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HIGHLIGHTS

e Spherical Co/MnO@NC is synthesized
by a hydrothermal-pyrolysis strategy.

e The catalyst displays notable ORR ac-
tivity (Jp = 5.1 mAcm ?) comparable to
Pt/C.

e Aqueous/solid-state ZABs exhibit high
power density (217.7/63.3 mW cm~?).
e Vacancies, conductivity and hydrophi-
licity =~ dominate  the  delightful

performance.
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GRAPHICAL ABSTRACT

ABSTRACT

The pursuit of efficient and economically viable catalysts for liquid/solid-state zinc-air batteries (ZABs) is of
paramount importance yet presents formidable challenge. Herein, we synthesized a vacancy-rich cobalt/man-
ganese oxide catalyst (Co/MnO@NC) stabilized on a nitrogen-doped mesoporous carbon (NC) nanosphere matrix
by leveraging hydrothermal and high-temperature pyrolysis strategy. The optimized Co/MnO@NC demonstrates
fast reaction kinetics and large limiting current densities comparable to commercial Pt/C in alkaline electrolyte
for oxygen reduction reaction (ORR). Moreover, the Co/MnO@NC serves as an incredible cathode material for
both liquid and flexible solid-state ZABs, delivering impressive peak power densities of 217.7 and 63.3 mW cm 2
and robust long-term stability (459 h), outperforming the state-of-the-art Pt/C and majority of the currently
reported catalysts. Research indicates that the superior performance of the Co/MnO@NC catalyst primarily stems
from the synergy between the heightened electrical conductivity of metallic Co and the regulatory capacity of
MnO on adsorbed oxygen intermediates. In addition, the abundance of vacancies regulates the electronic
configuration, and superhydrophilicity facilitates efficient electrolyte diffusion, thereby effectively ensuring
optimal contact between the active site and reactants. Besides, the coexisting NC layer avoids the shedding of
active sites, resulting in high stability. This work provides a viable approach for designing and advancing high-
performance liquid/solid-state ZABs, highlighting the great potential of energy storage technology.
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1. Introduction

Zinc-air batteries (ZABs) hold immense promise as a sustainable
energy technology due to their safe operation, eco-friendliness, high
energy density (1086 Wh kg™1), and economic viability [1,2]. The
escalating demand for portable and wearable electronic devices un-
derscores the imperative for high-performance energy storage and
conversion systems [3,4]. The oxygen reduction catalyst plays a pivotal
role in ZABs, impacting their cycling stability and lifespan. Unfortu-
nately, the sluggish kinetics of the oxygen reduction reaction (ORR) at
the ZAB cathode pose a significant challenge, hindering advancements
in overall ZAB performance [5,6]. Contemporarily, the commercializa-
tion of ORR faces challenges due to the high cost and limited availability
of precious metal catalysts such as Pt/C and RuO,/IrO3 [7,8]. Therefore,
exploring non-precious metal alternatives is crucial to meet the growing
need for sustainable energy [9,10].

Low-cost transition metals, including Fe, Co, Ni, and Mn based ma-
terials, have garnered attention for their remarkable electrocatalytic
activity [11]. Among these, manganese-based materials stand out as a
particularly promising option, boasting abundant reserves, affordable
prices, and notable environmental friendliness [12]. The redox inter-
action between MnOy facilitates charge transfer to oxygen species,
promoting the efficient decomposition of peroxides (HO3) [13].
Simultaneously, cobalt-based materials exhibit admirable catalytic ac-
tivity and excellent tolerance in alkaline solution [14]. Moreover,
surface-exposed carbon edge defects have proven effective in enhancing
catalytic activity [15]. Despite significant progress, the limited affinity
between transition metals and carbon carriers poses challenges to cat-
alytic stability [16]. Addressing this, recent studies emphasize the
pivotal role of synergistic integration between metals or metal oxides
and nitrogen-doped carbon (NC) [17]. This integration protects active
sites, enhancing catalyst stability and refining ORR kinetics [18]. Va-
cancies induce localized electronic and coordination unsaturation,
finely tuning the catalyst’s electronic structure and intrinsic catalytic
activity [19]. These intrinsic defects do not introduce foreign elements,
promoting structural integrity and durability [20]. Consequently, inte-
grating carbon materials, introducing defects/vacancies, and forming
heterostructures can modulate the electronic structure, optimizing the
adsorption/desorption of reactant intermediates and products [21]. This
synergistic approach significantly enhances reactivity, resulting in su-
perior ORR electrocatalytic performance. Therefore, incorporating the
material onto a conductive carbon sphere surface enables effective
dispersion of active Co metal sites, maximizing metal atom utilization
and facilitating mass and electron transfer [22]. Thus, the integration of
metal Co with MnO on NC represents an ideal strategy for enhancing
ORR performance.

