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A B S T R A C T

The development of earth-abundant and cost-effective electro-catalysts at the air cathodes for both oxygen
reduction and evolution reactions (ORR and OER) with sluggish kinetics are central to the overall performance of
rechargeable metal-air batteries, remaining an issue that is gaining increasing interest in recent years. Herein, we
report a nitrogen-doped mesoporous carbon supported clustered CoOx composite catalyst (CoOx/NMC) synthe-
sized from the anchored atomically dispersed CoOOH species by an efficient two-step nucleation method. Due to
the synergistic and size effects, CoOx/NMC exhibits an enhanced bifunctional electrocatalytic performance in
alkaline media than the state of the art commercial Pt/C catalyst for ORR and the OER catalyst (Ir/C). More
importantly, the advanced CoOx/NMC catalyst enables recharge Zn-air batteries (ZABs) to achieve long-term
cycling performance over 400 h by galvanostatic charge-discharge at current density of 10 mA cm�2 with high
efficiency, suggesting a very promising alternative to the conventional Pt/C and Ir/C catalysts for an air cathode.
Rechargeable metal-air batteries, especially Zn-air batteries (ZABs)
have been targeted as one of the most promising energy storage systems
for future electric vehicles and other next-generation portable devices,
because of their high theoretical energy density, low cost, environmental
friendliness and improved safety [1–3]. The efficiency of
charge-discharge processes of ZABs is significantly restrained by the
oxygen electrode electro-catalysis at air cathodes, where the oxygen
reduction reaction (ORR) is stimulated by electrons from the current
collector and combine with metal dissolved in the electrolyte during
discharging, and the reverse oxygen evolution reaction (OER) process
occurs during charging [4,5]. However, the multistep and
proton-coupled electron transfer processes of the reversible oxygen re-
actions lead to sluggish kinetics for ORR/OER, which has been the
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long-standing bottlenecks of inefficient and unideal lifetime [6,7].
Therefore, the major challenge for ZABs is the development of stable and
effective bifunctional electrocatalysts, possibly working in aqueous
electrolytes with air as the oxygen source. Although
precious-metal-based electrocatalysts (Pt, Ru, Ir, and their alloys) have
been used as oxygen electrocatalysts, their insufficient catalytic bifunc-
tionality, high cost, and scarcity still impede the large-scale commer-
cialization of ZABs technology [6–8]. Hence, the development of
earth-abundant, low-cost, highly efficient and durable bifunctional
electrocatalysts is inevitable for designing advanced rechargeable
metal-air batteries [9–11].

Alternatively, various transition-based catalysts with high activity
and good durability have been extensively studied, such as transition-
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based metal oxides [12–14], chalcogenides [15], nitrides [16,17],
metal-heteroatom doped carbon materials and carbon hybrids [18–20].
Among these catalysts, N-doped carbon materials supported metal oxide
(especially CoOx-based oxides) composite catalysts have attracted
considerable attentions, due to their unique 3d electronic configurations
and high surface chemical activity as well as the high charge transport
capacity of carbon matrix [21,22]. For example, Muhler and co-workers
obtained highly active bifunctional electrocatalysts for oxygen electrodes
comprising core-shell Co@Co3O4 nanoparticles embedded in
CNT-grafted N-doped carbon-polyhedra obtained by the direct pyrolysis
of cobalt metal-organic framework (ZIF-67) in a reductive H2 atmosphere
and subsequent controlled oxidative calcination [23]. Chen et al. also
developed a hybrid of interpenetrating metallic Co and spinel Co3O4
“janus” nanoparticles stitched in porous graphitizes shells
(Co/Co3O4@PGS) as an efficient bifunctional electrocatalyst for oxygen
reduction and evolution reactions, via an ionic exchange and the
following pyrolysis induced redox between Co2þ and 2D
metal-organic-framework nanosheets [24]. However, conventional syn-
thesis by thermal pyrolysis metal-containing precursor cannot control the
chemical state of Co species (uncontrollable size, morphology and
structure of active sites), which will severely hinder the electron transfer
and reaction processes and thus result in sluggish reaction kinetics and
larger polarizations [25]. To solve these problems and yield
Fig. 1. Materials design and morphology characterization: (a) Schematic illus
different magnifications of (b–d) CoOOH/NMC with supported atomically dispersed
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high-performance, it is essential to synergistically optimize the catalytic
reactivity and electrical conductivity by understanding and controlling
the formation of active sites on suitable carbon substrates, which still
remains an open question and challenge.

