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The development of zinc-air batteries (ZABs) is hindered by the sluggish kinetics of the oxygen reduction reaction
(ORR) and the oxygen evolution reaction (OER) which occur in the complex interfaces between gaseous oxygen,
liquid electrolyte and solid catalyst. Designing a rational interface that aligns with the kinetics of these multi-
phase reactions is of utmost importance. Herein, an asymmetric cathode (Asy-electrode) has been designed
and fabricated that the carbon nanotubes arrays (CNAs) encapsulating Co nanoparticles grown on carbon cloth is
used as the aerophilic side (Al-side) to match and catalyze the ORR kinetics, the other side that deposition of NiFe
layered double hydroxide (NiFe-LDH) on the CNAs plays as aerophobic side (AO-side) to accelerate the OER
kinetics. The Asy-electrode effectively balances the adsorption and desorption of O, and OH", and promotes the
efficient transport of gaseous and liquid reactants and products. Therefore, the efficiency of ORR and OER onto
the corresponding catalytic sites of Co/CNAs and NiFe-LDH/CNAs are significantly enhanced. Consequently, the
ZAB employing the asymmetric cathode can acquire a remarkable higher power density (236.26 mW cm™~2) and
an excellent long-term cycling stability (over 1920 cycles at 10 mA cm™2) due to the enhanced kinetic and the
improved reversibility of the charge-discharge reaction on the cathode benefiting from the aerophilic/hydro-
philic interfacial construction on each side of electrode. The present study could explore a route to design the
catalysts from the view of matching the multi-phase reaction characteristics.

1. Introduction bifunctional catalysts for ORR/OER [16-18]. The great progresses

have been achieved from nanoclusters to single atomic sites, from het-

Nowadays, the growing energy demands are boosting the develop-
ment of high-efficiency energy storage systems combined with renew-
able sources [1-3]. Metal-air batteries, especially, are gaining
significant attention as promising renewable energy technologies [4-6].
Particularly, rechargeable zinc-air battery (ZAB) is one of most desired
energy system owing to its high energy density, minimal or zero emis-
sions, simplicity in construction, and cost-effectiveness [7-10]. A con-
ventional ZAB consists of an air cathode and a zinc metal anode. Here,
the oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) occur at the cathode during discharge and charge phases,
respectively [11-15]. Because both kinetics of ORR and OER are slug-
gish, most efforts have been paid on developing high-efficiency

erostructure of multi-components to heteroatoms doping, from elec-
tronic orbits modulation to explore the intrinsic activity, and from
improving utilization of active sites to enhancing the durability of cat-
alysts [19-21]. However, the multi-phase gas-liquid-solid reactions in
ORR and OER require the electrode have a rational design to supply the
optimized interface matching the multi-phase reactions kinetics. Re-
ports on achieving such electrodes are currently limited.

In the cathode of ZAB, the triple phase interface (TPI) of solid cata-
lyst, liquid electrolyte, and gaseous reactant/product is critical for the
catalytic reactions of ORR and OER [22,23]. A desirable architecture for
the triple-phase catalytic systems should own the following character-
istics (i) good accessibility to reagents; (ii) high intrinsic activity with
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abundant and stable active sites; (iii) an unobstructed mass-diffusion
pathway and in-time release of as-formed intermediates and products.
These have been partially demonstrated and verified for various het-
erogeneous catalysis including hydrogen evolution reaction [24], pho-
tocatalytic reaction [25], electrochemical generation of HyO5 [26], and
reduction reaction of CO5 [27].

It is well-established that when a catalyst is immersed into a liquid
system, the interface between liquid and catalyst usually gives three
typical wetting behaviors as illustrated in Fig. S1, Wenzel state (UW-
state), Cassie state (UC-state) and Wenzel-Cassie coexistent state (UWC-
state). The UW-state and UC-state, providing only two-phase interfaces,
limit the efficiency of catalytic sites in contributing to gas-liquid-solid
multiphase reactions. In contrast, under the UWC-state, the solid cata-
lyst surface can be partially wetted by both liquid and the air trapped in
the liquid to supply the triple-phase interface for multiphase reaction,
which could bring more smooth kinetical processes for ORR and OER.

