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Asymmetric Air Cathode Design for Enhanced Interfacial
Electrocatalytic Reactions in High-Performance Zinc-Air

Batteries

Jia Yu, Bo-Quan Li, Chang-Xin Zhao, Jia-Ning Liu, and Qiang Zhang*

The rechargeable zinc-air battery (ZAB) is a promising energy storage
technology owing to its high energy density and safe aqueous electrolyte,
but there is a significant performance bottleneck. Generally, cathode
reactions only occur at multiphase interfaces, where the electrocatalytic
active sites can participate in redox reactions effectively. In the conventional
air cathode, the 2D multiphase interface on the surface of the gas diffusion
layer (GDL) inevitably results in an insufficient amount of active sites and
poor interfacial contact, leading to sluggish reaction kinetics. To address
this problem, a 3D multiphase interface strategy is proposed to extend the
reactive interface into the interior of the GDL. Based on this concept, an
asymmetric air cathode is designed to increase the accessible active sites,
accelerate mass transfer, and generate a dynamically stabilized reactive
interface. With a NiFe layered-double-hydroxide electrocatalyst, ZABs based
on the asymmetric cathode deliver a small charge/discharge voltage gap
(0.81 V at 5.0 mA cm~2), a high power density, and a stable cyclability

(over 2000 cycles). This 3D reactive interface strategy provides a feasible
method for enhancing the air cathode kinetics and further enlightens
electrode designs for energy devices involving multiphase electrochemical

consists of oxygen electrocatalysts inte-
grated on a hydrophilic substrate and a
hydrophobic gas diffusion layer (GDL),
to promote both the oxygen reduction
reaction (ORR) and the oxygen evolution
reaction (OER).Bl However, the sluggish
reaction kinetics of this component usu-
ally hinders the energy efficiency and
output power of ZABs. Therefore, the
key to overcoming the performance bot-
tleneck of ZABs is the fabrication of
high-efficiency air cathodes, in which the
intrinsic electrocatalyst activity and inter-
facial engineering play equally critical
roles. Recently, a series of novel electro-
catalysts with excellent intrinsic ORR/
OER activities was proposed, including
noble-metal-based catalysts and their
cost-effective alternatives (e.g., carbon-
based materials, transition metal oxides/
chalcogenides/hydroxides, and hybrids of
these materials).”! Their intrinsic activities

reactions.

Owing to the current environmental crisis and increasing
energy demands, great efforts have been made to develop effi-
cient energy storage devices based on renewable sources.!!
Rechargeable zinc—air batteries (ZABs) have demonstrated
considerable potential in portable and large-scale power supply
and storage applications because of their various advantages
(e.g., a high theoretical energy density (1086 Wh kg™!), a safe
aqueous electrolyte, and abundant zinc resource).l?l The main
components of a ZAB are a metal Zn anode and an air cathode
packaged together with an aqueous alkaline electrolyte, as illus-
trated in Figure S1 (Supporting Information). The air cathode
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can be further optimized by morphology
regulation, defect creation, and electronic
structure modulation to promote the reac-

tion kinetics.[®
However, in an air cathode, electrochemical reactions that
involve gases occur predominantly in the multiphase interface
region among the solid electrocatalysts, the liquid electrolyte,
and oxygen.”! This means only accessible electrocatalysts in
the interface region are fully functional. Therefore, the effec-
tive utilization of electrocatalysts with high intrinsic activities
necessitates a multiphase interface with abundant and stable
electrocatalytic active sites. Despite this requirement, the inter-
facial engineering of air cathodes has received little attention.[®!
Conventional air cathodes applied in two-electrode recharge-
able ZABs are fabricated by loading a hydrophilic bifunctional
electrocatalyst layer on the surface of a hydrophobic GDL
via a drop-casting or spray-coating method, for constructing
multiphase reactive interfaces (Figure 1a).”) However, this
cathode structure provides a nearly 2D multiphase interface
that is confined to the narrow space between the electrocata-
lyst layer and the GDL. As this 2D interface is accessible to
only a small proportion of the electrocatalysts located near
the GDL surface, most of the catalytic sites cannot make an
actual contribution. Thus, it results in an insufficient amount
of active sites and slow mass transfer in the ORR/OER pro-
cesses. Moreover, even the functional active sites suffer from
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Figure 1. a,b) Schematic illustrations of conventional (a) and asymmetric (b) air cathodes, which possess 2D and 3D multiphase reactive interfaces, respec-
tively. The asymmetric air cathode exhibits an increased amount of active sites, accelerated mass transfer, and a dynamically stabilized reactive interface.

poor contact with the reactive interface and can easily fall into
the electrolyte during redox reactions.l'% Therefore, the con-
ventional air cathode structure inevitably gives rise to sluggish
and unstable reaction kinetics, which greatly hinders battery
performance.