In this study, ultrafine CoOx clusters (2–3 nm) deriving from atomi-
cally dispersed CoOOH species werefabricated on the surface of nitrogen-
doped mesoporous carbon (NMC) substrates by developing a novel two-
step synthesis, which exhibits superior ORR/OER electrocatalytic per-
formance and enhanced power output capability toward ZABs. The
overall oxygen electrode activity can be evaluated by the difference (ΔE)
between half-wave potential (E1/2, determining the working discharge
voltage) of ORR and potential at 10 mA cm�2 (Ej¼10, controlling the
working charge voltage) for OER. It is found that CoOx/NMC exhibits a
smaller difference values (ΔE1 ¼ 0.592 V) compared with Pt/C and Ir/C
coupled catalysts (ΔE2¼ 0.693 V), indicating a superior bifunctionality of
CoOx/NMC composites as advanced electrode catalysts. Moreover, ZABs
assembled with CoOx/NMC air-cathode catalysts also present excellent
battery performance with a high open-circuit voltage about 1.48 V and
peak power density of 195.3 mW cm�2, which outperforms that of Pt/C
þ Ir/C and other recently reported nonprecious metals-based catalysts.

As schematic shown in Fig. 1a, the two-step synthetic route for
CoOx/NMC includes the nucleation-inhibited solution synthesis at �40
�C and succeeding annealing process at 500 �C in argon atmosphere, the
tration for the fabrication of CoOx/NMC composites. HAADF-STEM images at
species and (e–g) CoOx/NMC with supported ultrafine clusters (2–3 nm).
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final cobalt elements content confirmed by ICP-MS measurement is as
high as 11.51% (see details in the experimental section). The former
solution synthesis yields atomically dispersed species on NMC substrates
(CoOOH/NMC) by effectively suppressing nucleation formation, as
demonstrated by our previous works via both thermodynamic and ki-
netic control. In this synthesis route, borohydride (BH4

- ) ions are
employed to achieve the sustained release of hydroxyl ion (OH�) by
controlling their self-hydrolysis reaction at �40 �C, where the hydride
ions H� are firstly transferred from chemisorbed BH4

- ions to unoccupied
adjacent cobalt metal atoms, then react with the water molecules to
produce H2 and OH� ions [26]. The aberration-corrected high-angle
annular dark field-scanning transmission electron microscopy
(HAADF-STEM) of CoOOH/NMC intermediate at different magnifica-
tions (Fig. 1b–d), confirm that only atomically dispersed species
anchored onto NMC substrates from solution synthesis. After a mild
thermal annealing at 500 �C for 1 h with a heating rate of 1 �C min�1

under flowing Ar, STEM images (Fig. 1e–g and Fig. S1), particle size
distribution (Fig. S2) and elemental mappings (Fig. S3) all demonstrate
the formation of uniform and partially crystalline clusters with sized of
Fig. 2. Structure and composition characterizations: (a) XRD patterns of CoOx/NM
2p and (c) O 1s for CoOx/NMC, CoOOH/NMC. (d) Normalized X-ray absorption near
fine structure (EXAFS) spectra for the Co foil, Co3O4, CoO, CoOOH/NMC and CoOx/
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2.54 � 0.48 nm on NMC surface (CoOx/NMC), which matches well with
our schematic illustration and design. As shown in Fig. S4a, there are no
obvious diffraction patterns corresponding to cobalt oxides can be
observed in the selected area electron diffraction (SEAD) image, sug-
gesting that no large nanocrystals exist in CoOx/NMC sample. The
element species confirmed by EDS in Fig. S4b can be attributed to C, N, O
and Co, consistent with the mapping result of CoOx/NMC and demon-
strating the high purity of CoOx/NMC. In sharp contrast, a nanosheet-like
sample assembled from nanoparticles can be obtain by a controlled
room-temperature solution synthesis followed by thermal annealing
route. (Fig. S5), which also indicates the significant influence of
low-temperature solution reaction (i.e. the initial inhibition of nuclei
formation). The annealing temperature also affects the nucleation pro-
cess, the atomically dispersed CoOOH species on NMC substrate from
solution synthesis will dynamically aggregate into larger nanoparticles
when the annealing temperature is raised to 750 �C (CoOx/NMC-750)
and 900 �C (CoOx/NMC-900) as shown in Fig. S6.