To achieve the UWC-state, a fundamental approach involves
designing materials with asymmetrical aerophilic (hydrophobic) and
aerophobic (hydrophilic) properties. For example, Janus materials
owning the opposite property that have attracted considerable interests
in various applications of switchable oil/water separation [28,29], fog
harvesting [30], and sensors [31]. In ZABs, the ORR is a gas-consuming
process. Therefore, ensuring an adequate supply of gas reactants at the
interface is crucial. This facilitates the adsorption of reactants, interfa-
cial charge transfer, and the desorption of intermediates/products at the
active centers [32,33]. Correspondingly, aerophilic (hydrophobic)
property is requisite for ORR. During OER process, gas bubbles are
formed on the surface of electrodes. The aggregation of these bubbles
around the catalysts can obscure active sites, significantly impeding the
OER continuity. Therefore, it requires an aerophobic (hydrophilic)
property for OER. Although it seems contradictory that ORR needs the
aerophilic surface but OER requires aerophobic interface, as Janus
materials generally possess opposite properties, an electrode could be
designed to own both the aerophilicity and aerophobicity depending the
composition and structure of each side. Additionally, optimizing or
balancing the wettability of gas and liquid on the electrodes to align with
the kinetics of ORR and OER could lead to highly energy-efficient, gas-
liquid-solid heterogeneous catalysis processes.

Herein, an asymmetric electrode (referred to as Asy-electrode)
balancing the aerophilic and hydrophilic properties of the interfaces
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has been successfully designed and fabricated. The carbon nanotubes
arrays (CNAs) grown on both sides of the carbon cloth was using as the
foundational electrode, in which Co nanoparticles were embedded inner
of CNTs and play as the active sites for ORR. Moreover, the NiFe-LDH
were controllably deposited on the other side of electrode to provide
the hydrophilicity and the active sites for OER. This Asy-electrode
design balances the contradictory requirements between the aerophilic
and hydrophilic property to optimize the triple-phase interfaces for ORR
and OER, and thus well match the reactions kinetics of cathode of ZAB.
Consequently, the rechargeable ZAB with asymmetric cathode can
deliver a remarkable power density of 236 mW cm 2, a high capacity of
812 mAh g7, and an excellent stability of 1920 cycles at 10 mA cm 2.

2. Results and discussion
2.1. Materials structure and property

Fabrication of the Asy-electrode is schematically illustrated in Fig. 1.
Firstly, the two-dimensional cobalt metal organic framework (2D Co-
MOF) nanosheets with a strong bonding force on the smooth carbon
cloth (CC) substrate were constructed (Fig. S2a) by a facile solution
reaction of Co(NO3), and 2-methylimidazole. The scanning electron and
transmission electron microscopy (SEM/TEM) images in Fig. 2a-b and
Fig. S2b illustrate the vertically oriented Co-MOF nanosheet arrays
grown on the CC surface. Then, the Co-MOF nanosheet arrays were
heated up to a given temperature for 2 h under flowing Ar gas in a tube
furnace containing dicyandiamide powders. The decomposition of
dicyandiamide at 400 °C resulted in the formation of ammonia [34].
Under the reductive atmosphere of ammonia and the catalysis of Co, the
Co-MOF nanosheets were in-situ transformed into the nitrogen-doped
CNAs, while dicyandiamide as the nitrogen and carbon sources. As
shown in Fig. 2c and Fig. S3a, the CC substrate surface is densely covered
by the CNAs with the interconnected network structure replacing the
previous Co-MOF nanosheets. The Co nanoparticles with a diameter
about 13 nm are encapsulated inner of CNT, confirming that Co nano-
particles catalyzed the growth of CNTs (Fig. S3b-c), meanwhile Co
particles act as the catalytic sites for ORR. Moreover, SEM images of
Fig. 2d show that the CNAs rooted grow from the CC substrate. Since Co-
MOFs arrays were vertically grown on both sides of CC by the wet
chemical methods, the CNAs derived Co-MOFs are also produced on
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Fig. 1. Schematic illustration for the fabrication processes of asymmetric electrode and the modification mechanism by NiFe-LDH which starts from CNAs with

aerophilic (AI) property to aerophobic (AO) parts.
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Fig. 2. (a and b) SEM images of Co-MOF, (c and d) SEM images of CNAs-Co@CC. (e) TEM and (f) HRTEM images of Asy-electrode AO-side. XPS spectra of the two

sides of Asy-electrode: (g) Survey, (h) Ni 2p, and (i) Fe 2p regions.