In this work, Co/MnO was successfully designed and synthesized
through hydrothermal and pyrolytic methods, immobilized on NC car-
riers with abundant vacancies (Co/MnO@NC). The collaboration be-
tween the highly conductive metallic Co and defective MnO promotes
swift electron transfer and improves the adsorption of oxygen reactants.
The large specific surface area exposes more active sites, while the
mesoporous structure promotes efficient mass and electron transfer.
Consequently, the Co/MnO@NC catalyst exhibits outstanding electro-
catalytic performance in ORR. The Co/MnO@NC-based liquid/solid-
state ZABs achieved an impressive power density of 217.7 and 63.3 mW
cm™2, along with exceptional durability lasting approximately 459 h
without significant degradation.

2. Experimental section
2.1. Chemicals and reagents

Cobalt (II) nitrate hexahydrate (Co(NO3)2-6H20, >99.0 %), Manga-
nese (II) chloride tetrahydrate (MnCly-4H,0, >99.0 %), Glucose
(CeH1206,-6H20, specific spectral index +52.5°~53.0°). Absolute
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ethanol (CoHsOH, 99.7 %) were sourced from xilong chemical Co., Ltd.
Zinc acetate (Zn(Ac)s, 99.0 %), and commercial Pt/C (20 wt% Pt) were
acquired from Shanghai Aladdin Biochemical Technology Co., Ltd. Po-
tassium hydroxide (KOH, 95 %) was obtained from Macklin Biochemical
Co., Ltd. Nafion (5 % solution) was procured from Alfa Aesar. All re-
agents were analytical grade and were utilized without further purifi-
cation. The RuO; powder was prepared by calcining RuCls-xH20 (99 %,
Ru 37 ~ 40 %) in air at 400 °C.

2.2. Synthesis of carbon spheres (Cs)

Carbon spheres (Cs) were prepared following a previously reported
method [23]. Initially, 25 uL of 1 M KOH was introduced into 40 mL of
0.5 M glucose solution with vigorous stirring. The mixture was then
transferred to a Teflon-lined stainless steel autoclave and kept at 180 °C
for 6 h. Subsequently, the solution underwent centrifugation for
extraction. The obtained product was washed several times with
deionized water and ethanol, followed by drying overnight at 60 °C.

2.3. Synthesis of CoMn precursor

In a typical synthesis, 2 mmol Co(NO3),-6H20, 2 mmol MnCl,-4H,0,
0.5 g of prepared glucose carbon spheres, and 3.6 g of urea were dis-
solved in a solution consisting of 30 mL of isopropyl alcohol and 6 mL of
deionized water. After thorough stirring, the mixture was transferred to
a Teflon-line stainless steel autoclave and maintained at 120 °C for 6 h.
After naturally cooling to room temperature, the sample was centrifuged
and subsequently dried at 80 °C.

2.4. Synthesis of Co/MnO@NC

The resulting CoMn precursor sample was finely ground with a
certain amount of dicyanodiamine. Subsequently, the mixture was
subjected to a temperature of 1000 °C for 2 h in a tube furnace under a
protective Ny atmosphere.

In addition, to finely tune the Co/Mn ratio while maintaining a
constant total substance amount of 4 mmol, the ratios of Co/Mn were
varied as 0:4, 1:3, 1:1, 3:1, and 4:0.