To overcome the limitations of the 2D reactive interface, for
the first time we propose a dimension-increasing interfacial
strategy. Its core idea is to extend the original 2D multiphase
interface toward the GDL to construct a 3D multiphase reac-
tive interface inside the GDL. When compared with the 2D
interface, which is limited to the GDL surface, the 3D reactive
interface can significantly increase the amount of active sites
and accelerate mass transfer owing to its extended and inter-
connected interfacial structure.'!l' Moreover, a dynamically
balanced reactive region with superior mechanical stability is
obtained.l'?l Even if some electrocatalysts fall off and migrate
within the 3D interfacial region, they are still able to function.
Accordingly, the 3D interface is expected to offer considerable
advantages for the cathode kinetics.

To realize the 3D multiphase reactive interface, we
designed an asymmetric air cathode structure inspired by
natural leaves, which are asymmetric photocatalytic systems.
The upper palisade layer of a leaf supports the photosynthetic
active sites while the lower spongy layer mainly executes gas
exchange (Figure S2, Supporting Information). Similarly, in
our asymmetric cathode design, the oxygen electrocatalysts
are grown from one face of the GDL toward the interior to
achieve a certain thickness, while the rest of the GDL main-
tains its original structure (Figure 1b). As this structure allows
simultaneous electrolyte permeation and oxygen diffusion
within the conductive skeleton, an internal 3D multiphase
interface is achieved. The ZAB based on this asymmetric air
cathode delivers a lower overpotential, a higher power density,
and a more stable cyclability than that based on a conventional
air cathode.

As a proof of concept, an asymmetric air cathode (herein-
after referred to as Asy-cathode) based on NiFe layered-double-
hydroxide (NiFe-LDH) electrocatalysts was constructed via a
liquid-phase chemical process, as illustrated in Figure S3 (Sup-
porting Information). Among noble-metal-free alternatives,
NiFe-LDH is one of the best OER electrocatalysts owing to its
high abundance and outstanding catalytic activity; however,
its intrinsic ORR activity is unsatisfactory.l'l As the ORR is a
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gas-consuming process, it is more sensitive to the multiphase
interface than OER; thus, NiFe-LDH is regarded as an ideal
material to verify the effectiveness of the asymmetric cathode
design.[' Briefly, precisely controlled single-face pretreatment
produced a Janus carbon fiber paper (CFP) with one hydro-
philic and one hydrophobic face, which subsequently served as
both the growth substrate and GDL. Using a mild float-growth
method, NiFe-LDH was grown inward from the hydrophilic
face of the CFP to produce an oxygen electrocatalytic face
(OCF), while the hydrophobic face remained unchanged as a
gas diffusion face (GDF).

To confirm the successful construction of the desired asym-
metric structure, the differences in morphologies, components
and properties between the OCF and the GDF were character-
ized using various techniques. First, optical photographs show
that the two faces of Asy-cathode are different colors, as shown
in Figure 2a. The brownish yellow color of OCF indicates the
growth of NiFe-LDH, while the GDF maintains the pristine
black color of CFP. The fine morphological features of the two
faces were investigated by scanning electron microscopy (SEM).
On the OCF, the growth of a large number of nanostructures
which coat the internal carbon fibers and partly fill the void is
observed (Figure 2b; Figure S4a,b, Supporting Information).
Owing to the hydrophilicity of hydroxides, this growth mode
can induce good electrolyte infiltration, which will promote
the accessibility of hydroxide ions and oxygen inside cathode
to extend the reactive interface. In contrast, on the GDF, only
carbon fibers are observed accompanied by some polytetrafluor-
oethylene (PTFE) components, which play a key role in main-
taining hydrophobicity (Figure 2c; Figure S4c,d, Supporting
Information).