both sides of CC. Consequently, the CNAs encapsulating Co nano-
particles inside the tubes grown on the CC (CNAs-Co@CC) supplies an
expecting substrate to design an Asy-electrode.

Firstly, the highly graphitized CNAs offer unique hydrophobic
property [35]. Subsequently, one side of CNAs-Co@CC plate was dipped
in an alkaline aqueous solution containing Ni%* and Fe®* ions for 24 h at
room temperature to form the NiFe layered double hydroxides (NiFe-
LDH) onto the CNAs (Fig. S4), which can produce the hydrophilic/
aerophobic side of CNAs-Co@CC electrode. The loading amounts of
NiFe-LDH can be easily controlled by the dipping time to accurately
regulate the hydrophilic property to balance the wettability of both side
of electrode as shown in Fig. S5. The contact angle tests illustrate the
enhanced hydrophility of the side containing the NiFe-LDH by pro-
longing the dipping time. It can also be noted that the side without the
NiFe-LDH (0 h dipping) exhibits the largest contact angle of 123° due to
the intrinsic hydrophobicity of CNAs. Therefore, it can conclude that the
Asy-electrode with the amphoteric property has been constructed by the
CNAs-Co@CC with and without the NiFe-LDH onto each side. The side
of CNAs-Co@CC without NiFe-LDH is hydrophobic (aeropholic, referred
as Al-side), but the side of CNAs-Co@CC with NiFe-LDH is hydrophilic
(aerophobic, referred as AO-side). TEM was used to learn the ampho-
teric property of Asy-electrode from the microstructure. As shown in
Fig. 2e, two types of particles can be observed in terms of Co nano-
particles being encapsulated in the CNAs, as well as the micro-sized
NiFe-LDH particles being attached to the outer surface of CNAs. It can

be further identified by the lattice fringes with interplanar spacings of
0.205 nm and 0.26 nm, corresponding to (111) and (01 2) crystal planes
of the cubic cobalt and NiFe-LDH, respectively (Fig. 2f). Moreover, it can
be clearly observed from the X-ray diffraction (XRD) pattern of Asy-
electrode (Fig. S6). On the AO-side of Asy-electrode, the diffraction
peaks at 20 values of 11.7°, 23.7°, 34.7° are corresponding to the (00 3),
(006), and (012) planes of the NiFe-LDH (JCPDS: 49-0188), respec-
tively. Meanwhile, the typical diffraction peaks corresponding to (111)
and (200) planes of metallic Co (JCPDS: 15-0806) at 44.2° and 51.5°.
Hower, on the Al-side, only the diffraction peaks of Co can be observed.
X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray
spectroscopy (EDX) elemental mappings were further used to investigate
the difference in the composition between each side of the Asy-
electrode. As displayed in Fig. 2g-i and Table S1, on the AO-side of
Asy-electrode, Ni 2p and Fe 2p peaks can be easily observed. On the Al-
side, however, neither Ni or Fe elements can be found. EDX analyses
(Fig. S7) show the similar results that Ni and Fe are only distributed on
the AO-side, uniformly. Moreover, C 1 s, N1s and Co 2p spectrum of both
sides of Asy-electrode (Fig. S8a-c) show that there are no obvious
components changes after NiFe-LDH modification.

