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A B S T R A C T

In this work, we show an effective strategy combining experimental and computational methods to explore and
clarify rational design approaches utilizing transition metals for enhanced electrocatalysis of oxygen reactions.
We report a bifunctional electrocatalyst synthesized by a chemical deposition of palladium (Pd) nanoparticles on
three-dimensionally ordered mesoporous cobalt oxide (Pd@3DOM-Co3O4) demonstrating extreme stability and
activity towards electrocatalytic oxygen reduction and evolution reactions (ORR and OER). Pd@3DOM-Co3O4

exhibits a significantly positive-shifted ORR half-wave potential of 0.88 V (vs. RHE) and a higher OER current
density of 41.3 mA cm−2 measured at 2.0 V (vs. RHE) relative to non-deposited 3DOM-Co3O4. Moreover, in
terms of durability, Pd@3DOM-Co3O4 demonstrates a negligible half-wave potential loss with 99.5% retention
during ORR and a high current density retention of 96.4% during OER after 1000 cycles of accelerated de-
gradation testing (ADT). Ab-initio computational simulation of the oxygen reactions reveals that the modification
of the electronic structure by combining Pd and Co3O4 lowers the Pd d-band center and enhances the electron
abundance at the Fermi level, resulting in improved kinetics and conductivity. Furthermore, it is elucidated that
the enhanced electrochemical stability is attributed to an elevated carbon corrosion potential (Ucorr,C) for the
Pd@3DOM-Co3O4 surface and an increased dissolution potential (Udiss) of Pd nanoparticles. Meanwhile, sy-
nergistic improvements in the bifunctional activity resulting from the combination of Pd and 3DOM-Co3O4 were
confirmed by both electrochemical and physical characterization methods, which highlights the practical via-
bility of Pd@3DOM-Co3O4 as an efficient bifunctional catalyst for rechargeable metal-air batteries.

1. Introduction

Increased awareness of the harmful effects of fossil fuel use, and
accompanying greenhouse gas emissions causing global climate change,
have led to a rigorous push for the development of sustainable energy
conversion and storage systems [1,2]. There has been tremendous in-
terest in pursuing both fundamental and applied research towards de-
veloping new types of sustainable energy systems such as fuel cells and
metal-air batteries [2,3], which are expected to have positive impacts
on the commercialization of smart-grid energy storage and electrified
vehicles in the near future [4]. In particular, metal-air batteries
boasting extremely high volumetric and gravimetric energy densities

have recently been in the spotlight of energy research for further de-
velopment of advanced energy storage applications [3,5,6]. However,
the current metal-air battery systems have a few critical challenges,
including i) large overpotentials resulting from sluggish oxygen re-
duction reaction (ORR) and oxygen evolution reaction (OER) kinetics
and ii) catalyst degradation due to relatively unstable electrochemistry
during repetitive discharge and charge cycles. These challenges arise
from insufficient activity and durability of the air electrode, one of the
main components of a metal-air battery, which includes electrocatalysts
that lower activation energies of the reactions to reduce overpotential
associated with discharge and charge processes [7]. Hence, recent re-
search efforts in energy materials development have focused on

https://doi.org/10.1016/j.apcatb.2018.06.006
Received 29 January 2018; Received in revised form 18 May 2018; Accepted 3 June 2018

⁎ Corresponding author.

1 These authors contributed equally to this work.
E-mail address: zhwchen@uwaterloo.ca (Z. Chen).

Applied Catalysis B: Environmental 239 (2018) 677–687

Available online 04 June 2018
0926-3373/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09263373
https://www.elsevier.com/locate/apcatb
https://doi.org/10.1016/j.apcatb.2018.06.006
https://doi.org/10.1016/j.apcatb.2018.06.006
mailto:zhwchen@uwaterloo.ca
https://doi.org/10.1016/j.apcatb.2018.06.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2018.06.006&domain=pdf


addressing the above challenges, which would ultimately enable com-
mercialization of electrically rechargeable metal-air batteries [8–18].

Recent approaches combining density functional theory (DFT) and
ab-initio studies with experimental studies have allowed researchers to
precisely simulate catalytic activities and gain fundamental under-
standings of the oxygen reactions [19,20]. Further, they have enabled
the development of sufficiently active low-cost catalysts by allowing not
only the design of efficient non-precious material-based catalysts, but
also the effective minimization of noble metal loadings in noble metal-
based catalysts. Some examples of these oxygen reaction catalysts in-
clude non-precious transition metal-based materials (MnxOy, CoxOy,
NiCoxOy, LaNixOy, etc.) [14–18,21,22], functionalized carbon-based
materials (heteroatom-doped graphene and carbon nanotubes, etc.)
[10–12,23], metal–nitrogen complexes (M-Nx/C) [24–26], and noble
metal-based materials (Pt3Ni, Pt3Co, Pt3Y, etc.) [27,28].

As one of the most notable examples, Pt3Ni was revealed by Nørskov
and associates to show enhanced ORR activity relative to Pt due to a
downward shifted d-band center in its electronic structure, which re-
sults in weaker adsorption with oxygen intermediates on the catalytic
surface [27,29–35]. For non-precious catalysts such as metal–nitrogen
complexes and metal oxides, understanding the eg orbital of valence
electrons makes it possible to predict the oxygen reactivity, which can
be controlled by the number of outer electrons of transition metals
[17,36–38]. The electrochemical stability during the oxygen reduction
and evolution reactions has been associated with the dissolution po-
tential and cohesive energy term, which can be modified by changing
morphology and size of the transition metal nanoparticles as well as the
supporting materials [39–42]. However, most reports incorporating the
above design strategy have focused solely on catalytic activities without
also considering long-term durability.

Regarding the stability of rechargeable metal-air batteries, ther-
modynamic electrochemical durability of cathode materials is ex-
tremely restricted due to their instability during the charging process,
which typically occurs at high potentials (over 0.4 V vs SHE). This
potential range is comparable to the ORR potential region of fuel cell
systems using acidic media; these harsh conditions can dissolve metal
and carbon-based catalysts, resulting in severe degradation of their
electrochemical performance. Although metal oxides are generally
more able to retain their solid phase during metal-air battery charging,
they are usually not solely used because of their poor conductivity due
to band gaps in their electronic structure. Therefore, carbon materials
are typically required as conductive and dispersive additives within the
electrode, inevitably leading to inherent thermodynamic instability due
to CO2 oxidation above 0.207 V vs. RHE.