To further identify the chemical states and coordination environment
of as-prepared samples, characterizations including X-ray diffraction
C, CoOOH/NMC and pure NMC substrate. High-resolution XPS spectra of (b) Co
edge structure (XANES) spectra at Co K-edge and (e) Extended X-ray absorption
NMC.
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(XRD), X-ray photoelectron spectroscopy (XPS) and X-ray absorption fine
structure (XAFS) were performed. As displayed in Fig. 2a, two additional
Co3O4 (311) and CoO (220) peaks can be indexed for CoOx/NMC sample,
while CoOOH/NMC intermediate exhibits no obvious cobalt-based peaks
and is almost identical to the pristine NMC substrates. However, Fig. S7
demonstrates that the formation of NaBO2 impurity without the inhibi-
tion of NaBH4 hydrolysis at room temperature. This result suggests that
the uncontaminated clusters will form from atomically dispersed species
synthesized at �40 �C during thermal annealing process. And there is no
B element in the final CoOx/NMC sample by further rinsing with plenty of
ultrapure water before and after annealing as shown in Fig. S8, which is
identical with results of EDS elemental mapping and spectrum. Analo-
gously, Fig. 2b displays the high-resolution Co 2p XPS spectra of CoOOH/
NMC and CoOx/NMC samples with a mixed cobalt element valence states
of Co2þ/Co3þ, where the two non-satellite peaks at 780.7 and 796.5 eV
are typical characteristic of CoO and Co3O4 respectively [27,28]. The
deconvoluted O 1s spectra exhibit three peaks at 529.7, 531.3 and 533.3
eV, ascribing to the surface lattice oxygen (OL), surface adsorbed hy-
droxyl groups (OOH) and chemisorbed water (OMW), respectively [29].
Obviously, the OL component in CoOx/NMC increases compared with
CoOOH/NMC, which also indicating a thermal transformation from
CoOOH to CoOx. In addition, a majority of pyridinic-N and graphitic-N
(centered at the binding energies of 400.8 and 398.5 eV, respectively)
can serve as effective binding to enhance interactions between supports
and metal atoms (Fig. S10) [30,31].