To elucidate the aerophilic and hydrophilic property of each side of
Asy-electrode from the molecular level, DFT [36,37] was used to
calculate adsorption energy, adsorption distance, and electron density
distribution of H,0 molecule on the CNT and NiFe-LDH. The configu-
ration of NiFe-LDH [38-40] and CNT [41,42] was established as shown
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in Fig. 3a and 3b, which assigns six sites to describe the adsorption
behavior of H,O molecules. As shown in Fig. 3c, all the adsorption sites
of NiFe-LDH afford much higher adsorption energy than the adsorption
sites of CNT. The adsorption energy of H,O molecule on O-tp is signif-
icantly less than the other three adsorption points since Ni and Fe atoms
have strong adsorption effects on HyO molecule. However, two
adsorption sites on CNT surface show the smaller adsorption energy for
H20 molecule. Fe atoms of NiFe-LDH possess the strongest adsorption
energy and the shortest adsorption distance with HyO molecule.
Furthermore, the electron density distribution was calculated to deter-
mine the bonding situation at the liquid-solid interface. H,O molecules
show significant electron accumulation on NiFe-LDH surface due to their
strong bond energy. In contrast, no electron accumulation occurs at the
interface of HoO molecules and CNT surface. The calculation results
prove that NiFe-LDH has a strongly hydrophilic property, while CNT has
a distinct hydrophobic property.

The wetting and aerophilic/aerophobic properties of the Asy-
electrode are demonstrated as follow. The contact angle (CA) of a
water droplet on the Al-side is 122° (Fig. 3d), whereas the CA is 37° for
the AO-side (Fig. 3e). The asymmetric wettability of the Asy-electrode
owes to the bi-directional structure of CNAs and NiFe-LDH on the con-
trary sides of electrode. The correlation between the hydrophobic/hy-
drophilic with the aerophilic/aerophobic can be directly expressed by
the Young’s equation [43]. The underwater bubble wettability was
measured through the contact angle of bubble with the surfaces of Asy-
electrode immersed in water. The bubble CAs on the AO-side and Al-side
are 14° and 137°, respectively, showing the corresponding aerophilicity
and aerophobicity of Asy-electrode. As another evidence, the color of the
Al-side changes from initial darkness to mirror-like gray after immersion
in basic solution (right picture in Fig. 3d), which arises from the air
interlayer between the nanostructures of Al-side and the water interface
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that reflects most of light [44]. In contrast, the colour does not change a
lot on the AO-side (right picture in Fig. 3e) due to its aerophobicity. The
bubble contacting dynamic of the electrodes was further real-time
observed as shown in Fig. S9. When oxygen bubbles touch the Al-side
surface of Asy-electrode, the oxygen bubbles are suddenly burst,
demonstrating the “aerophilic” property (Fig. S9a). In contrast, the AO-
side is the bubbles repulsed, the bubbles keep the spherical shape and
roll off from the surface of AO-side (Fig. S9b). The phenomena well
demonstrate the aerophilic and the aerophobic behaviors brought by the
asymmetric side of Asy-electrode. The side constructed by the vertically
aligned carbon nanotubes arrays provides an “aerophilic” property and
has a strong interaction toward oxygen bubbles, thereby could enhance
ORR kinetics. The side containing NiFe-LDH shows a significant aero-
phobicity but good hydrophility, which could facilitate the OER kinetics.
As shown in Fig. 3f-g, on the basis of the Laplace’s theory, the
hydrophobic-hydrophilic asymmetric structure on the two sides of Asy-
electrode generates a difference capillary pressure (see the supplemen-
tary note in the Supporting Information for details).

2.2. Electrochemical characterization and discussion

To evaluate the effectiveness of the asymmetric wettability of elec-
trode on improving the kinetics of ORR and OER, a series of electro-
chemical characterizations on Asy-electrode, Al-electrode (Fig. S10a),
AO-electrode (Fig. S10b) and commercial Pt/C electrode were carried
out (see Experimental section for details). As CV curves shown in
Fig. S11 and Fig. S12, the oxygen reduction peak around 0.8 V can be
evidently observed for the Asy-electrode under the O,-saturated elec-
trolyte, demonstrating the exceptional ORR electrocatalytic activity.
The ORR performance of Asy-electrode was evaluated and compared
with the other electrodes. As shown in Fig. 4a, the Asy-electrode exhibits
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Fig. 3. Schematic diagram of the initial adsorption sites of on (a) NiFe-LDH and (b) CNT surface. (c) Adsorption distance and adsorption energy of H,O molecules on
different adsorption sites of the two types of materials (insert maps show the electron density distribution of interfacial interaction). (d and e) Digital camera images
and optical pictures showing different wetting ability of the two sides of the Asy-electrode. (f and g) The force analysis of droplets on the hydrophobic layer and the

