_\
. . Br Br
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electrolytes are particularly attractive for stationary storage appli-
cations because of their intrinsic safety and high ionic conduc-
tivity, while the limited electrochemical stability of water and,
thus, the limited cell voltage is less of an issue, as the weight and
volume of the battery are not very detrimental. In fact, the ionic
conductivity of the aqueous 0.5m Na-TFP electrolyte (0.5 mol
Na-TFP in 1kg water) is as high as 45mScm™' at 10°C,
>60mScm™' at 20°C, >70mScm ' at 30°C, and
115mScm™" at 60°C (Figure 2a). This is significantly higher
than the conductivity of 0.5m aqueous solutions of NaClO,
and Na,SO, with, for instance, only 41 and 51mS cm ! oat
20°C for NaClO,4 and Na,SO,, respectively. For the determina-
tion of the ESW, three-electrode cells employing a platinum
working electrode, activated carbon (AC) counter electrode,
and Ag/AgCl reference electrode were assembled and subjected
to linear sweep voltammetry (LSV) (Figure 2b). At a first glance,
the ESW appears rather wide with about 2.5V in between the
sharp rise of the cathodic and anodic current. However, a closer
inspection indicates that the perfectly flat region is limited to
about —0.6 V upon reduction and 0.6V upon oxidation, with a
minor increase in current beyond these values, which is in good
agreement with the theoretically expected ESW of water of about
1.2V prior to hydrogen and oxygen evolution upon reduction and
oxidation, respectively.l*) When comparing the ESW of the Na-
FTP electrolyte with those based on NaClO, and Na,SO,, how-
ever, it is observed that especially the stability toward reduction
appears superior for Na-TFP, while the stability toward oxidation
is higher than for Na,SO4 and comparable to NaClO,.

The potential use of the salt in aqueous electrolytes for SIBs
was further studied in combination with NVTP as the electrode

NaO3S R F
Na2803
100°C FF SO3Na
3
Na-TFP

Figure 1. Synthesis procedure for yielding the bifunctional sodium salt Na-TFP (3), starting from 2,3,5,6-tetrafluoro-hydroquinone (1) as the precursor.
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Figure 2. Electrochemical characterization of the 0.5 m aqueous solutions of NaClO,, Na,SO,, and Na-TFP: a) lonic conductivity as a function of
temperature; b) Determination of the electrochemical stability window by means of LSV at 20°C and a sweep rate of 10mV's
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active material, which has been reported earlier as very suitable
for aqueous SIBs**™” and AC as the counter electrode.””
The determination of the crystal structure by X-ray diffraction
(XRD; Figure S4, Supporting Information) revealed a phase-pure
material, and the analysis of the morphology via scanning elec-
tron microscopy (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDX; Figure S5, Supporting Information) showed
a particle size of several micrometers and a homogeneous distri-
bution of oxygen, vanadium, sodium, and titanium in the sample
— in line with the previous study.®V

In a first step, the potential range for the V>*/V** redox couple
in NVTP was investigated, and the cut-off potentials were set to
0.0 and 0.6 V versus Ag/AgCl (Figure 3a,b and S6a,b, Supporting
Information), i.e., toward the upper stability limit of the electro-
lyte. The comparison of the three electrolytes reveals a (slightly)
higher specific capacity for the NVTP||AC cells comprising the
Na-TFP electrolyte at all C rates. Especially, the NaClO4-based
electrolyte provides a relatively limited capacity at elevated C rates
(Figure S6a, Supporting Information) compared to the other two
electrolyte systems. The average Coulombic efficiency was about
99.8% for all electrolytes, indicating a generally sufficient stability
in this potential range. This is also reflected by the very stable
long-term cycling of such cells in the given potential range with
a capacity retention of about 90% after more than 400 cycles at 2C
in the case of Na-TFP following the evaluation of the rate
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capability (Figure 3a). The capacity retention of the Na,SO,-based
electrolyte was about 92%, while it was somewhat lower for the
NaClOy-based electrolyte (86%). The dis-/charge profiles of all
three electrolytes show the characteristic potential plateau at
about 0.4V (Figure 3b and S6ab, Supporting Information).
The reversible specific capacity at 2C was 46mAhg™' for
Na-TFP and slightly decreased to 43 and 38 mAhg™' when
increasing the C rate to 5C and 10C, respectively, along with
a slight increase in polarization. For the Na,SO, electrolyte,
the capacity was comparable with 43, 40, and 37 mAhg ' at
2C, 5C, and 10C, respectively, while it was substantially lower
for NaClO, with only 42, 36, and 23 mAh g~ ' at the same C rates.
The better rate capability offered by the Na-TFP-based electrolyte
with respect to that achieved for the Na,SO, and NaClO, electro-
Iytes is ascribed to the superior ionic conductivity of the former
electrolyte, as shown in Figure 2a.

