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An efficient electrolyte solution containing organic sulfonates for
use in aqueous rechargeable lithium-ion batteries (ARLBs) is shown
to provide a wide potential window and enable a high operating
voltage for ARLBs.

Accompanied by the rapid increase in the use of sustainable
energy, lithium-ion batteries are finding widespread applications in
large-scale energy facilities." Since sustainable energy sources such
as solar and wind power suffer from problems related to supply
fluctuation, such fluctuation needs to be controlled through the use
of buffers, which store and release surplus electric energy.” Despite
continuous improvements in the safety of lithium-ion batteries,
the flammable organic solvents used in the electrolyte have fatal
drawbacks, and therefore alternative electrolytes have been
studied for large-scale energy-storage applications.’ In addition
to this safety issue, the cost of preparing and handling ultra-dry
organic solvents is also a serious concern.

Among alternative electrolytes, aqueous electrolytes could meet
the safety and cost requirements of an electrolyte for large-scale
battery facilities,"> but their narrow window of electrochemical
stability (1.23 V) raises another problem. In 1994, Li et al. first
reported the concept of aqueous rechargeable lithium-ion batteries
(ARLB) using LiMn,O, and VO,(B) as active materials.” They
demonstrated the continuous charge-discharge performance,
but the terminal voltage was limited (less than 1.5 V). Clearly, a
narrow electrochemical window would diminish the advantages
of plentiful active materials for use in lithium-ion batteries.
Considerable effort has been devoted to overcoming the limita-
tion of an electrochemical window, and a few approaches have
been found to stabilize aqueous electrolytes. The most common
practice is coating of the electrode surface. This is analogous to
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the formation of a protective layer known as a solid electrolyte
interphase (SEI), which mainly forms on graphite electrodes
in lithium-ion batteries. Thermodynamically, organic solvents
decompose at quite low potentials close to 0 V (vs. Li'/Li), but
this process apparently stops after SEI films have sufficiently
developed on the electrode surface.” Similarly, protective materials
can be added to aqueous electrolytes to block the access of water
molecules. For example, Stojkovic et al. reported that the addition
of vinylene carbonate (VC) effectively improved the cycle perfor-
mance of Li; 4sCro10Mny 5504 in an aqueous electrolyte.®

Another method for obtaining stable aqueous electrolytes is to
increase the concentration of salts in the aqueous solutions. In both
organic and aqueous electrolytes, it has been found that highly
concentrated solutions have some extraordinary physicochemical
properties. Jeong et al. discovered that organic solutions of propylene
carbonate (PC) with a high concentration (2.72 mol dm™®) of lithium
bis(perfluoroethylsulfonyl)imide (LiN(SO,C,Fs),, LiBETI) had high
tolerance to reductive decomposition at low potentials.” Yamada
et al. also reported that an acetonitrile electrolyte with a high
concentration of lithium bis(trifluoromethanesulfonyl)imide
(LiN(SO,CF;),, LiTFSI) was highly stable against reduction.
Moreover, Suo et al. reported a highly concentrated aqueous
solution of LiTFSI with a wide window of electrochemical
stability.'* While the mechanism by which solvents are effec-
tively stabilized by a high concentration of salts is not yet clear,
these approaches have inspired further explorations of aqueous
electrolytes with more stable electrochemical windows. In this
communication, we report that the addition of an organosulfate to
aqueous electrolytes enhances their resistance to oxidative decom-
position. In particular, we investigated the influence of disodium
propane-1,3-disulfonate (PDSS) on the properties of aqueous
electrolytes. To the best of our knowledge, this is the first report
on the use of a high-potential positive electrode material
(>4.5 Vs, Li'/Li) in an aqueous electrolyte (ESI, Scheme S1).

Spinel-type LiNi, sMn; 50, thin films were prepared by the
sol-gel method. Lithium acetate, nickel(u) acetate tetrahydrate, and
manganese(u) acetate tetrahydrate were dissolved in a solution of
acetic acid. A methanol solution containing polyvinylpyrrolidone
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(PVP, M,, = 55000) was then added to form a sol of the acetic acid
solution. We prepared a precursor sol, in which the molar ratio of
CH;COOLI, Ni(CH;C00),-4H,0, Mn(CH;CO0),-4H,0, CH;COOH,
H,0, CH;0H, and PVP was 12:5:15:400:200: 400 : 20. An aliquot
of the precursor sol was dropped on a polished Pt substrate, and
this was followed by spin-coating at 3000 rpm for 20 s. The
Pt substrate with the sol solution was heated in a furnace at
723 K for 1 h, where the temperature was changed at rates of 5 and
1.5 K min~" for heating and cooling. We also examined the use of
a gold substrate for the sol-gel method instead of a Pt substrate.
Thin-film X-ray diffraction (XRD) measurements were carried
out to characterize the obtained sol-gel films, using a CuKa
X-ray source.