hydrophilic layer.
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an outstanding onset potential (Eqpset = 0.97 V) and half-wave potential
(E1/2 = 0.81 V), which is much more positive than Al-electrode (Eopset =
0.93V, E1 5 = 0.77 V) and AO-electrode (Egnget = 0.88 V, Eq /2 = 0.72 V),
even superior to the state-of-the-art Pt/C (Egpset = 0.94 V, E; 2 = 0.79 V).
Furthermore, Asy-electrode shows the larger limiting current density of
15.8 mA cm™2 at 0.3 V vs. RHE than Al-electrode (11.1 mA ecm™2), AO-
electrode (9.9 mA cm_z), and commercial Pt/C catalyst (15.2 mAcm_z),
illustrating that the amphoteric design on electrode is more favourable
for gas diffusion and mass transfer. The kinetic behaviour of electrodes
was evaluated by the Tafel slope. The Asy-electrode owns much lower
Tafel slope of 77.8 mV dec’! than Al-electrode (136.6 mV dec'l), AO-
electrode (145.4 mV dec’!) and Pt/C catalyst (90.7 mV dec'l), vindi-
cating the faster reaction kinetics of Asy-electrode due to the matching
wettability for the surface/interface reactions (Fig. 4b). Furthermore,
the electron transfer mechanism of ORR on the electrodes was calculated
according to Koutecky-Levich (K-L) equation. All the electrodes exhibit
as a first-order reaction kinetics (Fig. S13). Comparing the electron
transfer number (n) of Al-electrode (3.45) and AO-electrode (3.22), the
ORR occurring at the Asy-electrode is the most efficiency reaction
pathway with four electrons suggesting that the balance between the
wettability of gas and liquid on the electrode is even critical for a fast
reaction route.

Because only the liquid/solid interface can provide the adsorption/
desorption sites of ions contributing to the electrical double layer

capacitance (Cqp) [45], which was used as an indicator of the electro-
chemically active surface area (ECSA) to evaluate the wettable region of
electrodes. As shown in Fig. S14, the Cq values provide an evidence for
the area of hydrophilic/hydrophobic interfaces. The Cq; value (1.6 mF
em™2) of Al-electrode is much lower than AO-electrode (21.3 mF cm ™2,
Fig. 4c), indicating that the aerophilic Al-electrode governs the interface
to exclude most of hydrolytic ions. Contrastively, the aerophobic AO-
electrode blocks gaseous reactants to attract most of electrolyte ions.
Therefore, neither AO-electrode or Al-electrode facilitates the gas-
liquid-solid triple-phase contact for ORR [46,47]. However, the Asy-
electrode compromises the aerophility and aerophobility to get a Cq
of 8.1 mF ecm~2 enlarging the gas-liquid-solid triple phase interface.
The correlation between the wetting property and ORR performance
of electrodes were further investigated. As shown in Fig. 4d, the reaction
time for NiFe-LDH modification on the surface of electrode increases
from O h to 32 h, the water CA of the AO-side surface decreases from
123° to 11°, demonstrating the enhanced the hydrophilicity of electrode
by the NiFe-LDH modification. The ORR mass activity of electrode is also
improved by NiFe-LDH and reaches the maximum value of 0.31 A mg'at
CA of 31°. Afterward, the mass activity decreases since the overmodified
hydrophilicity causes the numerous liquid-solid interface to block the
contact between the active sites and O,. To check the possible influences
of NiFe-LDH on the ORR performance, NiFe-LDH were directly grown
onto CC substrate without the CNAs by different reaction time of 4, 8, 12
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and 16 h (named as NiFe-LDH@CC, Fig. S15). Compared with the
pristine CC, NiFe-LDH@CC appears a similar low ORR activity, the ORR
performance reflected by LSV curves (Fig. S16) almost have no changes
with the reaction time, confirming that the modification of NiFe-LDH
primarily impacts the triple phase interface (TPI) by tuning hydrophi-
licity of electrode.