To address this challenge, a highly efficient and durable bifunc-
tional oxygen electrocatalyst was designed by combining three-di-
mensionally ordered mesoporous spinel cobalt oxide (3DOM-Co3O4)
with palladium (Pd) nanoparticle deposition. Morphological ad-
vantages of the 3DOM structure of Co3O4 facilitating diffusion of
oxygen molecules in and out of the structure can lead to reduced
overpotentials for the ORR and OER. Pd was introduced into the 3DOM
Co3O4 by expecting synergistic effects, especially to take full advantage
of its significant stability as solid phase below 0.810 V vs. SHE
(Standard Hydrogen Electrode) by the Nernst equation with using 10−6

M of Pd2+(aq) at pH=0, as well as the well-known excellent electro-
catalytic ORR activity. Resulting from our systematic prediction, we
demonstrated synergistically enhanced bifunctional activity and dur-
ability within the operating conditions of electrically rechargeable
metal-air batteries. In addition, the catalyst was modelled with DFT-
based ab-initio analysis to elucidate the underlying catalytic mechan-
isms and interpret the carbon oxidation potentials (Ucorr,C) on the sur-
face of the various catalysts, as well as the dissolution potential (Udiss)
of various Pd species on the catalyst surface to validate its remarkably
high durability. Overall, this investigation provides a framework for
rationally designing bifunctional catalysts based on the thermodynamic
principles that govern electrochemical stabilities for corrosion-resistant

electrocatalysis, and demonstrates the application of the developed
catalyst in a single-cell rechargeable zinc-air battery to highlight its
performance and durability.

2. Material and methods

2.1. Synthesis of 3DOM-Co3O4 and Pd@3DOM-Co3O4

Three-dimensionally ordered mesoporous spinel cobalt oxide
(3DOM-Co3O4) was prepared by a facile sacrificing template method.
First, polystyrene (PS) beads were synthesized by a simple poly-
merization employing styrene monomer, potassium persulfate
(K2S2O8), and polyvinylpyrrolidone (PVP) all bought from Sigma-
Aldrich Canada. 2.5 g of PVP was dissolved in 200mL of distilled de-
ionized (DDI) water heated to 70 °C. Next, the styrene monomer
(24mL) was added into the mixture and a certain volume of K2S2O8

dissolved DDI water (5 g L−1) was slowly poured into the solution. The
polymerization process was carried out for 24 h under vigorous stirring
with a condenser used for preventing evaporation of the solution.
Additionally, N2 gas continuously was purged into the flask to keep
oxygen absent from the environment. The resultant PS solution was
centrifuged at a low rate for more than 12 h to obtain a well-layered PS
mass followed by a drying process at 60 °C. The well-layered PS beads
were employed as a template material in this method, where the
spherical PS beads conform to a three-dimensionally ordered hier-
archically porous Co3O4 structure with regularly connected voids. In a
specific synthesis of 3DOM-Co3O4, the PS beads were soaked for 4 h in a
precursor solution of cobalt nitrate hexahydrate (30mmol), citric acid
(30mmol) and ethanol (20ml), allowing the solution to completely fill
its voids. After drying at an ambient temperature for 24 h, the materials
were heat-treated at 300 °C in an air stream (ramp rate of 1 °Cmin−1)
for 3 h to simultaneously melt the PS beads and solidify the cobalt
precursor into the 3DOM structure. The annealed product was placed in
a mixture of acetone and hexane (volume ratio of 1:1) at 60 °C for
30min to dissolve the remaining PS, followed by drying at 80 °C for 4 h.
The dried material was calcined in an air stream at 400 °C (ramp rate of
1 °Cmin−1) for 3 h to obtain the spinel cobalt oxide crystal structure
with a robust 3DOM framework (3DOM-Co3O4). Next, Pd-deposited
3DOM-Co3O4 was synthesized by a facile reduction process. As-pre-
pared 3DOM-Co3O4 (72mg) was added into a round-bottom flask
(50mL) with Pd precursor solution in which the 30mg PdCl2 (weight
percent of Pd to Co3O4 of 20%) was dissolved in a mixture of ethanol
and hydrochloric acid with a volume ratio of 12:1. The mixture was
gently stirred with a magnetic bar and refluxed for 6 h with addition of
10mL ethylene glycol solution, followed by filtration and washing with
ultrapure water. Finally, the obtained composite was dried at 80 °C
under vacuum condition. As a reference, 20 wt.% Pd/C was also syn-
thesized by the same method where activated carbon black was used
instead of 3DOM-Co3O4 as the support.

2.2. Materials characterization

A variety of characterization techniques were selected for physico-
chemical analysis of all the studied catalysts. Transmission electron
microscopy (TEM) (JEOL 2010 F) and scanning electron microscopy
(SEM) (LEO FESEM 1530) were used to investigate the morphology and
structure of the catalysts. High-resolution TEM (HR-TEM), selected area
electron diffraction (SAED), scanning transmission electron microscopy
(STEM) and elemental mapping based on energy-dispersive X-ray
spectroscopy (EDX) were utilized to identify the existence of Pd nano-
particles with 3DOM-Co3O4 as a supporting framework and to study the
porosity, composition, and crystallinity of the composite. X-ray dif-
fraction (XRD) (Bruker AXS D8 Advance) and X-ray photoelectron
spectroscopy (XPS) (Thermal Scientific K-Alpha XPS spectrometer)
were employed to characterize the crystal structure, elemental com-
position and the surface chemistry of the catalyst.
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2.3. Electrochemical characterizations