2.5. Synthesis of Cs@NC

Cs@NC was synthesized following a comparable approach to Co/
MnO@NC, with the exception of substituting the CoMn precursor with
Cs.

3. Results and discussion
3.1. Synthesis and structural analysis

In Fig. 1a, the sequential synthesis of Co/MnO@NC is illustrated.
Initially, glucose carbon spheres were prepared according to our prior
work. The X-ray diffraction (XRD) analysis of the prepared Cs unveiled
two distinctive carbon peaks [24,25], validating the successful synthesis
of Cs (Fig. S2a). Subsequently, CoMn species were synthetized on the Cs
through a hydrothermal method, followed by a high-temperature py-
rolysis process (1000 °C) using dicyandiamide as the nitrogen source.
This results in a distinctive Co/MnO composite material stabilized on a
NC matrix (Co/MnO@NC) during high-temperature calcination. This
can be attributed to the reduction of high-valence cobalt to metallic
cobalt at elevated temperatures, while the strongly oxidizing Mn?" re-
tains its higher valence state [26]. The metal molar ratio and pyrolysis
temperature were meticulously adjusted to achieve the optimal ORR
catalyst. The crystal structures of the catalysts were analyzed using XRD,
as depicted in Fig. 1b and Fig. S3. The main peaks of Co at 44.0°, 51.2°,
and 75.6° align well with Co (JCPDS: 15-0806) [27], and the rest match
perfectly to MnO (JCPDS: 71-1177) [28] except for the C peak at 26.0°
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[29]. Furthermore, the RuO, powder obtained through air calcination
aligns with the standard tetragonal RuO, (JCPDS: 40-1290) as depicted
in Fig. S4a. Additionally, it exhibits a nanoparticle morphology, as
illustrated in Fig. S4b. Raman spectroscopy identified the presence of
Co-Co dominant vibrational modes in Co@NC and Co/MnO@NC sam-
ples at 193, 476, and 688 cm’l, respectively (Fig. 1c¢) [30]. The D-band
(defective carbon) and G-band (graphitized carbon) were observed at
1316 and 1590 cm™!, respectively. The peak intensity ratios (Ip/Ig)
reflect the degree of defects and graphitization of the carbon-based
catalysts [31]. Catalysts synthesized using a CoMn molar ratio of 3/1
and calcined at 1000 °C exhibited a higher Ip/Ig (Fig. S5), indicating a
greater abundance of carbon edge defects and enhanced electrocatalytic
activity [32]. Furthermore, Co/MnO@NC showed a higher Ip/Ig value
(1.98) compared to Co@NC (1.55) and MnO@NC (1.77), indicating that
metal Co significantly improves the electrical conductivity of Co/
MnO@NC. The presence of MnO-coupled Co creates more defective
sites, promoting the adsorption of oxygen and other reaction in-
termediates in the ORR process [33]. Additionally, a Raman band at
2614 cm ™! corresponding to 2D carbon was observed in all samples
[30]. Electron paramagnetic resonance (EPR) spectroscopy was
employed to confirm the formation of defects (Fig. 1d). The appearance
of a broad signal attributable to the contribution of unpaired electrons,
unequivocally verified the existence of defects [34]. Intriguingly,
Co@NC and Co/MnO@NC are significantly negatively shifted compared
to MnO@NC, signifying the likelihood of combined oxygen vacancies
and metal defects in the coupled Co and MnO configuration. This fa-
cilitates the increase in inherent conductivity within Co/MnO@NC,
while simultaneously enhancing the dissociation of O, by elongating the
O—O bond [35,36]. The Brunauer-Emmett-Teller (BET) specific surface
area and pore size distributions of the synthesized catalysts were ob-
tained from the Ny adsorption-desorption isotherms (Fig. le and
Fig. S6). Co/MnO@NC, MnO@NC, and Co@NC all exhibited type IV
isotherms with hysteresis loops[29]. Furthermore, the BET of Co/
MnO@NC (151.13 m? g~ 1) was higher than that of MnO@NC (121.39
m? g1, and slightly lower than that of Co@NC (157.08 m? g™ 1),
indicating that Co/MnO@NC possesses a large specific surface area and
a mesoporous structure conducive to mass and electron transfer in the
electrocatalytic process [37].