The TPI around electrode is of significant importance for imple-
menting the intrinsic ability of catalysts. The Al-electrode with CNAs
structure possesses the strong capacity of gas accommodation and the
hydrophobicity, limiting the electrolyte infiltration. As schematic dia-
gram of one piece of CNT shown in Fig. 4g. The aerophility arises
numerous air-catalyst interface (UC-state) on the CNTs and the dense
gas film makes electrolyte hardly to go into the reaction regions,
resulting in an insufficient ion transport and the resultant poor ORR
performance. Similarly, the AO-electrode leads to the poor gaseous feed
in electrolyte-catalyst interface (showed as UW-state). Because of the
solubility of oxygen gas in alkaline electrolyte is as low as 70 mg Oy/L,
corresponding 4~5 orders of magnitude lower than O, molecules dis-
solved in HpO [48]. Asy-electrode balancing and optimizing the in-
terfaces of gas-solid and liquid-solid gives rise to the decent TPI with the
features of Wenzel Cassie coexistent state (UWC-state), which imposes a
prominent impact on accelerating transmission between gas and liquid.
Onto Asy-electrode, Oy bubbles can be captured quickly by the aero-
philic side to make ORR occur in the triple-phase region. While the
hydrophilic side provides the access to electrolyte and release the
resultant OH™ ions from ORR, smoothly. As a deduction, Asy-electrode
whose Al-side serves as a gas reservoir, but AO-side plays as a good
electrolyte/ion transporter, to enhance the ORR reaction kinetics. To
demonstrate the advantages of asymmetric structure on the catalytic
ORR, ORR stability was further measured. As shown in Fig. 4e and 4f,
there is only a minor decay of E; /5 for the electrode (8 mV decay in E; /2)
after 5000 cycles. The Asy-electrode presents an excellent long-term
stability that 96.0 % of the initial current can be retained after 15 h
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operation at 0.6 V, which is significantly better than the commercial Pt/
C (73.3 %). The chemical composition and structure of Asy-electrode
after the ORR stability test were characterized and the results are
shown in Fig. S17. It can be revealed by XPS that chemical composition
of each side of the Asy-electrode is almost unchanged. Furthermore,
according to the TEM observations, Co nanoparticles are still embedded
in carbon nanotube and NiFe-LDH are still well attached around CNTs,
suggesting that the Asy-electrode is stable during the ORR process.
The Asy-electrode also displays remarkable OER performance with a
lower overpotential (Ej—10) of 280 mV at 10 mA cm 2 (Fig. 5a), which is
superior to those of RuO5 (410 mV), Al-electrode (360 mV), and AO-
electrode (310 mV). Moreover, the Asy-electrode displays a Tafel
slope of 124.8 mV dec™!, which is remarkably lower than RuO, (150.7
mV dec'l), Al-electrode (139.5 mV dec'l), and AO-electrode (133.4 mV
dec'l), indicating the excellent kinetic and activity of OER (Fig. S18). EIS
was also used to evaluate the charge transfer capabilities of the syn-
thesized electrocatalysts. As shown in Fig. 5b and Table S2, the Nyquist
plots show a distinct semicircle corresponding to the charge transfer
resistance (R¢), which reveals the lowest R, of Asy-electrode compared
the other counterparts, indicating the enhanced kinetics of OER.
Moreover, Asy-electrode exhibits an excellent stability that there is a
little polarization increase after 3000 cycles and a 95.3 % of current
retention after 28 h chronoamperometric operation (Fig. S19 and S20).
To check the possible change of catalysts after the electrochemical
oxidation environment, we compared the surface chemical states of the
Asy-electrode by XPS before and after the OER stability test are shown in
Fig. S21a-c. The Co 2p spectrum show no observable change after the
OER process. The spectrum of Ni appears a significant characteristic
peak of Ni®* compared with the as-prepared Asy-electrode, which are
ascribed to the NiOOH. As for Fe 2p spectrum show that the peaks of the
binding energy at 711.5 eV and 725.5 eV correspond to the character-
istics of Fe>*, while the peaks are no obvious changes after OER test. In
addition, the TEM images of the Asy-electrode after the OER test show
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that the carbon nanotubes morphology can be well retained, indicating
the structure robustness of the Asy-electrode (Fig. S21d). The HR-TEM
image (Fig. S21e-f) further provides more persuasive evidence that
clear lattice spacing of 0.341 nm corresponding to the (120) plane of
NiFeOOH, are observed attached to the outer surface of carbon nano-
tubes. Meanwhile, it can be seen that Co is still indexed by lattice spacing
of 0.20 nm of the (111) plane.