2.3.1. Half-cell with RDE
A traditional three-electrode configuration, consisting of a glassy

carbon (GC) electrode, platinum wire, and saturated calomel electrode
(SCE) as the working electrode, counter electrode and reference electrode,
respectively, was utilized to evaluate the electrochemical performance of
the catalysts at room temperature. The electrocatalytic activities for ORR
and OER were measured by a rotating disc electrode (RDE) half-cell
technique and cyclic voltammetry (CV), where a CHI Electrochemical
Station (Model 760D) was used to evaluate the performances. The tests
were performed from 0 to−1.0 V vs. SCE at 1600 rpm for ORR and from 0
to 1.0 V vs. SCE at 1600 rpm for OER. The scan rate for both electro-
chemical tests was 10mV s−1. The accelerated degradation testing (ADT)
was conducted by performing CV (∼1000 cycles) in the OER potential
region of 1–2 V vs. RHE with a scan rate of 50mV s-1. The potential versus
SCE was converted to potential versus RHE at room temperature according
to ERHE = ESCE + 0.241+0.0591 pH. The electrolyte was purged with
pure oxygen and nitrogen gas for 30min before ORR and OER measure-
ments, respectively. The ORR polarization curves in oxygen-saturated
electrolyte were corrected by subtracting background curves, which were
obtained in nitrogen-saturated electrolyte, to eliminate capacitive currents
during the ORR tests. All measurements were conducted in a 0.1M KOH
solution. The measured overpotentials (η) for ORR and OER were based on
the standard oxygen reduction potential (Eo=1.23V vs. RHE), where
ηORR=1.23V−measured ORR potential (vs. RHE) and ηOER = mea-
sured OER potential (vs. RHE) − 1.23V. Before testing, the GC electrode
(diameter: 5mm) was polished using alumina suspension (particle size:
0.05 μm) on a smooth polishing cloth. The catalyst ink was prepared by
mixing 4mg of the catalyst and Vulcan Carbon (XC-72) (mass ratio of 1:1)
in 1mL of isopropanol (IPA) pre-treated by Nafion solution (0.3wt.%)
followed by ultrasonication for 30min to obtain a homogeneous ink. 20 μL
of the as-prepared ink was dropped with a micropipette onto the GC
surface and dried under ambient conditions, leading to a catalyst loading
of 0.2mg cm−2

catalyst. Precious metal catalysts consisting of platinum carbon
(Pt/C, 28.8wt. % Pt), iridium carbon (Ir/C, 20wt. % Ir) and palladium
carbon (Pd/C, 20wt. % Pd) were used as reference materials (without
blending with Vulcan Carbon) to demonstrate the relative catalytic effi-
ciency and practicality of bifunctionally active and stable Pd@3DOM-
Co3O4.

2.3.2. Rechargeable Zn-Air single cell
An air electrode was prepared by spray-coating the catalyst ink

solution onto a gas diffusion layer (Ion Power Inc., SGL Carbon 35 BCE)
with an air brush onto an active area of 0.785 cm2 (catalyst loading:
1 mg cm−2). The catalyst ink was prepared by mixing the catalyst and
Vulcan Carbon in Nafion-containing (5 wt. %) isopropanol (IPA) with a
weight ratio of 1:1, followed by ultrasonication for 1 h to obtain a
homogeneously dispersed ink solution. Similarly to the half-cell eva-
luations, the commercial carbon-supported precious metal catalysts
(Pt/C and Ir/C) were used to prepare reference air electrodes by the
same method (without Vulcan Carbon). A zinc plate (OnlineMetals,
Zinc Sheet EN 988), a microporous polypropylene membrane (Celgard
5550) and a 6.0 M KOH solution with 0.2 M zinc acetate were employed
as the anode, separator and electrolyte, respectively. Stainless steel
meshes were utilized as current collectors for the both anode and
cathode sides. Galvanodynamic discharge and charge experiments were
carried out with a multichannel potentiostat (Princeton Applied
Research, VersaSTAT MC). With a wide range of currents (current
density: 0 to ∼ 60mA cm−2), discharge and charge profiles were ob-
tained. Zn-air single cell cycling tests were operated by a cycling tester
(BTSDA). The cycling was performed with 10min cycles (5 min dis-
charge and 5min charge) and a high current density of 10mA cm−2.
Long term cycling tests were also conducted, where one cycle was 10 h
(5 h each for discharge and charge) at a relatively low current density
(1 mA cm−2).

2.4. Computational modeling and design

Density functional theory (DFT) calculations implemented in the
Vienna ab initio simulation package (VASP) program were utilized for
the present study [19,20,43]. Exchange-correlation energies of elec-
trons were described by the Perdew, Burke and Ernzerhof (PBE) func-
tional for generalized gradient approximation (GGA) [44,45]. Core
electrons were replaced by the projector augmented wave (PAW)
pseudo-potentials [46,47], and Kohn-Sham wave functions of valence
electrons were expanded by the plane wave basis set with a cut-off
energy of 520 eV. The Hubbard U parameter (GGA+U) was employed
to improve the description of correlation effects and to reduce the self-
interaction error in bulk Co3O4 [48–50]. The optimized effective in-
teraction parameter Ueff (Ueff = U – J) of 3.4 eV was used for Co ions in
the Co3O4 structure. All ions were fully relaxed during the structural
optimization until the total energy was converged within 10–4 eV. A
gamma point mesh with (15× 15×15) k-points was used for the
Co3O4 (1× 1) unit cell to sample the Brillouin zone for bulk calcula-
tion. Periodic boundary conditions were imposed on these unit cells in
terms of the (001) surface direction, and a vacuum space of 20 Å was
employed to avoid interactions between the top and bottom surface.
The first five layers were fixed from the bottom and the rest of the
layers were relaxed. To calculate the total energies of Co3O4 slab
models on the (001) surface direction, a gamma point mesh of
(5×5×1) and the Methfessel-Paxton smearing method were utilized
[51]. On the relaxed Co3O4 slab model, Pd (3×2√3) and carbon
monolayers (4×2√3) were deposited on the (001) Co3O4 surface. For
the density of states (DOS) calculations, the tetrahedron method with
Blçchl’s corrections was employed [52]. From the projected density of
states (p-DOS) of a Pd atom, d-band center values of Pd on the Co3O4

surface are estimated using Eq. (1) [53]:

∫
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Here, εd is d-band center weight and pd is the projected density of states
onto the d band of a Pd atom.

3. Results and discussion

The schematic synthesis in Fig. 1 shows the facile synthesis proce-
dure used to prepare Pd@3DOM-Co3O4. 3DOM-Co3O4 was prepared by
the template-assisted method using spherical PS beads, resulting in the
structure shown in Fig. 2a. Chemical deposition of Pd was conducted on
the surface of 3DOM-Co3O4 to obtain the final material, Pd@3DOM-
Co3O4. As shown in Fig. 2b, the 3DOM structure is clearly observed,
which was maintained after the deposition of Pd by the reflux method.
In addition to the TEM analysis, SEM characterization was conducted to
verify the overall 3D morphologies of 3DOM Co3O4 after the deposition
of Pd. The 3DOM structure is clearly observed to be uniform over a
large area, highlighting the robust synthesis technique and the resulting
high surface area available for ORR and OER to occur. Detailed HR-
TEM inspection of the pristine 3DOM-Co3O4 surface shown in Fig. 2a-1
reveals the typical (001) BCC surface of Co3O4, while the surface par-
ticles shown in Fig. 2b-1 display the (111) FCC face of Pd, confirmed by
fast Fourier transform (FFT) diffraction. The elemental mapping of
3DOM-Co3O4 before Pd deposition shown in Fig. 2a-2 reveals Co and O
distributed throughout the 3DOM backbone. The elemental mapping of
Pd@3DOM-Co3O4, on the other hand, reveals a mostly uniform dis-
tribution of Pd (with a few regions with higher concentration) in ad-
dition to Co and O as presented in Fig. 2b-2.