Electrochemical measurements were performed in both organic
and aqueous electrolytes. For the organic electrolyte, we constructed
a three-electrode cell with Li metal as both the counter and
reference electrodes, and carried out cyclic voltammetry in a PC
solution of 1 mol dm™? (M) LiClO,. Electrochemical measurements
using the organic electrolyte were conducted in a dry Ar-filled glove
box. In aqueous electrolytes, Ag/AgCl and Pt mesh were used for
the reference and counter electrodes. We examined five aqueous
solutions for use as electrolytes: 0.5 M LiNOj;, saturated LiNOj,
0.5 M LiNO; with saturated PDSS, 0.25 M Li-PO, buffer consisting
of LiOH and H3PO, with a molar ratio of 3:2 (pH 7), and 0.25 M
Li-PO, buffer with saturated PDSS.

In addition, we investigated the electrochemical potential
windows of the electrolytes using a rotating-disk electrode
(RDE) of platinum with a rotation speed of 400 rpm. Linear
sweep voltammetry was carried out in electrolyte solutions of
0.5 M LiNO; and 0.25 M Li-PO, buffer with saturated PDSS.

To characterize the electrode surface, X-ray photoelectron
spectroscopy (XPS, ULVAC-PHI Model 5500) was carried out
before and after the electrochemical measurements. Spin-spin
relaxation time (7,) was measured using the '"H NMR Carr-
Purcell-Meiboom-Gill (CPMG) method (XiGo Nanotools, Acorn
Drop) to characterize the bulk properties of PDSS solutions. The
viscosity of PDSS aqueous solutions was measured with an
automated microviscometer (Anton Paar, AMVn 1569).

Fig. 1 shows XRD and cyclic voltammograms of thin oxide films
obtained by the sol-gel method. The XRD patterns contained
diffraction peaks that were ascribed to spinel-type LiNiysMn; 50,4
(LNMO), Pt substrate and clay. Clay was used to fix the thin-film
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Fig. 1 (a) XRD pattern of LNMO thin film on a Pt substrate and (b) cyclic

voltammograms of LNMO in 1 M LiClO,4/PC.
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samples to the sample holder for XRD measurements. Cyclic
voltammograms (Fig. 1b) of thin films in an organic electrolyte
(1 M LiClO,/PC) show two pairs of redox peaks that correspond to
Li" insertion/extraction at LNMO thin films.'*"® These peaks at
around 4.75 V (vs. Li'/Li) were observed continuously with the
same intensity, which shows that there was no clear degradation
of LNMO thin films for 5 cycles. This result confirmed that the
sol-gel method gave well-crystallized LNMO thin films.

The electrochemical behaviors of the LNMO thin films in
aqueous solutions are shown in Fig. 2. In this study, we used a
solution of LiNO; as a reference since LiNO; is widely used to
make aqueous electrolyte solutions in the literature on ARLBs."*™'
Wessells et al. reported that a solution of LiNO; showed higher
electrochemical stability than those of Li,SO, and LiCl, and an
increase in the concentration of LiNO; (up to 5 M) improved the
stability of aqueous electrolytes.’” In solutions of 0.5 M and
saturated LiNO; (Fig. 2a and b), oxidation currents began to
increase at a potential of 1.3 V (vs. Ag/AgCl), but there were no
clear redox pairs that corresponded to Li* insertion/extraction
at LNMO thin films. Since the potential of 1.3 V (vs. Ag/AgCl),
which is equal to 1.91 V (vs. reversible hydrogen electrode, RHE)
at pH 7, was higher than the upper limit of the window for
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Fig. 2 Cyclic voltammograms of LNMO with aqueous solutions of (a)
0.5 M LiNOs, (b) saturated LiNOs, and (c) 0.25 M Li—-PO, buffer with
saturated PDSS (pH 7).
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water (1.23 V vs. RHE), the oxidation currents observed on
LNMO thin films in LiNO; solutions were ascribed to the
oxygen evolution reaction.

