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EXPERIMENTAL SECTIONS

1 Synthesis of CoMnO/CC Catalysts

The CoMnO/CC catalyst was fabricated via cathodic electrodeposition followed by
ligand modification and thermal treatment. Electrodeposition was performed using a
standard three-electrode system on a CHI 660E electrochemical workstation. with
carbon cloth (1 cm X 2 cm) served as the working electrode, a platinum sheet as the
counter electrode, and a saturated calomel electrode (SCE) as the reference electrode.
First, manganese-containing species were deposited onto the pretreated CC from a 0.1
M manganese acetate and sodium sulfate mixed solution at a constant potential of 1 V
for 270 s. Subsequently, cobalt-containing species were deposited from a 0.1 M
Co(NO3), solution at -1 V for 360 s. After electrodeposition, the CC was rinsed
thoroughly with deionized water and ethanol each for three times, then dried at 50 °C
to obtain the CoMn-Precursor. After electrodeposition, the mass ratio of manganese to
cobalt is approximately 1:1.

The as-prepared CoMn-Precursor was immersed in a 1 M 2-methylimidazole
methanol solution for 18 h at room temperature. After immersion, the sample was rinsed
with deionized water and ethanol each for three times and dried at 50 °C to yield the
CoMn-18-precursor. Finally, the CoMn-18-Precursor was annealed in a tube furnace
under N, atmosphere with a heating rate of 5 °C /min and maintained at 500 °C at for 2
h, resulting in the CoMnO/CC catalyst.

For comparison, monometallic reference catalysts (CoO/CC and MnO/CC) were
synthesized via the same procedure but with electrodeposition of only cobalt nitrate or
manganese acetate, respectively, followed by ligand immersion and annealing.

Additionally, a series of comparative samples with different ligand immersion times



were prepared, denoted as CoMnO/CC-X (where X represents the immersion time).

2 Electrochemical Measurements

Electrochemical measurements were performed on a CHI 660E electrochemical
workstation using a standard three-electrode system in 1 M KOH solution at room
temperature. The CoMnO/CC catalyst served as the working electrode, while an
Ag/AgCl electrode (saturated KCl) and a platinum sheet were used as the reference and
counter electrodes, respectively. Linear sweep voltammetry (LSV) was employed to
record the OER polarization curves at a scan rate of 5 mV-s'! with IR compensation.
All potentials were calibrated to the reversible hydrogen electrode (RHE) using the
equation: E(RHE) = E(agagcty + 0.059 x pH + 0.197 V, unless otherwise stated. The
electrochemical active surface area (ECSA) was estimated from the electrochemical
double-layer capacitance. Electrochemical impedance spectroscopy (EIS)
measurements were conducted at 1.55 V vs. RHE over the frequency range of 5 mHz
to 100 kHz. The cycle performance of the catalytic electrode was evaluated by
chronopotentiometry at 10 mA-cm-? for OER.
3 Assembly and Testing of Zinc-Air Batteries

Rechargeable ZABs were assembled at room temperature with the as-prepared
catalysts as bifunctional air cathodes, zinc foil as the anode, and a mixed solution of 6.0
M KOH and 0.2 M Zn(Ac), as the electrolyte. For comparison, commercial Pt/C-RuO,
composite (mass ratio 1:1) was used as the reference cathode catalyst. The Pt/C-RuO,
ink was prepared by ultrasonically dispersing 5 mg Pt/C and 5 mg RuO, in 300 pL
ethanol for 30 min, followed by adding 100 pL of 5% Nafion solution and further
ultrasonic treatment for 30 min. The resulting ink was uniformly drop-cast onto a
carbon cloth and dried at 60 °C for 1 h. The active material (Co-Mn oxide) loading on

the carbon cloth substrate is strictly controlled at 2 mg cm™ throughout all



experiments.



Fig. S1 SEM image of CoMn-precursor.



Fig. S2 SEM images of (a) CoMn/CC-3-Precursor, (b) CoMn/CC-3-Precursor, (c)
CoMn/CC-6-Precursor, (d) CoMn/CC-6, (¢) CoMn/CC-12-Precursor, (a) CoMn/CC-
12.



Fig. S3 SEM images of (a) CoMn/CC-24-precursor, (b) CoMn/CC-24, (¢) CoMn/CC-
30-precursor, (d) CoMn/CC-30.



Fig. S4 SEM images of (a) CoO/CC-18-Precursor; (b) CoO/CC; (c) Mn/CC-18-
Precursor; (d) MnO/CC.



Catalyst Mn Co C 0]

CoMnO/CC 38.64 36.87 19.82 4.58

Table S1. Atomic content percentage determined by SEM-EDS
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Fig. S5 XRD patterns of MnO/CC.
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Fig.S6 XRD patterns of CoO/CC.
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Fig.S7 XPS spectroscopy of CoO/CC and MnO/CC.
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Fig. S8. OER LSV curves of samples with different deposition times. (a) 1 M KOH;
(b) 1 M KOH simulated seawater; (c) Double-layer capacitance (Cgq) values of
corresponding samples; (d) Electrochemical impedance spectroscopy (EIS) spectra of

corresponding samples.
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Fig. S9 CV curves of (a) CoMnO/CC; (b) CoO/CC; and (c) MnO/CC at different

scanning rates.
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Fig. S10 CV curves of (a) CoMnO/CC-6; (b) CoMnO/CC-12; (¢) CoMnO/CC-24; and
(c) CoMnO/CC-30 at different scanning rates.



Table S2. Performance comparison of self-supporting electrocatalysts for zinc—air

batteries.

Material Overpotential Tafel slope References
(10 mA - cm ) (mV - dec")

CoP@CC 300 124 [S1]
NC-Co304/CC 210 79.6 [S2]
Co/CeO,- 350 98 [S3]
NCNA@CC
CoO@PCNAs 470 171 [S4]
@CC
FeNi@NBCNTs 290 85.7 [S5]
/CC
W, Cr- 347 136.66 [S6]
Co3;04/NF
CoP/C0304/N- 287 88.3 [S7]
CNFs-370-1:40
np-CoCrFeNiNb 251 42.7 [S8]
NCA/FeRu 263 83.3 [S9]
ColCul@NCN 263 53.1 [S10]
T/CC
CoMnO/CC 243 66.45 This work

The OER overpotential of CoMnO/CC is lower than that of most catalysts such as
CoP@CC (300 mV), Co/Ce0O;, (350 mV), and CoO@PCNAs@CC (470 mV), and only
slightly higher than that of NC-Co3;04/CC (210 mV). Meanwhile, the Tafel slope of this

catalyst is 66.45 mV-dec’!, ranking among the leading levels among all comparative

catalysts, which reflects faster OER reaction kinetics. This Tafel slope is only higher

than that of np-CoCrFeNiNb (42.7 mV-dec!), but significantly lower than that of
similar materials like CoP@CC (124 mV-dec™') and CoOO@PCNAs@CC (171 mV-dec

1)_
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Fig. S11 Specific discharge capacity plots of CoMnO/CC assembled ZABs at a current
density of 10 mA cm=2.
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Fig. S12 Zinc-air batteries assembled with CoO/CC and MnO/CC electrodes: (a) open-

circuit voltage; (b) discharge voltage step (at current densities of 1~10 mA cm2); (c)

discharge polarization curves and power density curves.



Fig. S13 (a, b) SEM image of CoMnO/CC; (¢, d) SEM image of CoMnO/CC after 300
h stability test.
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