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A high energy density all solid-state tungsten-air battery —
An all solid-state tungsten-air battery using solid oxide—-ion
electrolyte is demonstrated as a new chemistry for advanced
energy storage. The unique design of separated energy storage
from the electrodes allows for free volume expansion-contraction
during electrical cycles and new metal-air chemistry to be explored
conveniently. T
See Kevin Huang et al.,
Chem. Commun., 2013, 49, 5357.
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An all solid-state tungsten—air battery is reported here, which is based on a
new metal-air chemistry, featuring decoupled design of electrodes and
energy storage. Benefited from higher specific density and better redox
kinetics of tungsten, the new tungsten—air battery exhibits roughly higher
energy density (W h L~") than the previously reported iron—air battery.

Rechargeable batteries represent an advanced class of electrochemical
energy storage devices that can find a broad application in small-scale
portable consumer electronics, mid-scale electrical vehicles and large-
scale electric grids. An emerging branch of rechargeable batteries is
based on the metal-air chemistry, featuring extremely high specific
energy (W h kg™ ")/energy density (W h L") and inexhaustible and
storagefree cathode reactants."™ However, key issues limiting the
commercial development of the conventional metal-air batteries (e.g.,
lithium-air, iron-air and zinc-air) for mid-scale transportation and
large-scale stationary applications are the poor reversibility and low
rate capacity arising from technical issues such as congestion of air-
pathways by the formation of condensed oxides,® precipitation
of carbonates in electrocatalyst's pores in the air-electrode,”® and
evaporation/decomposition of liquid organic solvent electrolytes.”* ™

Recently, we demonstrated a novel concept of the “all solid-state
metal-air battery” that innovatively combines a regenerative solid
oxide fuel cell (or RSOFC) and a chemical-looping redox cycle unit
(RCU).">" The air-electrode reactions in this battery involve only
reduction and evolution of gaseous O,, making clogging of the air-
pathway no longer an issue. In addition, solid oxide-ion electrolytes
are known to be stable in a broad range of gas mixtures and in
contact with a variety of oxides. Therefore, the new battery is
expected to be free of the aforementioned reactivity problems for
the conventional liquid-electrolyte based “metal-air” batteries.

In the new battery, the RSOFC serves as the “electrical functioning
unit” operating alternately between the fuel cell and electrolyzer modes
to realize the discharge and charge cycles, while the RCU acts as the
“energy storage unit (ESU)” to carry out reversible chemical-electrical
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energy conversion in situ via H,-H,O-mediated metal/metal-oxide (Me/
MeO,) redox reactions. The distinct advantages of this innovative
battery design over conventional metal-air batteries include double
electron-transfer (O°”), state-of-charge independent EMF (electromotive
force), high specific energy and energy density, and independent design
of power and energy.">"* More appealingly, the new battery stores
chemical energy in redox couples that are physically separated from
electrodes of RSOFC as illustrated in Fig. 1, avoiding the shape change
problem of conventional chemical batteries. For more experimental
details and characterization of the battery, refer to the ESL{

The unique design of decoupled electrodes and energy storage
allows for exploitation of other metal-air chemistries by simply
changing the redox couple in the ESU. Here, we report for the
first time on an all solid-state rechargeable tungsten-air battery
using W-WO, as the redox-couple. The selection of W-WO,, redox
couple as the ESU is rationalized by its favourable thermodynamic
and kinetic properties shown in Fig. 2 and 3. From the phase
diagram shown in Fig. S1 (ESI}), it is found that W and WO, are the
two equilibrium phases within the temperature range of interest,
thus constituting a stable redox couple for the battery.

The working principle of the all solid-state tungsten-air
battery using H,-H,O as the mediation gas to facilitate the
metal/metal-oxide redox reaction is schematically shown in
Fig. 1, using a planar cell geometry.

The operation of a charge and discharge cycle can be
described as follows. During the discharge, the interaction between
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Fig. 1 A schematic illustration of the working principle of the new rechargeable
all solid-state tungsten—air battery.
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Fig. 2 Comparison of EMF and theoretical energy density between W-WO, and
Fe-FeO redox couples as a function of temperature. The calculation is based on
molar volume of metal oxide.
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Fig. 3 Comparison of maximum charge density of ESU and maximum current
density of RSOFC matched with the kinetics of redox reactions at 800 °C. (Note:
(Sesumesu)/Arsorc = 10/1 as a realistic ratio is assumed in the calculation.)