When we added PDSS to a solution of 0.5 M LiNOj, the
oxidation current for oxygen evolution was suppressed, and two
redox pairs appeared at around 1.5 V (vs. Ag/AgCl) (ESL+ Fig. S1).
Since this potential is almost the same as that in Fig. 1b, these
redox pairs were attributed to Li" insertion/extraction of LNMO in
the aqueous solution. As we continued potential cycling, however,
the redox pairs of Li' insertion/extraction were weakened, and they
finally disappeared in the 5th cycle. In a neutral aqueous solution,
the pH in the vicinity of electrodes should decrease during oxygen
evolution, which proceeds as a side reaction:

2H,0 — O, + 4H" + 4e” (1)

Therefore, the LNMO thin film gradually dissolved in the low-pH
aqueous solution. To obtain stable voltammograms, the protons
generated via oxygen evolution need to be consumed. In this
study, we sought to mitigate the decrease in pH by using a buffer
solution. Phosphate buffer stabilizes the proton concentration
via the following chemical reaction:

H,PO,” s H' + HPO,>~ (2)

When we used a solution of Li-PO, buffer with saturated PDSS,
there were clear redox pairs at around 1.5 V (vs. Ag/AgCl) (Fig. 2c).
The currents of these redox pairs gradually decreased, but were
steady in the 10th cycle. This implies that the phosphate buffer
effectively reduced the changes in the local pH in the vicinity of
the electrodes, and protected the LNMO film from dissolving in
the electrolyte.

In the electrolytes with PDSS, we should consider the possibi-
lity of Na" insertion/extraction at the LNMO electrodes since there
are more Na' ions than Li" ions. Kim and Amatucci investigated
Na' and Li" insertion/extraction on Nig sMn, 504, which is a form
of fully Li"-extracted LNMO, and reported that the redox potential
of Na* insertion was 0.7 V lower than that of Li" insertion.'®
Although a redox peak of Na* insertion/extraction was expected to
appear at 0.8 V (vs. Ag/AgCl), there were no clear peaks corres-
ponding to Na* insertion/extraction. Two possible hypotheses can
be considered to explain the fact that Na" insertion/extraction at
the LNMO electrodes did not occur in this study. First, the degree
of dissociation of PDSS would be small, and elemental sodium
would not exist in the form of Na* ions. Second, the insertion/
extraction rate of Na* ions would be slower than that of Li" ions.
The ionic radius of Na' (102 pm) is larger than that of Li" (76 pm),
and the diffusion coefficient of Na" in Li,TisO;,, for example, was
110 times lower than that of Li*."” While it is unclear why Na*
insertion/extraction did not occur on LNMO in PDSS solutions,
the presence of PDSS did not interrupt, but rather allowed Li"
insertion/extraction at the LNMO thin film by suppressing oxygen
evolution even in the aqueous solution.

In the electrolyte consisting of phosphate buffer without PDSS,
we did not observe Li' insertion/extraction, and instead only
observed the oxidation current of oxygen evolution (ESL i Fig. S2).
Therefore, PDSS plays an essential role of stabilizing the aqueous
electrolyte for high potentials.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Linear sweep voltammograms of rotating Pt electrodes in aqueous

solutions of 0.5 M LiINO3z and 0.25 M Li—-PO, buffer with saturated PDSS
(pH 7).

The electrochemical stability of aqueous electrolytes was
investigated by the RDE method with a Pt disk. We used the
RDE method to examine the electrochemical stability of solu-
tions since rotation of the Pt disk allows us to evaluate precisely
the onset potential of water oxidation by removing oxygen gas
generated from the electrode surface. Fig. 3 shows linear sweep
voltammograms of the Pt disk electrode. While the oxidation
current began at 1.0 V (vs. Ag/AgCl) in the electrolyte of 0.5 M
LiNO;, the onset potential of water oxidation shifted positively
to 1.6 V (vs. Ag/AgCl) in the PDSS buffer solution. This potential
corresponds to 2.2 V (vs. RHE) and 4.8 V (vs. Li'/Li), implying that
PDSS provided a stable aqueous electrolyte, in which LNMO served
as a high-voltage positive-electrode material for use in ARLB. In
addition, based on the results of impedance spectroscopy, the
ionic conductivity of the solution of Li-PO, buffer with saturated
PDSS was 110 mS cm™ " at 25 °C. This value is almost similar to the
ionic conductivity of LiNO; aqueous solutions.*®