The structural morphology of the prepared samples was investigated
through scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The synthesized Cs exhibited a spherical
morphology with a sleek surface (Fig. S2b). In comparison to the Cs
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precursor, the surface of Co/MnO@NC became relatively rough while
maintaining the original spherical morphology (Fig. 2a). The TEM image
further revealed Co/MnO loaded in the carbon matrix nanospheres
(Fig. 2b). High-resolution TEM images (Fig. 2c) displayed the lattice
spacing of 0.281 nm corresponding to the (200) crystal plane of MnO
and 0.212 nm corresponding to the (111) crystal plane of Co. Notably,
circled in blue dashed lines is the (002) defective crystal plane of C
outside the Co/MnO rim, indicating the presence of an N-doped carbon
shell. High-angle annular dark-field scanning TEM (HAADF-STEM) and
elemental mapping showed a uniform elemental distribution of Co, Mn,
O, C, and N (Fig. 2d), affirming the successful construction of MnO/
Co@NC. Meanwhile, energy dispersive X-ray spectroscopy (EDS) anal-
ysis further confirmed the presence of Co, Mn, O, N, and C elements, as
illustrated in Fig. S7. Additionally, inductively coupled plasma mass
spectrometry (ICP-MS) was utilized to accurately measure the metal
element content of Co/Mn in the prepared catalysts (Table S1). The
contact angle serves as a crucial parameter in evaluating the wetting
properties of solid surfaces, where a contact angle (¢) below 90° between
the solid-liquid and gas-liquid interfaces indicates a hydrophilic surface
[38]. Remarkably, the Co/MnO@NC catalyst displayed a contact angle
of 72.87°, in stark contrast to the contact angles of MnO@NC (132.68°)
and Co@NC (116.93°) in Fig. 2e. These results indicate that the coupling
of Co and MnO creates a more hydrophilic surface, enabling enhanced
wetting by liquids containing dissolved oxygen, thus promoting the ORR
at the interface [39,40].

The elemental composition and surface chemical state of the syn-
thesized catalysts were examined using X-ray photoelectron spectros-
copy (XPS). The XPS full spectrum (Fig. S8) unequivocally showcased
the existence of Co, Mn, O, C, and N elements. The high-resolution Cls
spectrum of Co/MnO@NC unveiled four distinct peaks (Fig. S9),
meticulously aligned with the C—=C (284.0 eV), C—C (284.8 eV), C—O
(286.0 eV), and C—=0 bonds (289.6 eV), respectively [41]. The decon-
volution of Co 2p XPS spectra of Co/MnO@NC and Co@NC (Fig. 3a) can
be divided into two double peaks, Co 2p; 5 (794.2 eV: Co® and satellite
peaks) and Co 2ps/3 (778.5 eV: Co® and satellite peaks). Importantly, the
presence of a low-valent Co? site plays a crucial role in fortifying the
stability of the Mn-O bond, ensuring its integrity. Moreover, the Mn 2p
XPS spectroscopy results demonstrated that the majority of Mn species
in the Co/MnO@NC and MnO@NC were Mn(II), with accompanying
satellite peaks (Fig. 3b) [26]. The high-resolution O 1 s spectra were
divided into three peaks (Fig. 3c) for metal-oxygen (Or), oxygen va-
cancies (Oy)/carbon-oxygen bond (0-C=O), and surface adsorbed
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Fig. 1. (a) Schematic illustration of the synthesis of Co/MnO@NC. (b) XRD pattern of Co/MnO@NC. (c) Raman spectra, (d) the EPR spectra of the as-prepared
catalysts, and (e) Ny adsorption—desorption isotherm of Co/MnO@NC (inset: corresponding pore size distribution curve).
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Fig. 2. (a) SEM image, (b) TEM image, (c) HR-TEM image, and (d) HAADF-STEM images and the corresponding elemental mappings of Co/MnO@NC. (e) Contact

angle measurements of Co/MnO@NC, MnO@NC and Co@NC.

oxygen (0a) at 530.2, 532.1, and 533.9 eV, respectively [42]. In Fig. 3d,
the high-resolution XPS spectra of N 1 s depict distinct peaks corre-
sponding to pyridine nitrogen (398.5 eV), pyrrole nitrogen (400.5 eV),
graphitic nitrogen (401.3 eV), and nitrogen oxide (404.2 eV) [43].
Remarkably, the Co/MnO@NC presented the highest proportion of
pyridine nitrogen, accounting for 42.30 % (Table S2). The presence of
abundant pyridine nitrogen significantly contributes to the catalytic
promotion of the ORR [44].

