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ABSTRACT: The lithium-ion batteries that ushered in the
wireless revolution rely on electrode strategies that are being
stretched to power electric vehicles. Low-cost, safe electri-
cal-energy storage that enables better use of alternative
energy sources (e.g., wind, solar, and nuclear) requires an
alternative strategy. We report a demonstration of the
feasibility of a battery having a thin, solid alkali-ion electro-
lyte separating a water-soluble redox couple as the cathode
and lithium or sodium in a nonaqueous electrolyte as the
anode. The cell operates without a catalyst and has high
storage efficiency. The possibility of a flow-through mode
for the cathode allows flexibility of the cell design for safe,
large-capacity electrical-energy storage at an acceptable cost.

The appearance of lithium batteries with high power and
energy density has triggered a revolution in the application
of portable electronic devices and hybrid electric vehicles. Briefly,
lithium batteries have experienced two generations since the
concept was brought forth in 1958." The commercialized
primary lithium batteries of the 1970s can be considered as the
first generation. The second generation of lithium batteries was
developed as rechargeable lithium batteries. The state-of-the-art
lithium batteries of the second generation focus on insertion
compounds as cathode materials and carbon, carbon-buffered
alloys, or oxides as anode materials.” Although intense effort has
been devoted to the development of carbon or carbon-buffered
alloys as anodes for lithium batteries, lithium metal still has the
highest specific capacity (3860 mA h g~ ') and sodium metal
would be cheaper; therefore, an important challenge for the third
generation of alkali-ion batteries is how to fully and effectively
utilize the high capacity of an alkali metal and increase the
capacity of the cathode beyond what is possible with an insertion
compound while operating at ambient temperature. The present
sodium—sulfur battery operates above 300 °C.

Oxygen in air, an “inexhaustible resource” on earth, makes it
possible to match the capacity of lithium metal. In theory, the
specific energy of a lithium—oxygen (air) battery is 5200 W h
kg~ '.? The high energy storage has stimulated a worldwide study
of Li—air batteries.* A typical Li—air battery discharges at
2.5—2.7 V and charges at 42—4.4 V.> The large discrepancy of
1.7 V between the charge and discharge curves represents a low
Coulombic efficiency (CE), even when expensive catalysts have
been used to lower the overpotential of the oxygen reactions.®
Moreover, slow oxygen diffusion in the cathode degrades the
performance of the Li—air battery.
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From the thermodynamic point of view, water can be directly
used as the cathode in a lithium battery and demonstrates the
overall reaction Li + H,O — LiOH + H,(g). Since the 1970s,
lithium—water batteries have been developed by several groups.”
These lithium—water batteries operate below 2.0 V and are not
rechargeable because of the evolution of H, in the Li + H,O
reaction.

In theory, the decomposition potential of water is 4.27 V vs.
Li/Li" at room temperature. The high theoretical potential
predicts the possibility of obtaining a lithium—water battery
with a high potential through a proper structural design. Re-
cently, a Li|3-NiOOH (water) battery with an operating poten-
tial of ~3.4 V was developed.® The cathode, 3-NiOOH,
exhibited a specific capacity of 256 mA h g~ ', but its capacity
is still far smaller than that of lithium metal.

Here we present a new strategy for alkali-ion batteries using
water-soluble redox couples as the cathode. The electrochemical
reactions at the electrodes can be written as follows:

anode : nA — nA"T +ne”
cathode : Mt (aq) +ne” — M=~ "7 (aq)

where A = Li or Na, M represents a metal, and 1 < n < z. The
overall reaction is

nA +M*"(aq) — nAt + M~ "H(aq)

An aqueous cathode has a low viscosity and can be easily
circulated in a flow-through configuration at room temperature.
The aqueous cathode in the flow-through mode can be indivi-
dually stored in a “fuel” tank, which reduces the volume of the
battery and increases the design flexibility of the battery structure,
as shown in Figure 1. Therefore, the A|]M*"(aq) battery has a
specific energy high enough to challenge the high specific ener-
gies of fuel cells. A portable fuel-cell system can provide more
than 10 times the energy density of a conventional lithium-ion
rechargeable battery.” In flow-through mode, the aqueous elec-
trode continuously passes through the cathode side of the
A|M**(aq) battery to oxidize the alkali metal fully. The flow of
the aqueous solution brings heat out of the battery system and
keeps the battery working near ambient conditions. Unlike
previous lithium—water batteries, the aqueous cathode is not
plagued by H, evolution from the solution, and the battery is
efficiently rechargeable. Moreover, a Na|]M*"(aq) battery would
alleviate concerns about the availability of lithium.