Additionally, the XRD pattern of Pd@3DOM-Co3O4 (Fig. 2a) shows
typical peaks representative of both FCC Pd and BCC Co3O4, as ob-
served in the TEM images before and after Pd deposition. The XRD
patterns of Pd@3DOM-Co3O4 and 3DOM-Co3O4 (Fig. 2c-1 and c-2) are
consistent with those of bulk Pd and Co3O4 (Fig. 2c-3 and c-4) obtained
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from ICSD #64,915 and #24210, respectively, confirming successful
formation of the Pd@3DOM-Co3O4 composite. The hierarchically
porous morphology of Pd@3DOM-Co3O4 gives rise to a high specific
surface area, which increases the active site exposure for the oxygen
reactions. To confirm this, the N2 adsorption-desorption isotherm of
Pd@3DOM-Co3O4 was obtained (Fig. 2d), which showed a typical type
IV isotherm with a type II contribution and a clear H3 hysteresis loop in
the higher relative pressure (P/Po) range of 0.45–1.0, which are char-
acteristics of a mesoporous structure. The BET measurement revealed a
specific surface area of 48.1 m2g−1 and the BJH adsorption pore dis-
tribution result (Inset of Fig. 2d) indicated the existence of mesopores
with a dominant pore diameter of 170 nm, consistent with pore sizes
observed in the micrographs above. The 3DOM structure is particularly
beneficial in terms of facilitating the diffusion of gaseous oxygen and
liquid electrolyte as well as improving the active material utilization,
resulting in an overall electrochemical performance enhancement.

To further elucidate the electronic structures and surface elemental
composition of the prepared 3DOM-Co3O4 and Pd@3DOM-Co3O4 ma-
terials, X-ray photoelectron spectroscopy (XPS) was conducted. As ex-
pected, the full XPS survey scan (Fig. 3a) of Pd@3DOM-Co3O4 (red line)
clearly revealed the existence of Co, Pd and O, while 3DOM-Co3O4

(blue line) showed only Co and O. Moreover, the high resolution Pd 3d
and Co 2p spectra of Pd@3DOM-Co3O4 (Fig. 3b and c) and 3DOM-
Co3O4 (Fig. 3d) were de-convoluted to investigate the relationship be-
tween the electronic structures and surface elemental composition of
the catalysts and their effects on electrocatalytic performances. In the d-
band center theory, the electronic structure of the surface metal and its
catalytic activity is correlated, and the core-level binding energy shift of
a metal is an indicator for changes in the center of the occupied d-states
[54,55]. The binding energy (BE) of the major spin–orbit split doublet

(Pd 3d5/2 and Pd 3d3/2) for Pd@3DOM-Co3O4 (Fig. 3b) appeared at
approximately 335.46 and 340.78 eV (red lines), respectively, which
are attributed to the presence of metallic Pd (Pd°). Another doublet,
with BEs for Pd 3d5/2 and 3d3/2 peaks at approximately 336.56 and
341.96 eV (blue lines) are attributed to a higher oxidation state similar
to that of PdO (Pd2+). The peak positions of metallic Pd are shifted to
higher BE as the d-d orbital hybridization increases between Pd and
Co3O4, compared with the core level BE (e.g., 335.3 eV for Pd 3d5/2) of
Pd nanoparticles supported on carbon as shown in our previous study
[55]. This indicates that the d-band center value of Pd on 3DOM-Co3O4

is downward shifted compared to that of pure Pd, suggesting the po-
tential to demonstrate a higher ORR activity. In the case of Co 2p in
Pd@3DOM-Co3O4 and 3DOM-Co3O4 (Fig. 3c and 3d, respectively), the
mixed valences of Co3+/Co2+ were evaluated. The mixed valences of
coexisting cobalt cations facilitate electron transfer by donor-acceptor
chemisorption for reversible oxygen adsorption and desorption in the
cubic spinel structure [55,56]. The BEs of Co3+ (Co 2p3/2 and Co 2p1/2)
were observed at 780.86 and 796.06 eV (red lines in Fig. 3c) for Pd@
3DOM-Co3O4, and 779.52 and 794.72 eV (red lines in Fig. 3d) for
Co3O4, respectively. In Pd@3DOM-Co3O4, the Co3+/Co2+ ratio was
relatively higher than in Co3O4 indicating that some Co2+ was oxidized
to Co3+ after Pd deposition. This led to electron transfer from Co3O4 to
metallic Pd, resulting in a downward shift of the d-band center of Pd on
3DOM-Co3O4, which enhances the ORR activity. Regarding OER ac-
tivity of Co3O4, there is a debate about whether Co2+ or Co3+ is the
active site. Among recently reported studies, Wang et al. demonstrated
Co2+ is the active site using a series of in operando techniques [57],
whereas P. W. Menezes et al. have claimed Co2+ is catalytically inactive
citing several reports [58,59]. Likewise, Siwen et al. have demonstrated
Co3+ is more catalytically active than Co2+ for OER by synthesizing

Fig. 1. Schematic synthesis of Pd-deposited 3D ordered mesoporous spinel cobalt oxide (Pd@3DOM-Co3O4).
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Co3+ rich composition [60]. Our results support the latter work, since
increased Co3+ density in the Pd@3DOM-Co3O4 revealed higher OER
catalytic activity.