3.2. ORR activity in alkaline media

The electrocatalysts” ORR electrocatalytic activity was assessed in
0.1 M KOH to investigate the impact of varying metal ratios and calci-
nation temperatures on catalytic performance (Figs. S10-11). Remark-
ably, the results unveiled that a Co/Mn ratio of 3/1 exhibited optimal
performance, with the highest activity achieved at a calcination

Co2p b
i

a | co/MnO@NC Co/MnO@NC Mn 2p

778.5 eV

641.4 eV
794.2 eV

3 E
s s
2 z
] ‘®» | MnO@NC
g 3
g E Mn 2p,,,
808 800 792 784 776 655 650 645 640

Binding energy (eV) Binding energy (eV)

temperature of 1000 °C. In Fig. 4a, Co/MnO@NC displayed higher
cathodic peak positions than Co@NC, MnO@NC, and Pt/C, indicating
superior ORR activity. Furthermore, Co/MnO@NC exhibited
outstanding ORR performance, outperforming Co@NC, MnO@NC,
Cs@NC, and even rivalling Pt/C. It achieved a half-wave potential (E;/2)
of 0.80 V and a limiting current density (j.) of 5.1 mA cm 2, as illus-
trated in Fig. 4b and Fig. S12. The Tafel slope is a reliable indicator of
ORR reaction kinetics, certified superior reaction kinetics for Co/
MnO@NC [45-47], with a Tafel slope of 67 mV dec’l, significantly
lower than that of MNO@NC (109 mV dec™!), Co@NC (80 mV dec™),
and Pt/C (88 mV dec 1), as depicted in Fig. 4c. Moreover, a compre-
hensive comparison was undertaken for the obtained three catalysts,
affirming the profound enhancement of ORR performance in MnO
achieved through the strategic coupling with Co (Fig. 4d and Table S3).
Moreover, the Co/MnO@NC catalyst demonstrated exceptional superi-
ority compared to the majority of recently reported catalysts (Table S4).
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Fig. 3. High-resolution XPS spectra of (a) Co 2p, (b) Mn 4f, (c) O 1 s, and (d) N 1 s in as-synthesized samples.
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electron transfer number (n) from various catalysts. (h) Cq values. (i) The corresponding stability test in Oy-saturated 0.1 M KOH solution at a rotating speed of

1600 rpm.