Raman spectroscopy was performed to further identify
the chemical components on the two faces of Asy-cathode
(Figure 2d). The spectrum of OCF clearly shows the charac-
teristic peaks of brucite-like Ni(OH), as well as a peak corre-
sponding to incorporated FeOOH (Fe’*), which indicates low
crystallinity.’) Meanwhile the peak at 1075 cm™ indicates the
presence of intercalated carbonate ions.l'% In contrast, the spec-
trum of GDF exhibits no obvious peaks at the above bands,
verifying that the chemical components on the two faces are
completely different.

In addition, the asymmetry of the wettability character-
istics of Asy-cathode was investigated using contact angle
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in Figure 3b and Figure S7 (Supporting
Information), the OCF in the upper half is
rich in Ni, Fe, O, and C, whereas the GDF in
the lower half only contains C.

To observe the multiphase reactive inter-
face directly, sophisticated interior structure
of Asy-cathode was further visualized by 3D
X-ray computed tomography (CT). Figure 3c
shows the 3D tomogram sliced along a cross
section, and the detailed reconstructed ani-
mation is shown in Movie S1 (Supporting

Information). The metal-based electrocata-
lysts are clearly observed to grow on one
face and inside the CFP. As illustrated in
Figure 3d, rather than poor 2D interface of
the conventional cathode, the asymmetric
cathode is proposed to achieve a 3D multi-
phase reactive interface through the growth

Carbon fiber

G

of electrocatalysts into the interior of the

500

Raman shift (cm™1)

Figure 2. Characterizations of the two faces of Asy-cathode. a) Optical photographs and
b,c) SEM images of the OCF and the GDF showing asymmetric morphological features.
d) Raman spectra showing asymmetric chemical components. e) Contact angles with the ZAB

electrolyte showing asymmetric wettability characteristics.

measurements, as this factor is of great importance for the
practical application of air cathodes in ZABs (Figure 2e).
The OCF exhibits a much smaller contact angle (62°) with the
ZAB electrolyte (6.0 M KOH + 0.20 M Zn(Ac),) than the GDF
(142°). Thus, the electrolyte can easily wet OCF and partly fill
the inner pores, but complete soaking of the cathode is avoided
and fluent gas diffusion from the opposite GDF is ensured. In
this way, an enhanced multiphase interface is created inside
the cathode.l'”] As a comparison, the surface morphology and
contact angle data of the pristine CFP are shown in Figures S5
and S6 (Supporting Information), respectively. Compared with
those of the pristine CFP, both the structure and wettability of
OCF of Asy-cathode were completely transformed. However,
the hydrophobicity of GDF was well maintained, although the
PTFE coating layer was partly damaged.

To investigate the reactive interface within the Asy-cathode,
the interior architecture was visualized by cross-sectional SEM
(Figure 3a). Ultrafine nanoparticles are observed in the upper
half of Asy-cathode, while pristine carbon fibers are maintained
in the lower half, clearly demonstrating the heterojunction
boundary between the OCF and the GDF. The element distri-
butions revealed by electron probe X-ray microanalysis (EPMA)
and energy dispersive spectroscopy (EDS) mapping also con-
firmed the asymmetric architecture of Asy-cathode. As shown
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GDF GDL, which enhances the access of the elec-

T trolyte and gases. Taking advantage of the
750 1000 . . .

increased number of active sites and acceler-

ated mass transfer, the Asy-cathode should

GDF exhibit enhanced kinetics compared with the

conventional air cathode. Therefore, a higher
electrocatalytic activity and improved battery
performance are expected.