To investigate the electrocatalytic activities of Pd@3DOM-Co3O4

toward both ORR (O2+2H2O+4e−→4OH−) and OER (4OH−→
O2+2H2O+4e−), rotating disk electrode (RDE) voltammetry was
carried out in the half-cell condition [15,61]. The cyclic voltammetry
(CV) of Pd@3DOM-Co3O4, 3DOM-Co3O4, Pt/C, Pd/C and Ir/C was
conducted in N2-saturated 0.1M KOH, with results shown in Fig. S1.
ORR polarization curves shown in Fig. 4a and Fig. S2 demonstrated
superior catalytic activity of Pd@3DOM-Co3O4 towards ORR in com-
parison to 3DOM-Co3O4 as well as Pt/C, Pd/C and Ir/C precious-metal
benchmark catalysts, by evaluating the half-wave potential (E1/2),
specific kinetic current (jk) normalized by geometric area, and ORR
potential at the current density of − 0.1mA cm−2 (EORR) (refer to
Table 1). Particularly, Pd@3DOM-Co3O4 is observed to demonstrate
comparable E1/2, EORR, and jk (0.881 V, 0.986 V, and 2.74mA cm−2 at

0.9 V vs. RHE, respectively) compared to those of state-of-the-art Pt/C
(0.898 V, 1.00 V, and 3.71mA cm−2 at 0.9 V vs. RHE, respectively)
[62]. Meanwhile, the ORR curve of Pd/C exhibits a negatively shifted
E1/2, EORR, and lower jk (0.861 V, 0.981 V, and 1.59mA cm−2 at 0.9 V
vs. RHE, respectively) compared to those of Pt/C. Moreover, the
number of electrons transferred (n) during ORR on Pd@3DOM-Co3O4

was obtained to investigate the electron pathway of the electro-
catalytically active sites (Fig. S5). The K–L slope obtained by the Kou-
tecky–Levich (K–L) plot corresponded to almost four electrons (n≈3.9)
transferred, demonstrating a pseudo-four electron pathway, which is
further indicative of the excellent ORR kinetics of Pd@3DOM-Co3O4.

Besides the electrochemical ORR activity, OER activity of the cat-
alysts were investigated by CV as shown in Fig. 4b and Fig. S3. Both Pd/
C and Pt/C demonstrated poor OER activities with current density
lower than 13mA cm−2 at 2.0 V, which was expected due to their well-
known insufficient bifunctionality towards both oxygen reactions.
3DOM-Co3O4, on the other hand, demonstrated significantly higher

Fig. 2. Morphological and structural characterization of Pd@3DOM-Co3O4. a and b) HRTEM images of 3DOM-Co3O4 and Pd@3DOM-Co3O4, respectively (Scale bar,
50 nm), with (a-1 and b-1) selected area electron diffraction (SAED) pattern (Scale bar, 5 nm) and (a-2 and b-2) element mapping images including cobalt (green), Pd
(yellow), and oxygen (red) (Scale bar, 50 nm), c) X-ray diffraction (XRD) patterns of (c-1) Pd@3DOM-Co3O4 and (c-2) 3DOM-Co3O4 investigated in this study, and
the bulk (c-3) Pd and (c-4) Co3O4, calculated XRD patterns based on ICSD, d) Nitrogen adsorption–desorption isotherm (Red) and pore size distribution (Blue) of Pd@
3DOM-Co3O4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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OER activity with a relatively lower overpotential of 0.41 V (1.64 V vs.
RHE at 2.0 mA cm−2) and much higher current density of 34.8 mA
cm−2 at 2.0 V due to its structural advantages discussed above. Inter-
estingly, Pd@3DOM-Co3O4 demonstrated even higher current density
of 41.3mA cm−2 at 2.0 V with a lower overpotential of 0.38 V relative
to 3DOM-Co3O4. When compared to Ir/C (one of the best known OER
benchmark noble catalysts), which demonstrated a very high EOER
(1.57 V vs. RHE) and current density at 2.0 V (40.6 mA cm−2), Pd@
3DOM-Co3O4 performed very similarly in terms of both EOER and cur-
rent density. The comprehensive electrochemical results are shown in
Table 1. In brief, Pd@3DOM-Co3O4 demonstrates enhanced bifunc-
tional activities towards both ORR and OER, which is attributed to the
synergy between chemically deposited-Pd and 3DOM-Co3O4. This will
be further discussed and elucidated by ab-initio computational studies.

The DFT calculations provide insight into the electronic structure
and corroborate the enhanced electrocatalytic activity of Pd@3DOM-
Co3O4. Through modification of the electronic band structure by Pd-
deposition, the electron abundance at the Fermi level is increased in the
DOS of Co (Fig. S5) leading to higher electrical conductivity of Pd@
3DOM-Co3O4 than 3DOM-Co3O4 alone. This indicates the chemical
deposition of Pd helps Co3O4 to have much improved electrical con-
ductivity jumping over the poor nature of Co3O4 itself and this triggers
more rapid electron transfers during both oxygen reactions (ORR and
OER), resulting in improved electrocatalytic activities. Regarding
oxygen adsorption kinetics through d-band theory [32,35], Pd typically
has a high-lying d-band center (εd=−1.82 eV) that increases oxygen
binding energy, leading to slower kinetics for ORR [27,34,55]. The
combination of deposited Pd with the 3DOM-Co3O4 support, however,
results in improved ORR performance of Pd@3DOM-Co3O4. This is
attributed to the modified electronic structure of chemically deposited
Pd, resulting in a low-lying d-band weight (εd=−1.98 eV, calculated
as described in the experimental section) which designates weaker
bonding with oxygen.

The degradation pathways of catalysts in electrochemical devices are

known to proceed by electrochemical dissolution of metals, oxide forma-
tion, agglomeration, and corrosion of support materials [40,41,63,64]. In
metal-air batteries, high potentials incurred during charging pose harsh
conditions for catalysts to retain their original electrochemical surface
properties and electrocatalytic activities due to the extremely oxidative
irreversible reactions [65]. To demonstrate and explain the excellent
electrocatalytic durability of Pd@3DOM-Co3O4, direct electrochemical
dissolutions of metal catalysts and corrosion of carbon supports were in-
vestigated through both experiment and ab-initio study (see the initial
models of the catalysts surface in Fig. S4 and S6). Accelerated degradation
testing (ADT) was conducted via repetitive CV (1000 cycles) in the OER
potential region with a scan rate of 50mV s−1 to systematically evaluate
the electrocatalytic stability of Pd@3DOM-Co3O4 towards OER relative to
the other catalysts. After 1000 repetitive OER cycles (only 100 cycles
applied to Pd/C and Pt/C), the polarization curves and current densities
obtained at 2.0 V vs. RHE for each catalyst are summarized in Fig. 4d and
f, respectively, and in Table 1. The highest current retention (at 2.0 V vs.
RHE) was observed with Pd@3DOM-Co3O4 (96.4%) compared to 3DOM-
Co3O4 and benchmarks Pd/C and Ir/C (71.8%, 29.8%, and 30.8%, re-
spectively). This highlights the extremely durable nature of Pd@3DOM-
Co3O4 towards the electrochemical oxidative conditions of OER typically
occurring in the high overpotential range. Similarly for ORR, Pd@3DOM-
Co3O4 demonstrates negligible half-wave potential and specific kinetic
current losses with very high retentions of 99.5% and 84.6%, respectively,
compared to those of Pt/C (71.7% and 7.2%), and Pd/C (73.5% and 7.5%)
as shown in Fig. 4c and e, which is in good agreement with the durability
results in OER. 3DOM-Co3O4 without Pd displays very low specific kinetic
current densities at 0.9 V vs. RHE both before and after ADT due to the
facts that it has virtually no electrochemical ORR activity at 0.9 V vs. RHE
and the onset potential is more negative than 0.9 V, as demonstrated in
Fig. 4a and c. Based on these electrochemical tests, superior ORR and OER
activities and excellent electrochemical durability of Pd@3DOM-Co3O4