To assess the gas diffusion property towards OER, Asy-electrode was
submerged in the electrolyte by using a three-electrode system (Fig. 5c).
During the charging tests, an plenty of oxygen bubbles were observed on
the Al-side, but no apparent bubbles generated on the AO-side. It can be
clearly observed that the bubbles were always transported from the AO-
side to the Al-side of Asy-electrode, indicating that the resultant Oy
bubbles by OER on hydrophilic AO-side spontaneously transport to the
aeropholic Al-side. Due to the suitable wettability, the newly formed O,
bubbles can adhere to the triple phase interface (TPI) through lateral
resistance. This adherence, primarily stabilized by the TPI on the aero-
phobic (AO) side, results in increased bubble pressure. Additionally,
bubble deformation occurs as a consequence of asymmetric wettability,
leading to a variance in Laplace pressure. This differential creates the
driving force necessary for unidirectional gas transport (Fig. S22 and
$23). Such a unidirectional gas evolution process allows the generated
O, gas to depart from the active sites quickly, to boost the kinetics of
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OER. In contrast (Fig. 5d), the both sides of AO-electrode displayed an
abundance of gas bubbles that engulfed the entire surface of electrode.
The dense O gas film onto the electrode makes OH™ ions hardly to
contact with the active sites, resulting in a limited OER performance.

To illustrate the advantages of Asy-electrode design, some previously
reported air electrodes for OER performance were compared. As shown
in Fig. 5e, the optimized electrode structure exhibits the highest OER
activity with the lowest overpotential at 10 mA cm ™2, the smallest value
of Tafel slope and the largest current density. To reveal the effect of
asymmetric interface of the electrode on OER, the schematic illustration
is shown in Fig. 5f. When Asy-electrode was submerged in the basic
electrolyte, the AO-side can adsorb abundant OH™ due to the hydro-
philicity, and then the adsorbed OH™ on the active sites are catalytically
oxidized into gaseous Oz. Subsequently, the generated O, can be uni-
directional transported to Al-side, and thus the active sites can be fully
exposed to the following OER.

2.3. Rechargeable Zn-Air battery performance

Asy-electrode has displayed highly efficient and stable electro-
chemical activity on ORR or OER. As a bifunctional electrode on both
ORR and OER, the voltage gap (AE = Ej—1o - E1/2) between the OER
potential at 10 mA cm 2 and the half-wave potential for the ORR are the
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crucial parameters for the overall bifunctional catalytic activity. A lower
value of AE suggests the better bifunctional catalytic performance and is
desirable for practical applications in rechargeable metal-air batteries.
Remarkably, the AE value was determined to be only 0.70 V for Asy-
electrode, which is significantly lower than Pt/C + RuO, electrode
(Fig. 6a). The bifunctional electrocatalytic activity with respect of AE is
presented in Table S3, Asy-electrode behaves superior to those of most
reported non-precious metal-based catalysts, suggesting aerophilic and
hydrophilic side design of cathode matching ORR and OER kinetics well
to improve the reversibility of charge-discharge.