Additional characterizations were per-
formed to investigate the properties of the
entire Asy-cathode. The Xray diffraction
(XRD) patterns confirmed the successful
growth of NiFe-LDH (Figure S8, Supporting
Information). For the XRD pattern of the
electrocatalysts scraped from Asy-cathode,
the main characteristic peaks are indexed
to the (003), (006), (012), and (110) lattice planes of NiFe-LDH
(JCPDS card no. 40-0125), whereas the broad peak shape indi-
cates low crystallinity and a relatively small crystallite size.'8] As
the grown NiFe-LDH only accounts for a small proportion of
the cathode, the XRD pattern of the entire Asy-cathode sample
mainly demonstrates peaks corresponding to the CFP. X-ray
photoelectron spectroscopy (XPS) was also performed on the
Asy-cathode. The survey spectrum exhibits Ni, Fe, O, and C sig-
nals, which are consistent with the above EPMA and EDS map-
ping results (Figure S9, Supporting Information).*" In addition
to these elements, a F signal was also detected owing to the
existence of PTFE.

The air cathode plays a significant role in ZAB
performance.?l To evaluate the effectiveness of Asy-cathode,
we also fabricated a conventional air cathode with the same
NiFe-LDH electrocatalysts and identical mass loading (herein-
after referred to as Con-cathode; Figure S10, Supporting Infor-
mation). Briefly, a hydrophilic carbon cloth (CC) and a hydro-
phobic CFP were composited using a hot press, and then the
electrocatalysts were loaded on the CC side via a controlled
drop-casting method. The as-constructed multiphase inter-
face between the electrocatalyst/CC and CFP is 2D, and thus
the Con-cathode serves as an ideal control sample. As illus-
trated in Figure S11 (Supporting Information), the accessible
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Figure 3. Characterizations of the 3D interface in Asy-cathode. a) Cross-sectional SEM images demonstrating the heterojunction boundary between
the OCF and the GDF. b) EPMA mapping patterns of C, O, Ni, and Fe elements. c) CT 3D tomogram sliced along a cross section. d) The multiphase
reactive interface advantage of the asymmetric cathode (right) over the conventional cathode (left).

electrocatalysts are loaded on the 2D interface in Con-cathode,
which is distinct from the 3D electrocatalyst architecture in
Asy-cathode. To compare the electrocatalytic performance, both
cathodes were tested in ZABs with Zn foil as the anode and
6.0 M KOH + 0.20 M Zn(Ac), solution as the electrolyte.

Figure 4a compares the polarization curves of the ZABs based
on Asy-cathode and Con-cathode at a scan rate of 10.0 mV s7%.
The voltages required for the ZAB with Asy-cathode to achieve
25.0 mA cm™ discharge and charge current densities are
0.94 and 1.93 V, respectively, while those for the ZAB with
Con-cathode are 0.84 and 1.96 V, respectively. Moreover, the
maximum discharge power densities (Pp,,) of the ZABs with
Asy-cathode and Con-cathode are 93.9 and 42.1 mW cm™,
respectively. Clearly, the Asy-cathode is greatly superior to the
Con-cathode. In particular, the remarkable P, of the ZAB
with Asy-cathode can be attributed to the presence of sufficient
active sites and efficient mass transfer, as mass-transfer-related
concentration polarization will dominate ZAB performance
at a high current density.?!! To exemplify the practical appli-
cability of the Asy-cathode design, two as-assembled ZABs
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with Asy-cathode were used to power a light-emitting diode
(LED) (Figure S12, Supporting Information). Furthermore,
the specific capacities were tested at a discharge current den-
sity of 25.0 mA cm™2 and normalized to the mass of Zn anodes
(Figure S13, Supporting Information). The specific capacity of
the ZAB with Asy-cathode (800 mA h gz, ') is higher than that
of the ZAB with Con-cathode (749 mA h gz, 7).

To evaluate the effect of the asymmetric architecture on
ORR/OER kinetics, discharge—charge curves were collected for
the ZABs based on Asy-cathode and Con-cathode at various
current densities, as presented in Figure 4b. Obviously, the
Asy-cathode provides the ZAB with a smaller charge/discharge
voltage gap which indicates lower polarization and a higher
energy efficiency, especially at high current densities. When
the current density increases from 5.0 to 25.0 mA cm2, the
charge voltage with Asy-cathode shows a slight increase from
1.93 to 1.98 V, whereas that with Con-cathode increases consid-
erably from 1.96 to 2.08 V. Even at 50.0 mA cm™2, the former
still retains a charge voltage of 2.06 V, which is approximately
210 mV lower than that of the latter. Compared with the charge
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Figure 4. Electrochemical performance of the ZABs with Asy-cathode and Con-cathode. a) Discharge/charge polarization and power density curves.
b) Discharge—charge curves at various current densities and c) corresponding average discharge/charge voltages and voltage gaps.