were clearly observed, which will be further investigated by DFT com-
putational analysis.

Fig. 3. Investigations on catalyst surface information of Pd@3DOM-Co3O4 by X-ray photoelectron spectroscopy (XPS). a) full XPS survey scan of Pd@3DOM-Co3O4

and 3DOM-Co3O4 and deconvoluted Pd 3d (b) and Co 2p (c) peaks in Pd@3DOM-Co3O4 and Co 2p (d) peak in 3DOM-Co3O4.
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To understand the fundamental mechanisms behind the high elec-
trochemical stability of Pd@3DOM-Co3O4, two basic chemical reactions
were considered for employing ab-initio calculations as shown in the
following equations (Eqs. (1) and (2)):

↔ −+ −Pd Pd e2aq
2

, (1)

+ ↔ + ++ −C H O CO H e2 4 4S aq g2 , 2, (2)

Pd13 and Pd55 nanoparticles (Fig. 5a) and slab models of Pd (111)
(Fig. 5b), Co3O4 (001) (Fig. 5c) and Pd monolayer deposited on Co3O4

(001) (Fig. 5d) were designed to investigate the Pd dissolution potential
(Udiss,Pd) as a descriptor for thermodynamic stability. The Udiss,Pd con-
siders the outermost M shell of the Pd nanoparticle and the Pd mono-
layer on Co3O4, as given by the following chemical equations (Eqs. (3)
and (4), respectively):

↔ + +−
+ −Pd Pd mPd aq me( ) 2n n m

2 (3)

↔ + ++ −Pd Co O mPd aq me Co O@( ) ( ) 2 ( )m l l3 4
2

3 4 (4)

The standard Gibbs energy of reaction for dissolution of the Pd

particle and the Pd monolayer on Co3O4 can be expressed as follows
(Eqs. (5) and (6), respectively):

= + + −

− +

∘ ∘
−

∘ + ∘

∘

+ΔG μ Pd m μ Pd kT a m μ eΔU
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∘

∘
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3 4 @ ( )

l

n l

2

3 4

3 4 (6)

where μº is the standard chemical potential, k is the Boltzmann con-
stant, a is the activity coefficient and T is the temperature. Then, the
Udiss,Pd was derived based on the free energy via the following equations
(Eqs. (7) and (8)):

= + + −−U U
me

mE Pd E Pd E Pd1
2

{ ( ) ( ) ( )}diss Pd bulk bulk n m n, (7)

= + + −U U
ne

E Pd E Co O E Pd Co O1
2

{ ( ) (( ) ) ( @( ) )}diss Pd bulk n l n l, 3 4 3 4 (8)

Fig. 4. Evaluation of oxygen reduction and evolution reaction (ORR and OER). a and b) initial ORR and OER polarization curves of Pd@3DOM-Co3O4, 3DOM-Co3O4,
Pd/C, and Pt/C or Ir/C, respectively, and (c and d) final (after accelerated degradation testing (ADT)) ORR and OER polarization curves of Pd@3DOM-Co3O4, 3DOM-
Co3O4, Pd/C, and Pt/C or Ir/C, respectively, (e) changes in specific kinetic current density and ORR half-wave potential of the electrocatalysts before and after ADT,
(f) change in OER current density at 2.0 V vs. RHE of the electrocatalysts before and after ADT.
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The dissolution potentials of various forms of Pd are arranged in
Fig. 5i. The reaction potentials shown in Fig. 5i are calculated based on
the standard hydrogen electrode (SHE) to show all of the reactions that
are relevant to the operation of a rechargeable zinc-air battery on a
single potential scale. The calculated Ubulk of Pd slab model (bulk sur-
face, Fig. 5b) of 0.81 V vs. SHE is found to be lower than Udiss of Pt
(1.01 V vs SHE). The Udiss of Pd13 and Pd55 nanoparticles (Fig. 5a) in
DFT design are determined to be 0.16 and 0.49 V vs. SHE, respectively.
The larger Pd55 particle resulted in higher dissolution potential, in-
dicating higher electrochemical stability as supported in previous re-
ports [39,66]. In the Zn-air battery chemistry, the oxygen reduction
potential at the air electrode is 0.4 V vs. SHE, which means the smaller
sized Pd13 nanoparticle with a diameter of 0.5 nm is thermodynamically
unstable. Although the Pd55 nanoparticle with a diameter of 1.1 nm
maintains its solid phase with relatively higher thermodynamic stability
within the potential range, it is likely to dissolve at potentials above
0.49 V vs. SHE during charging of the Zn-air battery (E°> 1.65 V and
E(air electrode)> 0.4 V). Interestingly, in contrast, the Udiss,Pd of Pd
monolayer on Co3O4 (Fig. 5d) is comparable to the Udiss,Pd of Pd bulk,
which means the catalyst is likely to maintain its solid phase if the
cathode potential of the battery can be maintained below 0.74 V vs.
SHE. This computational prediction of a relatively high Udiss,Pd of Pd on
3DOM-Co3O4 is consistent with the experimentally observed extreme
durability of Pd@3DOM-Co3O4 in the half-cell evaluation discussed
earlier.