Overall performance of a rechargeable Zn-air battery assembling the
Asy-electrode was assessed (Fig. 6b and Fig. S24). As illustrated in
Fig. 6¢, the ZAB delivers an open-circuit voltage up to 1.49 V, which is
higher than ZABs with Pt/C + RuO; electrode (1.47 V), Al-electrode
(1.45 V) or AO-electrode (1.42 V). The discharge-charge curves of the
ZABs (Fig. S25) further reveal that using the Asy-electrode has the
smaller voltage gap, and the higher current density at all potential
compared to the ZABs with Pt/C + RuO, electrode, Al-electrode or AO-
electrode. Fig. 6d shows the discharge curves and the corresponding
power density curves of ZABs. ZAB with the Asy-electrode delivers a
preeminent peak power density of 236.26 mW cm 2, which significantly
exceeds the ZAB with the Pt/C + RuO, electrode about three times. As
shown in Fig. 6e, the specific capacity of the ZAB driven by the Asy-
electrode reaches 811.6 mA h g7 at 5 mA cm™2 it is much higher
than the ZABs with Pt/C + RuO electrode (733.1 mA h gi), Al
electrode (773.9 mA h g'zln) or AO-electrode (715.8 mA h g'zln). Rate
performance of battery is highly related with the transfer of electrons
and ions. As shown in Fig. 6f, ZAB with Asy-electrode has high output
voltages of 1.33 V-1.19 V at the current density from 2 to 50 mA cm 2.
Cycling stability was further investigated by the galvanostatic dis-
charge-charge curves of ZABs (Fig. 6g and $26). Comparing with the
poor cyclable ZAB with the Pt/C + RuO; electrode, the ZAB with the
Asy-electrode exhibits the low voltage gap (0.94 V) of the initial dis-
charge—charge, a high round-trip efficiency (55.7 %) at 10 mA cm 2 and
an excellent stability (stable operation of 320 h). In overall performance,
ZAB matching the Asy-electrode surpassed those recently reported
rechargeable ZABs using novel catalysts (Table S4).

According to the characteristics of charge-discharge reactions of
ZABs, during the charge process, the hydrophilic NiFe-LDH catalysts can
enhance the OH™ ions adsorption and thus accelerate OER kinetics. The
generated Oz from OER are simultaneously transported to the aerophilic
side of cathode, avoiding the blocks of active sites by O, bubbles. During
the discharge process, the carbon nanotube arrays structures with aer-
ophilic property can further boost the adsorption and conversion of O, at
the catalytic active site to enhance the catalytic efficiency. The hydro-
philic product of OH™ can be rapidly desorbed due to the hydrophobic
property of Al-side. Therefore, O can be continuously transported to the
catalyst surface to enhance ORR reaction kinetics. This novel asym-
metric structure design of cathode improves the reversibility of the
charge-discharge reaction by matching the reactions kinetic in ZABs and
thus could be applied in developing those battery systems relating to the
multi-phase reactions.

3. Conclusion

An asymmetric electrode (Asy-electrode) has been successfully
designed to balance the wettability of gas and liquid on solid catalysts
for the optimizing the gas-liquid-solid multi-phase interfaces for ORR
and OER. The Asy-electrode was basically constructed by the carbon
nanotube arrays (CNAs) grown on carbon cloth in which Co nano-
particles was embedded in the inner of CNT, therefore the electrode
supplies the aerophilic property by CNTs and ORR catalytic activity by
Co nanoparticles. Additionally, the unilateral modification with NiFe-
LDH imparts hydrophilic properties and OER activity to the electrode.
Precise control over this single-sided NiFe-LDH modification allows for
an optimal balance between aerophilicity and hydrophilicity, creating
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an enhanced Wenzel-Cassie coexistent state (UWC-state) that expands
the triple-phase reaction interface. Consequently, the Asy-electrode
effectively aligns with the cathode kinetics of ZABs, promoting the
diffusion of reactants and products (oxygen and OH"), and facilitating
efficient adsorption and conversion during both ORR (discharge) and
OER (charge) processes. Therefore, the rechargeable ZABs using the
asymmetric cathodes greatly increases the concentration of reactants at
the interface, accelerates mass transfer, and strengthens the interfacial
stability. An impressive high power density of 236.26 mW cm 2,
coupled with an extended cycling life of 1920 cycles at 10 mA cm ™2, has
been successfully achieved. The present study provides a strategy to the
triple-phase catalytic reactions systems for various energy storage sys-
tems by matching the interfacial reaction kinetics.
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