H,0 and W produces H, locally in the ESU via the following
chemical reaction

W) + 2H,0(g) = WOs) + 2Hy() 1)

The generated H, then diffuses to the fuel-electrode surface
of the RSOEC operating in fuel-cell mode by which H, is
electrochemically oxidized, producing electricity and H,O via
the following electrochemical reaction

Hy(g) + 077 = HyO() + 2€~ (2)

The product H,O then diffuses back to the surface of W and
further reacts to produce more H, to keep reaction (1) active. When all
(or a controlled portion of) the W phase is oxidized and no (or a
controlled portion of) H, is produced, the discharge cycle is stopped
and the battery needs to be recharged. For the charge cycle, the H,O
in the mediation gas, H,-H,0, is electrochemically split into H, at the
fuel-electrode of the RSOFC operating in the electrolysis mode

H,0() + 2¢7 = Hyg) + O* (3)

The generated H, then migrates to the ESU where WO, is
chemically reduced to W as

WOZ(S) + 2H2(g) = W(s) + ZHZO(g] (4)

The product H,O is then further split as in reaction (3) to
produce more H, for reaction (4). When all (or a controlled
portion of) WO, is reduced to W by H, and no (or a controlled
portion of) H,O is produced, the charge cycle is completed.
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The freshly reduced and chemically active W is then ready for the
next discharge cycle as described by reactions (1) and (2). According
to the Gibbs phase rule, the residual freedom F; = 0 for a dual-phase
(P = 2) binary system (C = 2) under isothermal and isobaric
conditions, which implies that the intensive quantity electrode
potential is independent of the state-of-charge.

The overall chemical reaction summarized from individual
reactions (1)-(4) occurring inside the battery can be written as

Wis) + Oz(g) = WOy (5)

The rationale for choosing the W-WO, redox couple as the
ESU is two-fold. First, the maximum theoretical specific energy
(MTSE, W h kg™ ") of the all solid-state metal-air battery depends on
the number of electrons involved in the redox reaction and the mass
loading of the active metal in a battery. For a battery with a finite
volume, denser metals with more oxygen per unit formula of oxides
would allow more mass loading and higher oxygen storage capacity
per unit volume, and thus more energy capacity could be stored.
Tungsten is a heavy metal with a specific density of 19.25 g cm ™. Its
equilibrium oxide WO, contains 2 O per unit formula. Therefore, as
an active metal it has the advantage of achieving higher energy
density (W h L™"). Thermodynamic analysis shown in Fig. 2 indeed
suggests that the W-WO, redox-couple has an appreciably higher
theoretical energy density than Fe-FeO. In addition, the W-WO,
couple also has a marginal EMF advantage over Fe-FeO.

Second, the cycle efficiency (or round-trip efficiency) as well
as the cycle stability depend on the reversibility of the redox
reactions in the ESU. The maximum charge density of ESU
(Omaxs kA h L™") of redox couples and the corresponding
maximum current density of RSOFC (Jma A cm™?) are the
two important properties of the battery. They represent the
upper limits to the charge and energy capacities achievable by
the battery. The premise for calculating Qmax and Jmax is that
the rate of charge-transfer (current) of RSOFC must match the
rate of the redox reactions in order to sustain the battery’s
functionality. The deduction of Q. and Jmax €quations starts
from the parabolic kinetics governing the redox reaction:

(Am)* = Kt (6)

here Am is the mass change of the sample, g cm % K, is
the parabolic rate constant of redox kinetics, g* em * s
¢t is the time, s. Combining eqn (6) with Faraday’s law
yields the maximum charge density Qmax (kA h L™") of the

battery:

AmSgsy

Omax = Mo x 3600

X 2Fx X p (7)

where Mo, is the atomic weight of oxygen, 16 g mol '; x is the
oxygen stoichiometry of MeO,; Sgsy is the specific surface area
of the redox materials in ESU, cm® g~ %; p is the density of the
redox materials in ESU, g cm™>. Substituting eqn (6) into
eqn (7) leads to the maximum charge density:

2Fx x p\/Kpt

Omax = Mo x 3600

X Sgsu (8)
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The equivalent maximum current density, Jmax (A cm™>), of
RSOFC is then given as

36000, 2Fx x /K, /t
Jmax _ dex « MESyU _ X P/ % (SESU"nESU) (9)
tARsSOFC P Mo Arsorc

where myggy is the mass loading of the redox material in ESU; Agsorc
is the active electrode area of RSOFC. Due to the scarcity of kinetic
rate constants related to metal oxidation/reduction in the H,O-H,
mixture, K, values obtained from experiments conducted in air were
used for the sake of comparison.'*"> The rate of metal oxidation in
steam is expected to be faster than that in air because the former has
a faster surface reaction and produces a relatively more porous scale
than the latter.'® Therefore, the use of air-derived K, values for the
calculation is deemed relatively conservative.

Fig. 3 compares Qpax and Jia.x of W-WO, and Fe-FeO calculated
as a function of cycle duration. It is evident that W-WO, is
kinetically more favourable than Fe-FeO. It should be noted that
the relative mass (therefore volume) between metal and metal-oxide
phases in the redox couple varies with the state-of-charge. To be
conservative, we chose the specific density p of WO, (10.8 g cm ™)
instead of W (19.25 g cm ) in the calculation. The readers can also
see the difference in metal-based calculation in the ESLT

The energy storage characteristics of the all solid-state tungsten—
air battery obtained at 800 °C are shown in Fig. 4(a). Refer to the ESIT
for experimental details. The battery was continuously cycled at J =
100 mA cm > for three consecutive 2 hour cycles, producing a
discharge charge-density of 5.36 kA h L' and a discharge energy-
density of 3.55 kW h L™" with a round-trip efficiency of 53%. The
operating current density J = 100 mA cm > is well below Ji. =
500 mA cm~ > of W-WO, shown in Fig. 3 for a 2 h cycle, which
ensures that the rate of redox kinetics is fast enough to sustain
the battery’s current density. Similarly, the iron-air battery with the
same ESU-volume was cycled under the same conditions, but produ-
cing a lower discharge charge-density of 4.45 kA h L, discharge
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Fig. 4 Battery voltage as a function of charge-density for the all solid-state metal-air
battery: (a) tungsten-air; (b) iron-air; operating current density J = 100 mA cm~2
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energy-density of 2.90 kW h L™, and round trip efficiency of 50%
than the tungsten-air battery, see Fig. 4(b). The roughly 22% higher
energy-density of the W-air battery than the Fe-air one is evidently
the result of the higher specific density of tungsten considering the
fact that the W-air battery in fact exhibits a lower operating voltage
than the Fe-air battery. The slightly higher round-trip efficiency of the
tungsten-air battery appears to benefit from faster redox kinetics as
suggested in Fig. 3. Note that the energy densities shown in Fig. 4 are
normalized to the metal-oxide volume that is equivalent to an oxygen
flux needed to sustain the redox reaction. Such normalization allows
for comparison with theoretical values such as those shown in Fig. 2.
The comparisons clearly indicate that the achieved energy density
only represents 67% of the theoretical value, which implies that a
portion of energy has been lost to RSOFC polarization reactions and
ESU redox kinetic resistances. Therefore, optimization of these
components to achieve a better performance at lower temperatures
should be a priority for future studies. This is particularly in line with
the need to further improve the cycle stability of the new tungsten-air
battery, which has not yet been demonstrated in this study.

We have demonstrated proof-of-concept of a new high energy-
density all solid-state tungsten-air rechargeable battery in this study.
The new battery operates alternately between the fuel cell and
electrolysis modes of a regenerative solid oxide fuel cell to realize
the discharge and charge cycles, respectively, while in situ electrical-
chemical energy conversion is achieved through H,-H,0O-mediated
W-WO, redox reaction. Within a limited number of cycles tested,
the tungsten-air battery exhibits high charge- and energy-density
with moderate cycle efficiency. Future research will be focused on
improving the cycle efficiency and cycle stability through optimizing
the performance of RSOFC and kinetics of W-WO,. Due to the
nature of high specific density of tungsten, the tungsten-air battery
is considered more suited for stationary energy storage.
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