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The development of a powerful, cyclically stable and electrically rechargeable zinc-oxygen battery with a three-
electrode configuration is reported. A copper foamwas used as stable substrate for zinc deposition in flowing po-
tassium hydroxide electrolyte, while oxygen reduction and evolution were accomplished by a commercial silver
electrode and a nickel foam, respectively. The cell could be charged and dischargedwith up to 600mA cm−2, de-
livered a peak power density of 270 mW cm−2, and performed for more than 600 cycles, although short circuits
by dendrite formation could not yet be completely avoided. At a current density of 50 mA cm−2 and a tempera-
ture of 30 °C, a promising energy efficiency of 54% was achieved.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years electrically rechargeable alkaline zinc–air batteries
received increasing attention and were suggested to be a promising
candidate for electrical energy storage. Zinc–air batteries have a high
theoretical energy density of 1350 Wh/kg, low costs due to good avail-
ability of zinc and are safer than lithium ion batteries [1–3]. However,
until now zinc–air batteries have only found technical use as primary
cells for low current electrical appliances such as hearing aids, flashing
lights or alarmmonitoring devices. Despite decades of research and de-
velopment [4], electrically rechargeable zinc–air cells still suffer from
low efficiency and insufficient cyclability. Themain problems of second-
ary alkaline zinc–air batteries are dendritic or mossy growth of zinc
resulting in morphology and shape change, self-dissolution and passiv-
ation of the zinc electrode during discharge as well as low catalytic ac-
tivity and lifetime of oxygen electrodes [5–8].

Primary zinc–air batterieswith alkaline electrolyte generally contain
a gelledmixture of granulated zinc powders as a negative electrode. As a
positive electrode for the oxygen reduction reaction (ORR) gas diffusion
electrodes on the basis of metal oxides or carbonaceous materials as
ORR catalysts are used. For electrically rechargeable zinc–air batteries
an additional electrode for the oxygen evolution reaction (OER) or a

bifunctional electrode for both oxygen reactions is required. The most
technically favorable ORR catalysts in alkaline media so far, platinum
or silver, are inapplicable for the oxygen evolution, thus ruthenium
oxide and iridium oxide are commonly used for this purpose [9]. Al-
though gelled zinc electrodes known from primary batteries were suc-
cessfully recharged for a number of cycles [10], these systems suffer
from low inter-particle contact after deep discharge [6,11]. For that rea-
son coherent porous zinc electrodeswith a better electrical conductivity
have to be developed to facilitate rechargeability. Zinc pellets or fibrous
zinc electrodes, which have also been proposed, suffer from densifica-
tion during operation, which leads to dramatic performance decrease
[12,13]. On the other hand, densification is much less of a problem if
electrochemically stable substrates for zinc deposition are used. The
performance of zinc–air batteries is closely relatedwith the composition
of the alkaline electrolyte. Potassium hydroxide (KOH) solution with a
concentration of 30 wt.% shows the highest ionic conductivity, a good
solubility of zinc oxide (ZnO) and relatively low viscosity, which is ben-
eficial for high power density flow battery applications [8].

Themost powerful zinc–air systemsdeveloped so far contain packed
bed zinc anodes or zinc slurries, which can be mechanically or hydrau-
lically refueled after discharge. These systems reached power densities
of up to 300 mW cm−2, operated with air at temperatures as high as
70 °C [12,14–19]. Regeneration of zinc particles, however, is only possi-
ble in a separate cell, and nodetailed information about the cyclability of
these systems was provided. Recently, Ma et al. [20] and Li et al. [1]
demonstrated a much improved cyclic stability of a rechargeable zinc–
air cell of up to 100 cycles with a coherent zinc electrode in a three-
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electrode cell configuration. Li et al. [1] measured a high power density
of about 265 mW cm−2 with respect to the geometric area of the oxy-
gen electrode. However, these authors emphasized that the developed
cell arrangement was not suitable for practical applications since the
used zinc electrodewas strongly oversized. Furthermore, zinc electrode
and electrolyte were replaced during the cycling tests.

In the present contributionwe demonstrate an electrically recharge-
able alkaline zinc-oxygen flow cell on the basis of copper foam as sub-
strate for zinc deposition and nickel foam for the oxygen evolution
reaction combinedwith a silver-containing oxygen depolarized cathode
(ODC). Silver-based ODCs arewell-known from their technical use in al-
kaline fuel cells and chlor-alkali electrolysis [21,22] and exhibit high cat-
alytic activity and excellent long-term stability. The advantages of
copper and nickel metal foams are high surface area, good electrical
conductivity and electrochemical stability in alkaline solutions. Due to
their highly porous and open structure, these foams may be operated
in flow-throughmode resulting in intimate contactwith the electrolyte.
As early as 1986, Ross already used metal foams as electrode materials
in rechargeable zinc–air batteries and could show a good cyclability of
the cell. However, the maximum operating current density was only
20 mA cm−2 and this interesting concept received no further attention
[23–25]. In contrast to the results obtained by Ross, our cell is able to
provide unprecedented high power densities related to the geometric
area of the zinc electrode. It shows furthermore an increased lifetime
without any exchange of electrodes or electrolyte. In this paper first
promising results of proof-of-principle experiments are reported and
the future optimization potential of the novel concept is discussed.