X-ray absorption fine structure (XAFS) spectroscopy is performed to
Fig. 3. Oxygen electrode catalytic performance of different catalysts in 1 M KO
and commercial Pt/C and Ir/C catalysts. Tafel plots of (b) the corresponding ORR pola
transfer number n (top) and H2O2 yield (bottom) vs. potential. Nyquist plots obtained
1.55 V (vs. RHE) in N2-saturated electrolyte. (g) Chronoamperometry (CA) curves of C
method for CoOx/NMC under (h) ORR and (i) OER conditions, where polarization c
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understand the oxidation state and coordination environments of Co-
containing compounds (as shown in Fig. 2d and e). A small peak ap-
pears on the pre-edge of CoOx/NMC in comparisons with standard CoO
and its intensity is weaker than that of Co3O4 (as shown in Fig. S11).
Different from highly symmetrical Co–O octahedron in CoO, this pre-
edge is mainly attributed to dipolar forbidden transition 1s to 3d char-
acteristic of the tetrahedrally coordinated Co2þ [32], due to that the
tetrahedral ligand field allows a dipolar transition, while only a quad-
rupolar transition is allowed for 1s to 3d in the octahedral symmetry
[33]. This fact also supports the trace of Co3O4 presented in CoOx/NMC.
Moreover, the white-line profile of CoOx/NMC resembles that of CoO
standard but differs from CoOOH@NMC, Co3O4 and Co foil, and the
absorption edge of CoOx/NMC locate between those of CoO and Co3O4,
supporting the possible coexistence of CoO and Co3O4 phase as revealed
by XRD and XPS results. Fig. 2e shows the coordination environment of
the Co atom evaluated by Fourier transformed (FT) using k3-weighted
extended X-ray absorption fine structure (EXAFS) spectra of Co K-edge.
Notably, CoOx/NMC sample exhibits two dominant peaks at 1.65 and
2.63 Å in R space, which are assigned to the nearest Co–O and Co–Co
coordination, respectively. Both of two peaks are weaker than that of
standard CoO, especially for the second peak. From EXAFS analysis in
Fig. S12a and Tables S1 and S3, the coordination numbers of O and Co
atoms are found to be 3.99 and 5.63, much lower than theoretical values
of CoO (6 and 12), suggesting the presence of abundant defects to boost
the catalytic properties [34]. The absorption edge of CoOOH@NMC is
similar to Co3O4, indicating the close average valence state of cobalt in
H: (a) Bifunctional ORR/OER polarization curves of CoOx/NMC, CoOOH/NMC
rizations curves and (c) the corresponding OER polarizations curves. (d) Electron
from EIS measurements at (e) 0.85 V (vs. RHE) in O2-saturated electrolyte and (f)
oOx/NMC at 1.49 V for OER and 0.90 V vs. RHE for ORR. Stability tests by ADT
urves are collected before and after 1000 CV cycles.
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these two materials, which is also confirmed by good fitting of FT curve
using both CoOOH and Co, rather than CoOOH itself (Figs. S12b and S9c,
Table S2). Therefore, the presence of both CoOOH and Co leads to the
decreasing valence states compared with CoOOH, agreeing well with XPS
results. Furthermore, we also perform a linear fitting of relationship
between valence state and E0 (the energy value of 0.5 of normalized
spectra) [35], where the average valences of CoOx/NMC and
CoOOH@NMC are found to be ~2.28 and 2.61, respectively (as shown in
Fig. 4. Rechargeable Zn-air battery performance with different catalysts: (a)
discharge polarization curves. (c) Power density and polarization plots. (d) Battery cy
cycle). (e) Detailed comparison between CoOx/NMC and other state-of-the-art O
power density.
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Fig. S13), consistent with the analyses of change of pre-edge peak and
Fourier transformed EXAFS, as well as curves-fitting results.

Fig. 3a shows the overall oxygen electrode polarization curves of
CoOx/NMC, CoOOH/NMC and commercial Pt/C coupled with Ir/C cat-
alysts in 1 M KOH solution, confirming the enhanced ORR and OER ac-
tivities of CoOx/NMC. The bifunctionality indicator (ΔE) between the
ORR half-wave potential (E1/2) and potential at the OER current density
of 10 mA cm�2 (Ej¼10) for CoOx/NMC catalyst is 0.592 V, much smaller
Schematic illustration for the charge and discharge process. (b) Charge and
cling test at charging and discharging current densities of 10 mA cm�2 (2 h per
RR/OER catalysts for cathodes, in view of open circuit potential (OCP) and
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than that of CoOOH/NMC (0.658 V) and Pt/C þ Ir/C (0.693 V) catalysts,
respectively. As shown in Figs. S14–15, the degradation of oxygen elec-
trode catalytic activity for CoOx/NMC, compared with other controlled
samples at different annealing temperatures, indicates the significant
influence of regulating nuclei formation. The excellent oxygen electrode
catalytic activity of CoOx/NMC catalysts is further evidenced by reaction
kinetics with the lowest Tafel slopes of 71.5 and 59.8mV dec�1 (Fig. 3b–c
and Fig. S14), respectively. The high selectivity of CoOx/NMC toward a
dominated 4 e� charge transfer has also been confirmed for ORR in
Fig. 3d. Table S7 also summarizes that CoOx/NMC exhibits a surpassed
bifunctional oxygen electrocatalytic activity with respect to recently re-
ported various cobalt oxides nanocatalysts. To illuminated the enhanced
oxygen-electrode activity of CoOx/NMC catalyst, the Nyquist plots ob-
tained from electrochemical impedance spectroscopy (EIS) measure-
ments have been provided. As shown in Fig. 3e and f and Table S8, CoOx/
NMC based electrodes exhibit the smallest charge-transfer resistance
(Rct1) for both ORR and OER, suggesting an enhanced electrochemical
reaction process. Moreover, the electrochemical durability and stability
are other critical criterions in evaluating the performance of the elec-
trocatalysts in practical applications. Fig. 3g shows that CoOx/NMC
catalysts can maintain the vast majority of ORR and OER activities (more
than 90% of initial current densities) for a 20 h long-termed chro-
noamperometry (CA) test. In addition, the continuous cyclic voltamme-
try (CV) scanning within the potential ranges of 0.57–1.07 V (vs. RHE)
for ORR and 1.02–1.72 V (vs. RHE) for OER at 100 mV s�1 in Fig. 3h and
i, also demonstrate that CoOx/NMC catalysts almost maintain an un-
changed catalytic activity with negligible decay in current density in
comparisons with CoOOH/NMC and Pt/C þ Ir/C catalysts (Fig. S16).
These results confirm that the ultrafine CoOx clusters loading can effec-
tively promote the ORR and OER performance under alkaline conditions.