In a second step, the potential range for the Ti*™/Ti*" redox
couple in NVTP was studied (Figure 3c,d and S6c,d, Supporting
Information). Therefore, the cut-potential values were set to —0.1
and —0.88 V versus Ag/AgCl. The use of the Na-TFP-based elec-
trolyte leads to a remarkably improved specific capacity accom-
panied by higher Coulombic efficiency. This performance can be
explained by the better cathodic stability of the Na-TFP-based
electrolyte in comparison to the NaClO4 and Na,SO, comprising
electrolytes, as demonstrated in Figure 2b. Nonetheless, the

0.8
0.6 //
o.4<k
i
0.0
5C 2C

-0.2+4

Na-TFP
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Figure 3. Galvanostatic cycling of electrochemical cells comprising NVTP as active material for the working electrodes and AC-based counter electrodes at
varying C rates in a potential range from a,b) 0.0 to 0.6V and c,d) —0.1 to —0.88V versus Ag/AgCl: a,c) Comparison of the rate capability and
cycling stability of the NVTP||AC cells comprising the three different electrolytes; b,d) selected dis-/charge profiles of the NVTP||AC cell containing
the Na-TFP-based electrolyte at varying C rates, i.e., 2C (dark green), 5C (green), and 10C (light green).
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Figure 4. Galvanostatic cycling of symmetric NVTP||NVTP cells at 5C: a) comparison of the cycling stability and Coulombic efficiency of the three different

electrolyte systems; b) selected dis—/charge profiles for the 1st, 20th, and

Coulombic efficiency for Na-TFP electrolyte remains rather low
at 2C with less than 90%, despite an increase to 94.9% at 5C and
97.9% at 10C (Figure 3c). Further improvement of the cathodic
stability of the proposed electrolyte is still required to suppress
the hydrogen evolution reactions for a better reversibility.
Nonetheless, the cycling stability appears very promising with
no significant capacity fading (Figure 3c), revealing that the active
material itself is not the cause of the limited Coulombic efficiency,
while there is apparently an excess of electrolyte in the cell and a
minor hydrogen evolution does not affect the overall performance.
The dis—/charge profiles of Na-TFP presented in Figure 3d show
the typical potential plateau at around —0.75V and a promising
specific capacity of about 52 mAh g~ at 2C, which decreases to
48 and 39 mAh g~* when increasing the dis-/charge rate to 5C
and 10C, respectively. For NaClO, and Na,SO,, the reversible
capacities are much lower with only 20/20, 16/16, and
12/12mAh g™ (NaClO,/Na,SO,) at 2C, 5C, and 10C, respec-
tively, accompanied by a slightly (Na,SO,) and substantially
(NaClOy4) lower Coulombic efficiency (Figure 3c and S6c,d,
Supporting Information).

Finally, symmetric NVIP|[NVTP cells were assembled and
subjected to galvanostatic cycling at 5C in a voltage range from
0.0 to 1.3V (Figure 4 and S7, Supporting Information). In such
case, the two earlier studied redox reactions occur simulta-
neously at the negative and positive electrodes. The cells employ-
ing NaClO4 or Na,SO, as the conducting salt exhibit a very
abrupt fading after the first cycle and very poor specific capaci-
ties, rapidly approaching 4 mAh g*. This is accompanied by very
low Coulombic efficiencies caused by the insufficient reversibil-
ity of the Ti**/Ti*" redox couple in the Na,SO, and NaClO, elec-
trolytes. In comparison, the specific capacity of the NVIP|[NVTP
cell comprising the Na-TFP-based electrolyte was substantially
higher with initially more than 40 mAh g~ ', highlighting the very
good rate capability of such electrodes and the Na-TFP-based
aqueous electrolyte. Benefiting from the extended cathodic
stability and, especially, high ionic conductivity, the specific
capacity delivered by the 0.5m Na-TFP electrolyte at high
specific currents, e.g., 5C, is also superior to those obtained
with the reported highly concentrated electrolytes, e.g., 9.2m
NaCF;SO;, 8m NaClO,™* 8m CH;COONa, and 32m

Energy Technol. 2022, 2201045 2201045 (4 of 6)

50th cycle of the NVTP|[NVTP cell comprising the Na-TFP electrolyte.

CH;COOK + 8 m CH;COONa.>?! Moreover, about 75% of this
specific capacity, i.e., 30 mAh g—!, were retained after 50 cycles.
The average Coulombic efficiency was 98.6% — in line with the
previous findings, confirming the superior performance of the
Na-TFP electrolyte.