In addition, Co/MnO@NC underwent ORR polarization curve tests at
different rotation speeds within the range of 400-1600 rpm (Fig. 4e),
exhibiting a gradual surge in the diffusion-limited current with an in-
crease in rotation speed. The Koutechy-Levich (K-L) diagram (Fig. 4f)
further confirmed its electron transfer number (n) to be nearly 4, sup-
porting the notion that the reaction is a highly efficient four-electron
transfer process [48]. The results depicted in Fig. 4g simultaneously
highlight the exceptional selectivity of Co/MnO@NC for the direct four-
electron (4e") reduction pathway, as indicated by the low H30, yield
and high electron transfer number (>3.9), underscoring the superior
ORR performance of Co/MnO@NC. To explore the electrochemically
active surface area (ECSA), we conducted CV measurements in the non-
redox region (Fig. S13). The Co/MnO@NC catalyst exhibited an elec-
trochemical double-layer capacitance (Cq) of 4.54 mF cm ™2, surpassing
that of the Co@NC (1.14 mF cm’z) and Pt/C (3.44 mF cm’z) catalysts,
while falling slightly lower than the MnO@NGC (5.06 mF cm2).
Furthermore, CV measurements were conducted using K3[Fe(CN)¢] to
assess the ECSA of the synthesized catalysts (Fig. S14). As anticipated,
the Co/MnO@NC exhibited the highest slope of 52.5 (Fig. S15). Typi-
cally, a greater ECSA results (Fig. S16) in an expanded electro-
de-electrolyte interface area, effectively uncovering more active sites
[49]. To further substantiate this, we standardized the kinetic current
density (Ji). The results clearly indicate the superior performance of Co/
MnO@NC in terms of normalized Jy (Fig. 4h), surpassing both Co@NC
and MnO@NC. This underscores the presence of a larger number of
catalytically efficient active sites within Co/MnO@NC [50]. Further-
more, to assess the methanol tolerance of Co/MnO@NC and Pt/C cat-
alysts, we conducted chronoamperometric tests in Op-saturated 0.1 M
KOH solution at 1600 rpm. Remarkably, the cathodic current of Co/
MnO@NC exhibited negligible fluctuation upon the introduction of
methanol, whereas the commercial Pt/C experienced a significant
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decrease (Fig. S17). This observation highlighted the exceptional
methanol tolerance of Co/MnO@NC. This suggests its promising suit-
ability for practical applications in direct methanol fuel cells and metal-
air batteries. A long-term chronoamperometric test was conducted to
evaluate the durability of the catalysts. The Co/MnO@NC displayed
remarkable stability even after 10 h of continuous operation, in contrast
to Pt/C, underscoring the superior durability of Co/MnO@NC (Fig. 4).

3.3. Test for performance of assembled ZABs

In light of the remarkable electrocatalytic performance displayed by
Co/MnO@NC, we proceeded to assemble an aqueous ZAB to evaluate its
promising applications in energy storage and conversion systems.
Considering the less-than-impressive oxygen evolution reaction (OER)
performance (354 mV@10 mA em~2) of Co/MnO@NC in Fig. 518, we
conducted a charge-discharge stability test of the ZAB using Co/
MnO@NC + RuO; (mass ratio = 2:1) as the air cathode. Simultaneously,
a Pt/C + RuO; catalyst was prepared for comparative analysis. Fig. 5a
illustrates the schematic diagram of the ZAB configuration, with a
meticulously polished zinc plate serving as the anode, Co/MnO@NC as
the cathode, and the electrolyte comprising a 6.0 M KOH solution con-
taining 0.2 M Zn(AC),. As depicted in Fig. 5b, the Co/MnO@NC-based
ZAB displayed a commendable open-circuit voltage (OCV) of 1.47 V,
surpassing that of the Pt/C-based ZAB (1.42 V). Impressively, the Co/
MnO@NC-based ZAB achieved a remarkable peak power density of
217.7 mW cm 2 (Fig. 5¢), showcasing a 1.74-fold enhancement over the
Pt/C-based ZAB (127.6 mW cm™2). Moreover, the Co/MnO@NC-based
ZAB demonstrated a sufficient voltage output, capable of illuminating
an LED (~3.0 V), as indicated in Fig. S19. Significantly, a rigorous long-
term stability test was conducted at a current density of 5 mA cm ™2
(Fig. 5d). Impressively, the Co/MnO@NC-based ZAB showcased
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Fig. 5. (a) Schematic configuration of assembled aqueous ZAB. (b) OCV of the ZABs. (c) Discharge polarization curves and the corresponding power densities of the
ZABs. (d) Comparison of Co/MnO@NC as air cathode with other recently reported excellent catalysts. (e) Galvanostatic cycling at 5 mA cm 2 (20 min for each cycle).
(f) Sketch diagram of the flexible ZAB. (g) OCVs of Co/MnO@NC and Pt/C-based flexible ZABs (inset: Co/MnO@NC-based flexible ZAB-lit LED board). (h) The
discharge polarization and corresponding power density profiles of the flexible ZABs. (i) OCVs at different bending angles of Co/MnO@NC-based flexible ZAB

powered by LED panel at different bending angles.