Stimulated by the promising bifunctional activity discussed above, a
rechargeable Zn-air battery was fabricated with CoOx/NMC catalyst as
the air cathode as illustrated in Fig. 4a and Fig. S17. A mixture of state-of-
the-art commercial Pt/C and Ir/C with equal ratios was also tested in Zn-
air battery as the reference. The results show that CoOx@NMC-based
battery delivers an open-circuit voltage as high as 1.48 V, a much smaller
charge-discharge voltage gap especially at relatively high current den-
sities (Fig. 4b) and a higher peak power density of 195.3 mW cm�2

(Fig. 4c) than Pt/C þ Ir/C based battery and most recently reported
works [5,24,36–52], demonstrating the optimized performance of
CoOx/NMC catalysts. Fig. S18 displays the galvanostatic discharge curves
recorded at the discharge current density of 10 mA cm�2 with a voltage
plateaus of 1.17 V, and the calculated corresponding energy density,
relative to the normalized amount of zinc electrode consumed, is about
849.6 mWh g�1. The high power and energy densities can be attributed
to the efficient charge transfer ability and improved accessibility of
electrolyte as well as oxygen species of CoOx@NMC, serving as the
non-precious catalyst for Zn-air batteries. Moreover, the long-term
rechargeability for the air electrode as one of the most important fac-
tors is evaluated by galvanostatic charge-discharge at a current density of
10 mA cm�2 with each cycle 2 h for 200 cycles. As illustrated in Fig. 4d
and e, CoOx/NMC based ZABs provides a similar charge-discharge gap to
the noble-metal reference at initial dozens of cycles and maintain the
steady and lower voltage gap over 400 h, compared with the obviously
increased charge-discharge gap of noble metal-based Zn-air batteries. As
discussed above, the ZABs with CoOx/NMC catalysts exhibit a superior
charge-discharge capacity and stability due to their excellent bifunctional
ORR/OER electrocatalytic activity and stability, which outperforms most
of other recently reported low-cost bifunctional oxygen electrocatalysts
(Fig. 4f and Table S9).

In summary, we have demonstrated a highly efficient CoOx/NMC
bifunctional catalyst for a rechargeable Zn-air battery application by a
novel strategy, combining an ultralow temperature solution synthesis
with salt-assisted annealing. It is found that ultrafine CoOx cluster (sizes
of 2.54 � 0.48 nm) can be directly derived from supported atomically
dispersed CoOOH moieties, yielded from the sustained release of
161
hydroxyl ion (OH�) from the self-hydrolysis of borohydride (BH4
- ) ions at

�40 �C. Benefiting from the superior ORR and OER catalytic activities
and stabilities than Pt/C and Ir/C catalysts confirmed by the enhanced
Tafel kinetic and charge transfer, CoOx/NMC catalyst enables recharge
Zn-air batteries (ZABs) to achieve long-term cycling performance over
400 h at a current density of 10 mA cm�2 with high efficiency in alkaline
media. Considering the versatility of atomic scale regulation, this study
will further promote the rational design of efficient hybrid electro-
catalysts for diverse applications in renewable energy storage and
conversion.
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