Selection of the aqueous cathode is a key to the development
of the A|[M*"(aq) battery. Aqueous electrodes must have the
following characteristics: (1) proper redox potentials; (2) no side
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Figure 1. Example of a lithium—water rechargeable battery.
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Figure 2. Systems for lithium—water batteries.

reactions; (3) good stability in water; (4) good reversibility;
(5) reliable safety; and (6) low cost. Figure 2 shows possible
systems for A|M*"(aq) batteries (numerical values under the
redox couples are their standard electrode potentials).'® A second
key element of an A|MZ+(aq) battery is a solid-electrolyte sepa-
rator between the organic-liquid electrolyte on the anode side in
contact with the solid A® and the aqueous cathode on the other
side. An organic-liquid or polymer electrolyte must be used on the
anode side to retain good anode—electrolyte contact during
cycling as well as higher A"-ion mobility. The dense A™-ion
solid-electrolyte separator must be thin and supported on a thick,
porous, hydrophilic substrate. The solid electrolyte would block
any dendrite growth of the A% anode from reaching the cathode,
but this function means that the solid electrolyte should not be
reduced by contact with A°. Moreover, the solid electrolyte
should probably present an oxide interface to the aqueous
cathode. Development of a suitable solid electrolyte is still
ongoing. Here we report a proof of concept with a relatively
thick, commercially available lithium su?erionic conductor
(LISICON), Li, ;1 ,AlTi, ,Si,P; 01"

In our initial proof-of-concept study, we used aqueous Fe-
(NO3);/Fe(NOs;), as the cathode.'” The acidic character of this
cathode attacked the Ti(IV) of the solid electrolyte, but the test
proved promising. In a follow-up study, we used the Fe(CN)>~/
Fe(CN)s*™ couple in alkaline solution as the aqueous cathode.
The stability of the commercial solid electrolyte (see Figure 4C
and the Supporting Information) and water decomposition
restricted our proof of concept with the commercial solid
electrolyte to the voltage range 2.8 V < V < 42 V vs Lit/Li
(—0.2 to 1.2 V vs SHE). This restriction narrowed the range of
cathode redox couples that could be selected from Lange's
Handbook." Since Sn ions are unstable in water solution and
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Figure 3. (A) Charge/discharge curves for the Li|FeS+(aq) battery.
Cathode solution: 2 M Fe(NO;); + 1 M LiNO;. Current: 0.5 mA.
(B) Relationship between the Fe*" and Fe*" concentrations and the
solution pH.

the Cr- and Pb-based redox couples lie outside the acceptable
voltage range, we were left with Fe-, Cu-, and Mn-based redox
couples. In the case of Cu- and Mn-based redox couples, side
reactions either decreased the operating potential range or
damaged the aqueous current collectors. Cu ions can be reduced
to metallic Cu at a relatively high potential, which decreases
the battery performance, and the reaction MnO*~ + 2H,0 +
3e” — MnO,(s) +40H takes place at 0.6 V vs SHE to stop the
work of MnO,~ /MnO,>~ and MnO,> /MnO,>". The forma-
tion of the MnO, precipitate would destroy the reversibility of
the battery. Other potential redox couples, such as $,04°, L,
and Br,, have problems with toxicity and uncertain chemical
properties in the lithium—water batteries. In this study, we
focused on Fe-based redox couples. In Figure 2, Fe*t/Be*t is
located at 0.77 V vs SHE and Fe(CN)s> ™ /Fe(CN)s* ™ at 0.36 V
vs SHE, so the theoretical potential of a Li|Fe3+(aq) battery is
3.77 V and that of a Li|Fe(CN)4> " (aq) battery is 3.40 V.

Figure 3A demonstrates the charge/discharge behavior of
a Li|FeS+(aq) battery. Its open-circuit potential (OCP) was
3.99 V. When a current of 0.50 mA was applied to the battery, its
potential initially dropped to 3.74 V. The discharge curve of the
Li|Fe3+(aq) battery slowly decreased with time to 3.00 V. The
potential of the battery reached 4.73 V when it was charged
following the discharge process. The ~1.0 V discrepancy be-
tween the discharge and charge curves suggests that the Li|
Fe’*(aq) battery shows relatively poor performance. Fe** is
susceptible to hydrolysis in aqueous solution, and its solution is
acidic, as shown in Figure 3B. According to its solubility-product
constant, the pH of the solution depends on the Fe*" concen-
tration. When the Fe>" solution concentration was 2 M, the
solution pH was 1.1, but the solution pH changed to 5.7 when
the Fe’" was totally reduced to Fe*" in the discharge process.
The change in pH resulted in the formation of FeO(OH) (pH
2.0) and Fe(OH); (pH 4.48) precipitates in the cathode solu-
tion. The precipitates not only decreased the active compound in
the solution to lower the capacity but also covered the surface of
the solid electrolyte to increase its resistance. After the first cycle,
the capacity of the battery decreased to a very small value.
Therefore, Fe*t/Fe*" should be excluded from the list of
possible aqueous electrodes for lithium —water batteries.