High surface area carbon materials are commonly used as catalyst
supports to provide efficient pathways for electron transfer and facil-
itate reactant flux, as well as to disperse nano-sized catalyst particles
that tend to agglomerate due to high surface energies [67]. Particularly
for oxide materials such as Co3O4 that have intrinsically lower electrical
conductivity than metals, they are usually combined with carbon ma-
terials to effectively utilize their ORR/OER catalytic properties [17,18].
For rechargeable Zn-air battery testing conducted in this study, Pd@
3DOM-Co3O4 was dispersed on a microporous layer made of carbon
GDL, which acts as a conductive and porous support. Therefore, it is

important to understand the electrochemical corrosion mechanism of
the carbon support since it has direct influence on the cycle life of the
battery. Accordingly, to simulate stability of the carbon material sup-
porting various catalysts, a carbon monolayer (e.g. graphene) was de-
signed on Pd (111), Ir(111), Co3O4 (001), and Pd@Co3O4 (001) as
shown in Fig. 5e-h (initial models in Fig. S7).

The calculation of the equilibrium potential for carbon corrosion
(Ucorr,C) starts with Eq. [9] shown below, which represents the reaction
of carbon oxidation on the supported catalysts.

+ ↔ + + ++ −C Supp H O pCO Supp pH pe/ . 2 . 4 4p aq g2 , 2, (9)

The Ucorr,C on graphene can be obtained via calculating the change in
the standard Gibbs free energy (ΔG°) as described in Eq. (10) below.

= + + +

+ + + −

− + − +

∘ ∘ ∘

∘ ∘

∘

+ +

ΔG p μ kT a μ kT a

p μ kT a p μ eΔU

μ kT a p μ H O kT a

( ln ) ( ln )

4 ( ln ) 4 ( )
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/ ., / ., 2 , ,p p

2, 2

2
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Lastly, the Ucorr,C was derived based on the free energy above Eq. (10)
as presented in the following equation (Eq. (11));

= + − − −

− ×

U
pe

E pE pE E pE

p pH

1
4

( 2 2

4 0.059 )

corr C C Supp s H O aq CO g Supp s H, / ., , , .,p g2 2 2,

(11)

where the support (Supp.) is Pd, Ir, Co3O4 or Pd@Co3O4 in each case.
Graphite is oxidized at potentials over 0.207 V vs. RHE, which is the
standard potential for the electrochemical oxidation of carbon in aqu-
eous electrolyte [68]. The Ucorr,C of a graphene monolayer was eval-
uated to be 0.196 V, which is slightly lower than graphite designed by
DFT model as exhibited in Fig. S8. Interestingly, Ucorr,C is significantly
decreased when carbon is deposited on noble metals and metal oxides,
with values of 0.065, 0.078 V, and −0.034 V vs. SHE on Pd, Ir, and
Co3O4 surfaces, respectively. Pd/C has a very low electrochemical sta-
bility and demonstrated severe degradation during exposure to high
OER potentials as shown in Fig. 4a-d (Pt/C shows a similar result in
Fig. 4a and c, and S3), which is attributed to the fact that the dissolution
of carbon accelerates the agglomeration and loss of Pt and Pd nano-
particles. Accordingly, their low Ucorr,C likely led to the catalyst deac-
tivation only after 100 OER cycles, resulting in significantly negative
shifted E1/2 by 214mV and 257mV, respectively (refer to Table 1).
Similarly, Ir/C shows severe degradation having E1/2 negatively shifted
by 128mV after ADT, although the degree of degradation is less than Pt
and Pd. The degradation of Ir/C observed experimentally is most likely
due to the dissolution of Ir as well as carbon corrosion. Meanwhile,
despite the lower Ucorr,C, 3DOM-Co3O4 demonstrates much greater OER
durability than carbon-supported noble metals in the experiment,
which is due to its stability in alkaline media within the OER potential
range [69]. In the case of Pd@3DOM-Co3O4, however, it is revealed
that the Ucorr,C of the carbon monolayer on Pd@3DOM-Co3O4 is sig-
nificantly increased with a value of 0.1 V vs. SHE, which predicts a
much inhibited rate of carbon corrosion. This is consistent with the
experimentally observed excellent stability of Pd@3DOM-Co3O4,
having only slightly shifted to the final EOER of 1.67 V after ADT from
the initial performance of 1.61 V. More notably, as determined pre-
viously, the OER current retention of Pd@3DOM-Co3O4 after 1000 OER
cycles was 96.4%, whereas 3DOM-Co3O4 itself and Ir/C only retained
71.8% and 30.8% of the initial activity, respectively.

In addition to half-cell testing, Pd@3DOM-Co3O4 was tested as a
bifunctional catalyst in an electrically rechargeable Zn-air battery
prototype (Fig. S9). Fig. 6a shows the charge and discharge polarization
curves of various electrocatalysts. Although the open circuit voltage
(OCV) for Pd@3DOM-Co3O4 (1.43 V) is slightly lower than that for Pt/C
(1.46 V), the discharge potential is highly competitive to that of Pt/C
particularly at higher current densities. In contrast, 3DOM-Co3O4 and

Table 1
Comparison of ORR and OER activity data before/after acceleration degrada-
tion testing (ADT) (1000 cycles in potential range from 1.0 V to 2.0 V vs. RHE
among various catalysts.

ORR

Catalysts EORRa @ − 0.1
mA cm−2, V

E1/2b, V jk,
mA cm−2 @ 0.9 V

Before After Before After Before After

Pd@3DOM-Co3O4 0.986 0.978 0.881 0.877 2.737 2.316
3DOM-Co3O4 0.733 0.723 0.620 0.605 –
Ir/C 0.881 0.784 0.772 0.637 –
Pd/C 0.981 0.785 0.861 0.633* 1.594 0.119
Pt/C 1.00 0.913 0.898 0.641* 3.713 0.269

OER ΔEd (=Ec-Ea), V

Catalysts EOERc @
2mA cm−2, V

j @ 2 V vs. RHE,
mA cm−2

Before After Before After Before After

Pd@3DOM-Co3O4 1.611 1.666 41.3 39.8 0.625 0.683
3DOM-Co3O4 1.641 1.672 34.8 25.0 0.908 0.949
Ir/C 1.573 1.728 40.6 12.5 0.692 0.944
Pd/C 1.725 1.961 9.27 2.76 0.744 1.176
Pt/C 1.675 2 < 12.2 1.72 0.675 2 <