3. Conclusion

Sodium (2,3,5,6-tetrafluorophenoxy) diethane sulfonate (Na-
TFP) was successfully synthesized as new bifunctional sodium
battery electrolyte salt via a facile two-step derivatization starting
from the commercially available 2,3,5,6-tetrafluorohydroquinone
(perfluorobiphenol). Compared with equimolal aqueous NaClO,
and Na,SO, electrolytes, this new sodium salt shows a higher
ionic conductivity of, e.g., >70mS cm™" at 30 °C, which trans-
lates into an enhanced rate capability of Na,VTi(POy,); electrodes
for both the V*™/V*" and the Ti*'/Ti*" redox couple, as
evaluated in NVTP||AC cells. Additionally, the electrochemical
stability toward reduction is substantially enhanced, resulting
in the superior capacity and cycling stability of symmetric
NVTP|INVTP cells. In sum, the results show that Na-TFP is a
suitable electrolyte salt for ASIBs and potentially also for other
electrolyte media.

4. Experimental Section

Materials and Synthesis: 2,3,5,6-Tetrafluorohydroquinone (Alfa Aesar,
>96%), 1,2-dibromoethane (Sigma-Aldrich, >98%), N,N-dimethylforma-
mide (DMF, Alfa Aesar, >99.8%), anhydrous potassium carbonate
(Alfa Aesar, >99%), and purified sodium sulfite (VWR, 95.0-100.5%) were
used as received. Following the study by Wang et al.*"! a solution of
2,3,5,6-tetrafluorohydroquinone (1) (4.0g, 21.1 mmol) in 10 mL DMF
was added dropwise to a continuously stirred mixture of 1, 2-dibromo-
ethane (15.8g, 84.4mmol) and K,CO; (8.7g, 63.2mmol) in DMF
(40 mL) at room temperature, as depicted later. After the addition had
been completed, the reaction mixture was stirred at room temperature
for another 2 h and then heated to 70 °C for 2 h. The mixture was filtered,
and the resulting solution was diluted with ethyl acetate (80 mL) and
washed three times with 80 mL H,O. The organic layer was separated,
dried with anhydrous Na,SO,, and concentrated under reduced pressure

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH

95U801 SUOLLLOD BA1TER.D 3[dedl|dde ay) Aq peusenob aJe ssppile YO ‘SN JO'Sa|n 10j ARiqiauljuQ AS|IA UO (SUONIPUOD-pUR-SLLIB)/ALIY"AB | IM A eIq Ul UO//:SdNY) SUONIPUOD pue SWB | 84 385 *[2202/TT/vz] uo Arigiauliuo A8|im 91ojouyde | 5 1su| Bunisie Aq SyOT0ZZ0Z 91US/Z00T 0T/I0p/Lod’ A3 1M Aelq1|Buluo//sdny woly papeojumod ‘0 ‘96Zr 612


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

rsion, Storage, Di

www.advancedsciencenews.com

to give 2 (7.4 g, yield: 89%). 'H, '°F, and "*C NMR spectra of 2 are pro-
vided in Figure S1, Supporting Information and were recorded on a Bruker
AM-400 spectrometer.

F F Br
K,CO3, DMF, Ar \
HO OH —— 0] o
Br \_\
Br N

F F F F Br

1 2

"M NMR (400 MHz, CDCl;) 6=4.46-439 (t, J=6.4Hz, 4H),
365 — 3.58 (t, J=6.4Hz, 4H); '°F NMR (400 MHz, CDCls)
6=—155.10 (s, Ar-F).

Subsequently, according to Sigwalt et al.,** a solution of 2 (5.2 g,
13.1 mmol) and Na,SO; (3.7 g, 28.7 mmol) in H,O/DMF (1:1, 120 mL)
was prepared under nitrogen atmosphere and stirred at 100°C for
24 h. Afterward, the mixture was cooled naturally to room temperature
and filtered. The filtrate was poured into acetone (1 L) and the precipitate
was collected by filtration and dried on the filter funnel overnight. The
crude solid was dissolved in boiling water (15 mL) and EtOH (120 mL)
was added to precipitate the product. The mixture was cooled naturally
to room temperature and filtered. The resulting white solid yielded the final
product 3 after drying under high vacuum (4.3 g, yield: 80%). 'H, '°F, and
3C NMR spectra of 3 are displayed in Figure S2, Supporting Information.
An FT-IR spectrum, recorded using a Bio-Rad Excalibur FT-IR spectrometer
in the 400-4000cm ™' wavenumber range, is presented in Figure S3,
Supporting Information and compared with the FT-IR spectrum of 2.