The stability, solubility, and potential of Fe(CN)s>~ /Fe-
(CN)* bring hope to the development of a Lijaqueous cathode
battery. According to the standard potential of Fe(CN)s>~/
Fe(CN)g"", the theoretical potential of the Li|Fe(CN)s’ (aq)
battery is 3.40 V. Figure 4 demonstrates the electrochemical
behavior of the Li|Fe( CN)s*~ (aq) battery. The effective voltage
of a typical Li|Fe(CN)4’~ (aq) battery with the commercial solid
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Figure 4. Electrochemical behavior of the Li|Fe(CN)637(aq) battery
tested between 3.0 and 3.75 V. (A) Charge/discharge curves of the
Li|Fe(CN)637 battery at the 20th cycle with different concentrations of
the aqueous electrode. (B) Capacity retention and Coulombic efficiency
for 20 cycles at a current density of 0.5 mA cm 2 (C) Discharge
behavior of the Li|Fe(CN)637 battery at different current densities.
The aqueous electrode consisted of 1 M K3Fe(CN)g + 0.5 M LiOH.
(D) Polarization curve of the Li|Fe(CN)¢”~ battery with a solution of 1
M Fe(CN)s*~ + 0.5 M LiOH.

electrolyte was between 3.33 and 3.68 V at a current of 0.5 mA cm 2,
as shown in Figure 4A. The change in the Fe(CN)g> ™ /Fe-
(CN)g*™ ratio led to the gradient in the charge/discharge
curves. The gap between the discharge and charge curves of the
Li|[Fe(CN)s" ™ (aq) battery was far smaller than that of Li—air
batteries. The concentrations of the redox couple in the aqueous
electrode slightly affected the normalized discharge/charge
curves. A concentration increase in the aqueous electrode from
0.01 to 0.1 M moved the curves up by ~0.05 V; however, the
concentration increase had a large effect on the capacity.

Unlike Li-insertion compounds and other solid electrodes, the
charge/discharge processes of A|MZ+ (aq) batteries did not cause
a volume change of the cathode due to phase changes. Thus, the
aqueous cathode demonstrated good reversibility, as shown in
Figure 4B (Figure S1 shows the performance of the battery over
1000 cycles). In the present investigation, unflowed KsFe(CN)g
solution was contained on the cathode side. The batteries
presented good efficiencies. The battery with 0.01 M Fe(CN)s>~
solution showed a CE of 98.6% at the 25th cycle, and the CE in
the battery with 0.1 M Fe(CN)s>~ solution was 97.6%.

Figure 4C shows the performance of a Li|Fe(CN)637(aq)
battery at different current densities. In order to study the
stability of the Li|Fe(CN)s>~ (aq) battery, it was kept working
at every current density for 1 h. When the current density was less
than 2.5 mA cm >, the battery demonstrated a flat potential. Its
performance became poor when the current density was larger
than 2.5 mA cm™ > because of deterioration of the solid electro-
Iyte below 2.8 V (see Figures S3C and S4). At a current density
of 20 mA cm ™, the power density of the battery was ~5.9
mW cm >, Figure 4D shows a polarization curve for the
Li|Fe(CN)4* (aq) battery in a short time for the sake of the
stability of the solid electrolyte (see Figure S3A,B). The battery
can work safely at a power density of 12.53 mW cm™ > over a
short time. Electrochemical reactions in the battery took place

very rapidly, so kinetic polarization could not be observed at low
current densities. The linear polarization curve in the low and
medium current density ranges indicates that the performance of
the battery was dominated by its resistance. In the high current
density range, the abrupt drop in potential indicated a mass-
transport loss due to the slow mobility of lithium ions in the solid
electrolyte. Therefore, a decrease in the resistance of the solid
electrolyte would dramatically improve the battery performance.

In conclusion, we have demonstrated the feasibility of an
alkali-ion battery utilizing an alkali metal as the anode and a redox
couple soluble in aqueous solution as the cathode. However, the
capacity of an aqueous cathode is small, as noted in Figure 4B and
Figure S1, requiring the concept to be extended to a flow-through
mode for the cathode. Also, sodium rather than lithium might be
used as the anode. This new strategy represents a third-genera-
tion alkali-ion battery promising lower cost than the conven-
tional lithium-ion rechargeable battery, safe operation, and a
Coulombic efficiency and voltage greater than those of a Li—air
battery with, in principle, a comparable capacity. The demon-
strated power output was limited by the commercially available
solid electrolyte separating the organic-liquid or polymer anolyte
and the aqueous cathode; the need for the design of a superior
solid electrolyte has been indicated. The new strategy promises
to be applicable to both the electric-vehicle market and the
problem of electrical energy storage for the grid.
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