To better understand the mechanism involved in the PDSS
effect for improving the stability of aqueous electrolytes, we
considered three possible explanations. First, the chemical
composition of the LNMO surface was checked with XPS before
and after the electrochemical measurements. There was no clear
change in the chemical compositions among the three electro-
des (ESI,T Table S1 and Fig. S3). All of the electrodes had a large
amount of carbon, which was caused by the byproducts (mainly
LiCO;) of the sol-gel method. Even after Xe beam etching for
1 min, the chemical composition was unchanged. Therefore,
a surface film was not formed in the electrolyte with PDSS.

Second, the physicochemical properties of PDSS solutions
were characterized in terms of the "H-NMR spin-spin relaxa-
tion time (T,). Based on the relaxation curves from the CMPG
experiment, the solution of 2.0 M PDSS, which was almost
saturated, had a shorter T, than the solution of 0.1 mol dm™
PDSS (shown in ESL,t Fig. S4). In the free induction decay (FID)
curves, the intensity was increased mainly as a result of water
molecules. The relationship between the viscosity (1) and T, is
summarized in Table S2 (ESIt), and the following dependence
was roughly derived:

Troc 1/ (3)
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A similar correlation was also observed in viscous solutions,?’
and therefore PDSS aqueous solutions did not exhibit any
anomalous physicochemical properties. In this study, the bulk
properties of PDSS aqueous solutions cannot explain the
improvement in the stability of the electrochemical window.

Third, an alternative explanation is based on the enrichment of
the electrode surface with anions. Highly concentrated electrolytes
containing lithium salts such as LiTFSI and LiPFs have extraor-
dinary chemical features. McOwen et al. reported that anions (e.g.,
TFSI” and PF, ) accumulated on the surface of positive electrodes
with increasing potential and hindered the access of the solvent.*!
The accumulation of anions suppressed the continuous oxidation
of solvent molecules.?* Furthermore, Suo et al. also reported that
water decomposition was suppressed in a highly concentrated
aqueous solution of LITFSL'! Since the PDSS anion was as bulky as
the TFSI anion, it is expected that the surface will be effectively
covered with PDSS anions. The high concentration of PDSS anions
at the electrode-electrolyte interface should serve as a barrier to
repel water molecules from the surface of the LNMO electrode.
Another advantage of using PDSS as a barrier is that PDSS did
not affect the concentration of Li" in the electrolytes. While a
high concentration of Li salts is useful for improving the electro-
chemical stability of electrolytes, the use of highly concentrated
electrolytes containing Li salts is directly associated with an increase
in the redox potential for Li" insertion/extraction. According to the
Nernst equation shown below (eqn (4)), when the activity of Li"
cation (ay;+) increases 10-fold, the redox potential will increase by
59.1 mV (vs. standard hydrogen electrode, SHE).

E = E° + RT/FIn(ay+) (4)

where E is the redox potential, E° is the formal potential, R is
the gas constant, and F is the Faraday constant. A high redox
potential is unsuitable for the improved electrochemical
window of the electrolyte. Therefore, PDSS is a suitable salt
without Li" cation since it does not alter the redox potential of
Li" insertion/extraction on LNMO electrodes.

Since sulfonate ions tend to be strongly adsorbed on a Pt
surface, it is possible for adsorbed sulfonate ions to block water
molecules from accessing the electrode surface. Fig. S5 (ESIt)
shows that the voltammograms for a LNMO thin film grown on
an Au substrate are almost the same as those for a LNMO thin
film grown on a Pt substrate. The addition of PDSS is applicable
not only for a Pt substrate but also for a Au substrate to improve
the stability of aqueous electrolytes.

In summary, solutions containing PDSS showed greater stability
of the aqueous electrolytes in the presence of high potentials.
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A wide potential window that extended positively to 1.6 V
(vs. Ag/AgCl), which offered a stable aqueous electrolyte to enable
Li" insertion/extraction on LNMO electrodes, was obtained in the
solution consisting of PDSS and phosphate buffer. The present
work suggests that anions in the electrolyte salts play a pivotal
role in stabilizing aqueous electrolytes.
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