2. Material and methods

A commercial copper foam (Alantum) with geometric surface area
of 2 cm2, a thickness of 2.4mm, a nominal pore size of 800 μmand a po-
rosity of 91% was used as substrate for electrochemical zinc deposition
in the testing cell. The copper foamwas soldered with tin on a zinc cur-
rent collector, which was prevented from any contact with electrolyte
and therefore did not take part in the reaction. For the oxygen reduction
a silver-based ODC (Covestro) with a geometric surface area of 5 cm2

was applied. As an electrode for the oxygen evolution reaction (OEE)
during the charging process, a commercial nickel foam (Inco)with a po-
rosity of 97%, a pore density of 110 PPI, a geometric surface area of 5 cm2

and a thickness of 1.5mmwas used. All tests were performed in 30wt.%
KOH electrolyte with 2 wt.% ZnO, which corresponds to ca. 50% of the
maximum solubility of ZnO in 30 wt.% KOH [26]. The electrolyte tank
was continuously supplied with nitrogen in order to prevent the diffu-
sion of atmospheric carbon dioxide into the system and to displace
formed oxygen or hydrogen from the electrolyte. The overpotentials
of the zinc electrode were measured with a reversible hydrogen refer-
ence electrode (RHE) HydroFlex® (Gaskatel), which was placed near
the inlet of the cellwith a distance of 3 cm to the zinc electrode. The test-
ing flow cell made of acrylic glass allowed a horizontal arrangement of
the electrodes, whereas the copper foam was placed on top, followed
by the nickel foam and the ODC at the bottom (Fig. 1). The testing cell

had dimensions of 32 × 16 × 8 mm, while the gap between the copper
foam and the oxygen electrodes was 3 and 5.5 mm, respectively. The
volume flow rate of the electrolyte pumped through the cell was set
at 0.4 L/min, while the ODC was supplied with pure oxygen at a flow
rate of 0.2 L/min. The formed oxygen, and possible small amounts of hy-
drogen, could be fully removed from the cell by flowing electrolyte dur-
ing the charging process.

The performance of the cell was characterized at room temperature
(RT), unless otherwise stated, using a Basytec CTS battery test system.
Voltage–current density (U–i) curves were recorded while increasing
the current density by 5 mA cm−2 every second. The determination of
the battery cycle-life was performed in galvanostatic mode with a cur-
rent density of 50 mA cm−2 related to the geometric surface area of
the zinc electrode. According to the given charge efficiency of 90%,
which was determined in additional half-cell experiment with the
same setup at a current density of 50 mA cm−2 and a cut-off potential
of zinc vs. RHE of 0.38 V, amounts of transferred electrical charge of
33.5 C during charging and of 30.0 C during discharging were chosen.
In order to suppress formation of zinc dendrites or mossy structures
during zinc deposition, the chargingprocesswas performed at pulsating
current (1 s pulse length and 2 s pulse pause) as described by Wang
et al. [27].

3. Results and discussion

The voltage–current and power-current characteristics of the zinc-
oxygen battery are shown in Fig. 2a. The cell has an open circuit voltage
of 1.43V and still provides a cell voltage of 0.4 V at an extremely high cur-
rent density of 600mA cm−2. The peak power density of 270 mW cm−2

is reached at a cell voltage of 0.6 V and a current density of 460mA cm−2.
These characteristics are comparable with mechanically rechargeable
zinc–air batteries [12,15,28] or hydraulically rechargeable zinc–air fuel
cells [14,17–19].

Although nickel is not among the best OER catalysts, the observed
overvoltage of the employed nickel foamwith high surface area is mod-
erate. Thus a cell voltage of 2.7 V is reached at a charging current density
of 600 mA cm−2 (Fig. 2b). The corresponding voltage efficiency of the
cell as a function of current density is presented in Fig. 2c. While the
voltage efficiency remains above 50% for current densities below
100 mA cm−2, it significantly decreases at higher current densities
reaching only 23% at 460 mA cm−2, where the peak power density is
achieved. The reason for this rapidly decreasing efficiency of the cell is
the high overvoltage of both oxygen reactions (Fig. 2d), whereas hardly
any overvoltage is observed for the zinc electrode. Surprisingly, the volt-
age efficiency losses during oxygen reduction at the ODC exceed that of
the Ni-foam electrode, which can be possibly attributed to its lower ac-
tive surface area and long diffusion paths in the pore system [29]. How-
ever, the commercial Covestro ODC was originally designed as an
electrode for chlor-alkali electrolysis. Therefore better adapted oxygen
depolarized cathodes for use in alkaline zinc–air batteries would have
positive implications on the cell power.

The influence of operating temperature on the performance of the
cell at a current density of 50mAcm−2 is shown in Fig. 2e. After increas-
ing the temperature from RT (22 °C) to 30 °C the voltage efficiency rose
slightly by 2%. A further increase of the cell temperature to 40 °C result-
ed in an initial improvement during the first cycles (Fig. 2e). However,
the cyclability of the cell declined dramatically and continuous opera-
tion at this temperature was no longer possible. Hydrogen evolution
as side reaction, dendrite formation, aswell as self-dissolution of depos-
ited zinc could be possible causes for unsatisfactory cyclingperformance
of the cell, which became more pronounced with increasing tempera-
ture. These undesired electrode processes could also be the reason for
the relatively low charge efficiency of 90%. Therefore, detailed investiga-
tion of zinc stability and further improvement of the catalytic activity of
oxygen electrodes are required to increase the cell efficiency at lower
reaction temperatures.

Fig. 1. Schematic illustration of the testing cell: (1) zinc plate, (2) copper foam, (3) nickel
foam, (4) oxygen depolarized cathode.
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