process, the discharge process is more affected by the dif-
ferent multiphase interfaces. The discharge voltage of the ZAB
with Con-cathode is only 0.91 V at 5.0 mA cm™ owing to the
poor ORR activity of NiFe-LDH, but that of the ZAB with Asy-
cathode reaches 1.12 V. More importantly, the advantageous
effect of Asy-cathode becomes more obvious as the current
density increases. As the ORR process is highly sensitive to the
multiphase interface, the Asy-cathode benefits more from its
higher discharge voltage, revealing the huge advantage of the
asymmetric architecture in terms of kinetics.??l Moreover, the
average discharge/charge voltage and voltage gap values are
presented in Figure 4c. Although the polarization intensifies as
the current density increases, the ZAB based on Asy-cathode
demonstrates relatively small voltage gaps of 0.81, 0.86, 1.01,
and 1.25 V at 5.0, 10.0, 25.0, and 50.0 mA cm™, respectively,
while those for the ZAB with Con-cathode are 1.05, 1.17, 1.34,
and 1.66 V, respectively. These results suggest the excellent
application potential of the asymmetric air cathode under high
current conditions.

Obviously, the enhanced multiphase reactive interface of
Asy-cathode largely improves the catalytic activity of NiFe-
LDH electrocatalysts. With an asymmetric architecture, it can
facilitate transfer of hydroxide ions and oxygen to realize effi-
cient ORR/OER on the surface and in the interior of the CFP.
However, the electrocatalytic reactive region of Con-cathode
is limited to the surface in contact with the electrolyte. As is
well known, the discharge and charge voltages of ZABs corre-
spond to the air cathode polarization during the ORR and OER
processes, respectively, while the voltage gap represents the
bifunctional activity to a great extent.?3! Therefore, within the
Asy-cathode, the inherently weak ORR activity of NiFe-LDH can
be significantly enhanced to achieve the ORR/OER bifunction-
ality required for ZAB applications.?*]

The cycling performance of an air cathode is determined
by the stability of its multiphase reactive interface. Long-term
galvanostatic cycling tests were performed on the ZABs at var-
ious current densities from 5.0 to 50.0 mA cm™2. As shown in
Figure 5a, the ZAB based on Asy-cathode delivered discharge
and charge voltages of 1.12 and 1.93 V at 5.0 mA cm™2, respec-
tively, after the initial activation process. Both the discharge and
charge voltages exhibited excellent stability, with the voltage
gap increasing slightly from 0.81 to 0.83 V after 2000 cycles
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(=333 h). In contrast, the cycling performance of the ZAB based
on Con-cathode suffered from heavy decay after approximately
650 cycles, probably due to exfoliation and destruction of the
electrocatalysts. This difference in cycling durability is mainly
attributed to the distinct electrocatalyst loading structures, with
the in situ growth mode of Asy-cathode also providing addi-
tional stability. At higher current densities, the Asy-cathode
still shows stable cycling behaviors, but the Con-cathode
exhibits gradual broadening of the voltage gap (Figure 5a;
Figures S14 and S15, Supporting Information). The discharge/
charge voltages of the ZABs based on Asy-cathode remained
stable for more than 600, 300, and 100 cycles at 10.0, 25.0, and
50.0 mA cm2, respectively, while those based on Con-cathode
only exhibited stability for 200, 80, and 25 cycles, respectively.
Therefore, the asymmetric air cathode displays great promise
for high-current and long-cycle ZAB applications.

As summarized in Figure 5b, the ratio between the number
of stable cycles for the ZABs with Asy-cathode and that for
the ZABs with Con-cathode gradually increases with the cur-
rent density, revealing that the stability of the former cathode
is particularly advantageous at high current densities. This
behavior indicates that the structure of Con-cathode is quickly
destroyed at high currents, while the Asy-cathode resists
destruction. Taking the discharge/charge behavior of the ZAB
with Asy-cathode at 10.0 mA cm™2 as an example, a very stable
average voltage gap was delivered during each cycle stage, with
a variation of less than 20 mV over 600 cycles (Figure 5c). Fur-
thermore, the 3D multiphase interface of Asy-cathode was well
maintained, as evidenced by SEM images (inset of Figure 5¢;
Figure S16, Supporting Information).