Br RF FF
AN Na,SOq —
o 0 —_— o 0
\ H,O/DMF \
FF B 100°C FoF

2 3

NaO3;S

SOzNa

Na-TFP

'H NMR (400 MHz, DMSO) &6=4.39-4.31 (m, 4H), 2.98-2.86
(m, 4H); "°F NMR (400 MHz, DMSO) 6= —157.93 (s, Ar-F). IR (KBr):
v=3620, 3546, 2970, 1613, 1504, 1426, 1389, 1300, 1211, 1169, 1055,
987, 934, 809, 637, 585, 522cm .

Electrochemical Characterization of the Na-TFP-Based Electrolyte: The
aqueous electrolyte comprising Na-TFP as the final product was prepared
by dissolving 0.5 mol of the salt in 1 kg of deionized water. 0.5 m was the
highest concentration that Na-TFP can achieve in water. At this level, fur-
ther decreasing the salt concentration leads to lower ionic conductivity and
narrower ESW. Thus, we selected 0.5 m as the concentration to compre-
hensively and comparatively investigate the physical and electrochemical
properties. Accordingly, 0.5m solutions of NaClO, (Sigma—Aldrich,
99.99%) and Na,SO, (Merck KGaA, >99%) were prepared. The ionic
conductivity of the different electrolyte systems was determined in sealed
conductivity glass cells (AMEL 192/K1), equipped with two porous plati-
num electrodes. The cell constants were determined using a 0.01 m KCl
standard solution. The measurements were run in the temperature range
from 10 to 60 °C, and the equilibration time at each temperature was 1 h.
The ESW of the electrolyte solutions was determined by LSV at 20°C
on a multichannel potentiostat/galvanostat (VMP, BiolLogic), using
three-electrode Swagelok-type cells and applying a sweep rate of
10mVs~". Platinum disk (1 mm in diameter), AC (YP-47, Kuraray), and
Ag/AgCl electrodes were used as working, counter, and reference elec-
trode, respectively.

Electrode Preparation, Cell Assembly, and Testing: Na,VTi(PO,); (NVTP)
was synthesized by a sol-gel method.”"" In brief, 0.02mol
CH;COONa-3H,0 (VWR, >99%), 0.01 mol NH,VO; (Sigma-Aldrich,
>99%), and 0.03 mol NH,H,PO, (Alfa Aesar, >99%) were dissolved in
50mL of an aqueous solution of citric acid monohydrate
(CeHgO7-H,0) (0.02 m; Alfa Aesar, >99%). Under vigorous stirring,
10mL of a 0.1™m solution of Ti(CH;CH,CH,CH,0), (Sigma—-Aldrich,
>98%) in absolute ethanol (VWR, >99.9%) were added to the former
solution. The slightly yellowish solution turned immediately into a white
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suspension. After heating this suspension to 80 °C to evaporate the sol-
vents, the resulting blue powder was collected as the gel precursor. The
precursor was pretreated at 350 °C for 5 h and then sintered at 800 °C for
12 h under argon flow to obtain the NVTP electrode active material. X-ray
diffraction (XRD) was carried out using a Bruker D8 with a Cu—Ka radiation
source (4= 0.154 nm). The morphology of the NVTP powder was investi-
gated by SEM utilizing a ZEISS EVO MA 10 microscope, equipped with an
EDX detector (Oxford Instruments X-MaxN, 50 mm?, 15 kv).

The electrodes were composed of 80 wt% NVTP or AC (YP-47, Kuraray)
as the active material, 10 wt% SuperC65 (Imerys) as conductive additive,
and 10wt% polyvinylidene difluoride (Solef 6020, Solvay) as binder.*?
The latter was dissolved in N-methyl-2-pyrrolidone (anhydrous, Sigma—
Aldrich) before adding the other electrode components. The resulting
slurry was dispersed using a ball milling machine (Pulverisette 4,
Fritsch) for 2h and cast on battery grade stainless steel. After drying at
80 °C overnight, disk-shaped electrodes with a diameter of 12 mm were
punched and further dried at 120°C under high vacuum. The average
active material mass loading was about 3.0 mgcm ™2 When combining
NVTP as the working electrode and AC as the counter electrode,
three-electrode Swagelok-type cells were used, comprising additionally a
Ag/AgCl reference electrode. In the case of the symmetric NVTP||NVTP
cells, two-electrode CR2032 coin cells were assembled with the weight
ratio of the active materials close to 1. In both cases, glass fiber sheets
(GF/D, Whatman) served as separator and were soaked with the aqueous
electrolyte. Galvanostatic cycling was conducted on a Maccor 4000 Battery
Test System. A C rate of 1C refers to a specific current of 100mAg™". All
electrochemical tests were conducted at 20 °C.
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