EORRa = EORR defined at − 0.1 mA cm−2.
E1/2b = Half-wave potential.
EOERc = EOER defined at 2 mA cm−2.
* potentials of the catalysts were obtained only after 100 cycle in ADT.
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Ir/C demonstrate relatively lower discharge potentials and greater loss
of activity at high current densities, resulting in larger overpotentials
and lower efficiency. During charging, Pd@3DOM-Co3O4 shows com-
parable charge potential to that of Ir/C, while the overpotential of Pd@
3DOM-Co3O4 is much lower than that of Ir/C in the low current density
region. Taken together, Pd@3DOM-Co3O4 demonstrates enhanced bi-
functional electrocatalytic activity with the least overpotential over the
large range of applied charge and discharge current densities, which is
consistent with the trends observed from both ORR and OER half-cell
evaluations (Table 1). As shown in Fig. 6b, the electrically rechargeable
Zn-air battery with Pd@3DOM-Co3O4 exhibits great rechargeability as
well as synergistically improved activity, where the catalyst demon-
strates far lower initial overpotential (0.84 V at 10mA cm−2) between

discharge and charge potentials than those with Pt/C (0.89 V), Ir/C
(0.86 V) and Co3O4 (1.0 V). The battery reliably operated for 300
charge/discharge cycles over a period of 50 h (10min per a charge/
discharge cycle) while effectively retaining its initial performance,
which is significantly greater than 3DOM-Co3O4 (210 cycles), Pt/C (6
cycles), and Ir/C (170 cycles). Moreover, a more extensive cycling test
was conducted with one charge/discharge cycle lasting 10 h to explore
the long term durability of Pd@3DOM-Co3O4, with results shown in
Fig. 6c. As expected, Pd@3DOM-Co3O4 demonstrated not only the least
overpotential (0.66 V at 1mA cm−2), but also the longest cycle life
without severe performance loss over 500 h, indicating its enhance-
ments in terms of both electrocatalytic activity and stability. 3DOM-
Co3O4 itself showed a moderate cycle life, with considerable

Fig. 5. Considered DFT models, and schematic equilibrium potentials in Zn-air cell denoting the Udiss,Pd and Ucorr,C of Pd and carbon. a) Relaxed Pd13 and Pd55
nanoparticles, and slab models of (b) Pd (111) (c) Co3O4 (001) and (d) Pd monolayer deposited on Co3O4 (001), and the designed models of graphene deposited on
(e) Pd, (f) Ir, (g) Co3O4 (001) and (h) Pd@Co3O4 (001) after structural relaxation. (i) Potential window illustrating relevant electrochemical reactions and dissolution
potentials of carbon and Pd.
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performance loss starting at the 40th cycle and drastically increased
overpotentials thereafter, resulting in significant degradation of charge
and discharge performances. Meanwhile, the precious-metal bench-
mark catalyst Pt/C lost its stable discharge and charge activities within
the first cycle, indicating its instability in the high potential range
during the charge process of the battery, whereas the performance of
Ir/C degraded relatively slowly, terminating after 26 cycles of battery
operation. The excellent rechargeability and extended cycle life ob-
served with Pd@3DOM-Co3O4 are most likely due to three main im-
provements: (i) a decrease in the d-band center of Pd (-1.98 eV) and the
enhanced electron abundance at the Fermi level achieved by chemical
deposition of Pd, which promotes increased kinetics of oxygen reactions
and facilitates faster charge transfer, respectively, resulting in improved
electrocatalytic activity and electrical conductivity, (ii) relatively
higher carbon corrosion potential for Pd@3DOM-Co3O4 (Ucorr,C=0.1 V
vs. SHE), resulting in less corroded surfaces and (iii) the increase in
dissolution potential of Pd deposits within Pd@3DOM-Co3O4

(Udiss,Pd=0.74 V vs. SHE), leading to both a thermodynamically and
electrochemically stable catalyst even at high charging potentials
within the Zn-air battery.

4. Conclusions

The bifunctional ORR and OER activities and electrochemical sta-
bility observed with a unique three-dimensionally ordered mesoporous
Pd@3DOM-Co3O4 catalyst were elucidated by electrochemical testing
and ab-initio computational calculation (DFT). Experimentally, both
ORR and OER activities were observed to benefit from synergistically
combining chemically deposited Pd and 3DOM-Co3O4, resulting in ac-
tivities greater than those of the individual components. Specifically,
Pd@3DOM-Co3O4 showed a comparable half-wave potential (E1/2) of
0.881 V to that of the precious metal benchmark Pt/C (0.898 V) during
ORR and significantly higher current density (41.3mA cm−2 at 2.0 V
vs. RHE) and lower overpotential (0.38 V) compared to the precious

metal benchmark Ir/C (40.6 mA cm−2 and 0.34 V) during OER. Both
computational and physicochemical investigations were utilized to
elucidate high bifunctional activities demonstrated by Pd@3DOM-
Co3O4. Not only did the modified electronic structure of Pd on 3DOM-
Co3O4 result in a downward shift in ε d of Pd that weakens the bond
with oxygen, resulting in increased ORR kinetics, but it also increased
Co3+ active sites in Co3O4 after Pd deposition leading to improvements
in the OER activity. Additionally, electron abundance at the Fermi level
in the DOS of Co in Pd@3DOM-Co3O4 enhances its electrical con-
ductivity, promoting a rapid charge transfer during both oxygen reac-
tions. Besides the enhanced bifunctional oxygen electrocatalysis, Pd@
3DOM-Co3O4 shows remarkable electrochemical stability in the se-
verely oxidative potential range of OER. After 1000 cycles of ac-
celerated degradation testing, Pd@3DOM-Co3O4 demonstrated very
high retentions of 99.5% and 84.6% of its initial half-wave potential
and specific kinetic current, respectively, compared to those of Pt/C
(71.7% and 7.2%) and Pd/C (73.5% and 7.5%). Moreover, while
3DOM-Co3O4 without Pd and Ir/C showed high losses in their OER
activity displaying 71.8% and 30.8% OER current retention, respec-
tively, excellent OER stability was observed with Pd@3DOM-Co3O4

showing 96.4% OER current retention. The superior experimentally-
observed electrochemical durability was corroborated by DFT compu-
tational investigations of the bulk-like dissolution potential of Pd on
3DOM-Co3O4 and the high corrosion potential of carbon on Pd@3DOM-
Co3O4. The remarkable electrochemical activities and stabilities of Pd@
3DOM-Co3O4 resulted in excellent rechargeability of a prototype Zn-air
battery, which demonstrates the attractiveness of the computationally-
aided catalyst design demonstrated in this work.
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