The outstanding mechanical stability of the electrocata-
lysts in the asymmetric air cathode is obviously attributable
to the dynamically stable reactive interface as well as the in
situ growth mode. We also performed an XPS analysis of the
above cycled Asy-cathode to evaluate its chemical stability. The
XPS survey spectrum of the cycled Asy-cathode is similar to
that of the pristine Asy-cathode (Figure S17, Supporting Infor-
mation). The Ni/Fe atomic ratio changed from 2.67 to 2.54
after cycling, indicating a slightly altered but generally stable
composition. High-resolution XPS spectra were analyzed to
reveal further information about the chemical states. The Ni
2p spectrum of the pristine Asy-cathode exhibits two peaks
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Figure 5. Stability of the ZABs with Asy-cathode and Con-cathode. a) Long-term galvanostatic cycling tests at current densities of 5.0 and 25.0 mA cm™2.
b) Numbers of stable cycles at various current densities. c) Average discharge/charge voltages and voltage gaps during each cycling stage of the ZAB
with Asy-cathode, at 10.0 mA cm~2 (inset: cross-sectional SEM image of Asy-cathode after cycling). d) Ni 2p and e) Fe 2p XPS spectra of Asy-cathode

before and after cycling.

with binding energies (BE) of 855.7 and 873.3 eV, which cor-
respond to Ni(IT) 2ps;, and Ni(Il) 2p;,, respectively, accom-
panied by satellite peaks (Figure 5d).1?! Similarly, the Fe 2p
spectrum of the pristine Asy-cathode exhibits Fe(IIT) 2p;,, and
Fe(Ill) 2p;,, peaks (Figure 5e).”®l The chemical states of Ni
and Fe remained essentially stable after cycling, indicating the
high chemical resistance of Asy-cathode, which can provide
stable electrocatalytic active sites during long-term cycling
processes.

ZABs based on our asymmetric air cathode display multi-
ple advantages including a low overpotential, a high energy
efficiency, a high power density, and superior long-term sta-
bility. These beneficial properties are mainly attributed to the
cathode architecture based on the 3D reactive interface strategy.
More specifically, the remarkable performance originates from
synergistic effects of several factors. 1) The asymmetric archi-
tecture provides a 3D multiphase reactive interface that guar-
antees a sufficient amount of electrocatalytic active sites inside
the cathode rather than on its surface, thus enhancing electro-
catalytic activity. 2) Mass transfer and electron conduction are
accelerated by the easier access of hydroxyl ions and oxygen to
the interior of the porous conductive skeleton, which favors a
high current capability. 3) The dynamically stable reactive inter-
face and in situ growth mode enhance the ability of the electro-
catalysts to endure long-term and high-current cycling, leading
to greatly improved durability. 4) The in situ growth mode also
promotes electron conduction. Thus, the proposed air cathode
design based on asymmetric architecture simultaneously
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enhances the reaction kinetics and cycling durability of ZABs
by improving the multiphase interface. Herein, the perfor-
mance of NiFe-LDH as a model electrocatalyst in the asym-
metric air cathode was obviously improved compared with
that in the corresponding conventional air cathode. By altering
the electrocatalyst, different asymmetric cathodes with better
electrocatalytic performance or a specific functionality could be
achieved.

In summary, in allusion to the poor reactive interfaces and
insufficient active sites in conventional air cathodes, an asym-
metric air cathode design for rechargeable ZABs is proposed.
The asymmetric growth of electrocatalysts inside the cathode
generated a 3D multiphase reactive interface, which greatly
increased the amount of functional active sites, accelerated
mass transfer, and strengthened the interfacial stability. Conse-
quently, a reduced overpotential, a higher power density, and a
longer lifespan were obtained for the ZABs based on an Asy-
cathode. This work provides a versatile strategy for improving
the interfacial reaction kinetics of air cathodes, which is instruc-
tive to the future electrode design for next-generation metal—
air batteries with high-current and long-cycle energy storage
applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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