remarkable stability, with a negligible voltage gap decay of only 0.33 V
after continuous operation for 459 h. In stark contrast, the Pt/C-based
ZAB suffered significant attenuation within a mere 157 h, under-
scoring the robustness of Co/MnO@NC. Satisfyingly, Co/MnO@NC
demonstrated significant advantages in OCV, specific capacity, power
density and stability based on the recently reported performance of ORR
catalysts for ZAB (Fig. 5e and Table S5), offering promising prospects for
its practical application. Due to the remarkable performance of Co/
MnO@NC, a flexible ZAB was delicately designed. The solid ZAB was
assembled using a carbon cloth coated with Co/MnO@NC as the air
cathode, a zinc foil as the anode, and a polyvinyl alcohol (PVA) hydrogel
as the solid electrolyte (Fig. 5f). Crucially, the incorporation of a layer of
weighing paper between the zinc foil and nickel foam acts as a protective
barrier, efficiently averting any possible short-circuiting in the solid
battery. As depicted in Fig. 5g, the Co/MnO@NC-based solid-state bat-
tery exhibited an impressive OCV of 1.36 V, surpassing the Pt/C-based
solid-state ZAB (1.33 V). Moreover, the Co/MnO@NC-based flexible
battery showcased its remarkable capability by successfully powering a
“GXNU” LED board (inset of Fig. 5g). Even more noteworthy, the Co/
MnO@NC-ZAB demonstrated a peak power density of 63.3 mW cm ™2
(Fig. 5h), senior to Pt/C-ZAB (57.5 mW cm’z) and most recently re-
ported catalysts (Table S6), demonstrating its tremendous potential in
practical applications. The Co/MnO@NC-based flexible ZAB impeccably
exhibits its flexibility and stability, as eloquently demonstrated by the
steady voltage measurements captured at various bending angles (0°,
60°, 90°, 180°), as depicted in Fig. 5i.

The Co/MnO@NC catalyst exhibits an ORR mechanism driven by
several synergistic effects. Firstly, the incorporation of metal Co
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enhanced the electrical conductivity of the catalyst, thereby facilitating
electron transfer. The presence of MnO promotes the adsorption of
oxygen-containing intermediates, effectively lowering the reaction en-
ergy barrier [51]. Additionally, the tailored vacancies can effectively
adjust the electronic configuration and enhance the binding affinity with
oxygen intermediates, thus improving ORR catalytic activity [52].
Superhydrophilicity plays a crucial role in enhancing active site-reactant
interaction and expediting ORR kinetics. Moreover, the NC component
plays a critical role in protecting the active site, enhancing catalyst
stability [53], and synergistically amplifying ORR kinetics in collabo-
ration with Co and MnO. Specifically, Fig. S20 provides further insight
into the proposed ORR process. Initially, O molecules are adsorbed on
the active sites (metal Co and Mn>") of Co/MnO@NC surface. Subse-
quently, the O—O bonds undergo cleavage, resulting in the formation of
the oxygen intermediate *OOH and *O. Ultimately, *O undergoes pro-
tonation to generate OH™ [54,55].

4. Conclusions

We have successfully synthesized a high-performance Co/MnO@NC
oxygen reduction reaction (ORR) electrocatalyst with abundant va-
cancies using a high-temperature pyrolysis strategy. This spherical
catalyst exhibits exceptional performance in both aqueous and solid-
state zinc-air batteries (ZABs), achieving peak power densities of
217.7 and 63.3 mW cm 2, respectively. Remarkably, it demonstrates
exceptional stability in an aqueous ZAB for an impressive 459 h, even
maintaining voltage stability under external mechanical stress in a solid-
state ZAB. The Co/MnO@NC catalyst’s outstanding performance stems
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from several key factors. Metallic Co boosts electrical conductivity,
while MnO enhances oxygenated intermediate adsorption. Abundant
vacancies fine-tune the electronic configuration, optimizing activity.
Additionally, the superhydrophilic surface ensures optimal electrolyte
contact and the N-doped carbon framework stabilizes the active sites,
contributing significantly to overall stability. This work paves the way
for developing highly active and stable ORR electrocatalysts for prac-
tical energy conversion applications.
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