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Experimental Section
1. Materials

Iron(III) acetylacetonate (Fe(acac);, 98%), Cobalt(IlI) acetylacetonate (Co(acac)s,
98%), Palladium(II) acetylacetonate (Pd(acac),, 98%), Ruthenium(III) acetylacetonate
(Ru(acac);, >99%) were purchased from Wuhan Changcheng Chemical Co. Ltd
(China). Oleylamine (OAm, >80%), D-(+)-Glucose (99.5%) and Molybdenum
hexacarbonyl (Mo(CO)e, 98%) were purchased from Aladdin. Nafion solution (5%)
was purchased from Sigma-Aldrich. Potassium hydroxide (KOH, 85%), ethanol
(C,H¢O) and cyclohexane (C¢H;,) were purchased from Sinopharm Chemical Reagent
Co., Ltd. Commercial Pt/C (20 wt%) were purchased from Sigma-Aldrich. The
deionized water is used in the experiment with a resistivity of 18.25 MQ-cm.

2. Materials characterization.

X-ray diffraction (XRD) patterns were recorded using a Bruker D8 Advance
diffractometer with Cu Ka radiation. Transmission electron microscopy (TEM). AFM
image of the sample was conducted with (Bruker Dimension ICON). High-resolution
transmission electron microscopy (HRTEM), scanning transmission electron
microscopy (STEM) images, along with energy dispersive X-ray spectroscopy (EDS)
data, were obtained using a JEOL JEM-2100F field emission transmission electron
microscope equipped with an EDS spectrometer operating at 200 kV. X-ray
photoelectron spectroscopy (XPS) data were collected on a Thermo Fisher Scientific

ESCALAB 250Xi XPS system, with the binding energy of the Cls peak at 284.8 eV



used as a reference. Inductively coupled plasma optical emission spectrometer (ICP-
OES) measurements were performed on an Agilent ICP-OES 725 analyzer.
3. Fabrication of PdARuMoFeCo Metallene.

The PdRuMoFeCo metallene was primarily synthesized via a wet-chemical
method. First, 20 mL of oleylamine was heated at 100 °C for 30 min. Subsequently, the
mixture of 62.0 mg of palladium acetylacetonate, 17.6 mg of iron acetylacetonate, 17.8
mg of cobalt acetylacetonate, 19.6 mg of ruthenium acetylacetonate, 13.2 mg of
molybdenum hexacarbonyl, and 120 mg of glucose were added into the oleylamine and
stirred for 10 min. Then, the mixture was placed in a high-pressure reactor and reacted
at 350 °C for 2 h under 0.2 MPa high-purity CO gas. After that, the resulting product
was washed by centrifugation and washing with a 4:1 mixture of ethanol and
cyclohexane.

Pd metallene and quaternary alloy metallene reference samples (including
RuMoFeCo, PdAMoFeCo, PdRuFeCo, PARuMoCo, and PdARuMoFe) were synthesized
using the same procedure described above, with the only modification being the
omission of the corresponding single metal precursor. To investigate compositional
effects, PdxRuMoFeCo metallenes with tunable Pd contents and PdRuMoFeCox
metallenes with tunable Co contents were also prepared following the identical
protocol, except that varying amounts of palladium acetylacetonate (0, 31, 62, and 124
mg) or cobalt acetylacetonate (0, 8.9, 17.8, and 35.6 mg) were introduced during the

reaction. In addition, PARuMoFeCo nanoparticles were synthesized under otherwise



identical conditions, except that high-purity CO gas was not supplied during the
reaction process.
4. Electrochemical measurements.

Firstly, 5 mg of the metallene/XC-72 carbon black (mass ratio of maatyst:Mcarbon
black=1:4) was dispersed by sonication in 1 mL of isopropanol solution with 0.05 wt%
Nafion to form a homogeneous ink. A 5 mm diameter glassy carbon electrode (GCE)
was polished with 0.05 um y alumina powder and then rinsed thoroughly with ultrapure
water and ethanol.Then 10 pL of the ink was dropped onto the GCE surface at a catalyst
loading of 0.2548 mg/cm? and air-dried before electrochemical measurements.

The electrochemical measurements were conducted in a three-electrode system on
a CHI760E electrochemical station (Shanghai Chenhua Instrument Co., Ltd., China).
A glassy carbon rotating disk electrode (GCRDE) with a diameter of 5 mm and a
rotating ring-disk electrode with a GC disk and Pt ring (inner diameter: 6.25 mm; outer
diameter: 7.92 mm) were employed as the working electrodes. A Pt foil electrode and
a Hg/HgO electrode were used as the counter electrode and the reference electrode,
respectively. Cyclic voltammetry (CV) tests were performed in an O,-saturated 0.1 M
KOH electrolyte at a scan rate of 5 mV/s. Nyquist plot by EIS spectra of different
catalysts in 0.1 M KOH aqueous solution with a frequency range of 0.1 Hz to 100
kHz.The kinetic current (Ji) was calculated in accordance with the Koutecky-Levich
equations (1) and (2). For rotating ring-disk electrode (RRDE) measurements, the
electron transfer number (n) and the yield of the H,O, intermediate (H,0,%) were

calculated according to equations (3) and (4) below.



Where j represents the actual measured current density, jx and jp represent the
diffusion current density and kinetic limiting current density, respectively, o represents
the angular velocity of the rotating electrode, F stands for Faraday's constant (96485 C
mol!), Cy denotes the volume concentration of oxygen 1.2*10° mol cm, D, denotes
the diffusion coefficient of oxygen 1.9*10-3 cm 2 5!, and v is the kinematic viscosity
of the electrolyte (v=0.01 cm s'!). Where Iy stands for the actual measured ring current,
Ip stands for the actual measured disk current, and [J is the current collection efficiency

of the Pt ring (L] = 0.37).!
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5. Zinc-air battery measurements

The catalyst ink was drop-coated onto a nickel-foam substrate to serve as the air
cathode with an area of 1 cm? and a loading of 0.5 mg cm™. A polished zinc flake was
employed as the anode of the zinc-air battery. A solution of 6 M KOH and 0.2 M Zn
(CH3COO), was used as the battery electrolyte. After assembling the components into
a rechargeable zinc-air battery at 25 °C, the battery performance was tested using the

Sunway battery test system.
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Figure S1. TEM images (a-e¢) and XRD patterns (f) of PARuMoFeCo metallenes at

different reaction temperatures of 150 °C, 200 °C, 250 °C, 300 °C and 350 °C.
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Figure S2. TEM images (a-d) and XRD patterns (e) of PARuMoFeCo metallenes with

different reaction times of O h, 1 h, 2 h and 4 h.



Figure S3. TEM images of quaternary metallenes, including PdRuFeCo (a),
PdRuMoFe (b), PARuMoCo (c¢) and PdAMoFeCo (d).
TEM characterization shows that all of the quaternary metallenes PdRuFeCo,

PdRuMoFe, PARuMoCo, and PdAMoFeCo show the morphology of nanosheet.
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Figure S4. (a). TEM images of PARuMoFeCo-NPs (a) and Pd metallene (b).
Control samples of PARuMoFeCo nanoparticles (NPs) and pure Pd metallene were
synthesized. TEM images demonstrated the nanoparticle morphology of
PdRuMoFeCo-NPs with an average size of 8.64 nm, while the Pd metallene maintains

the morphology of nanosheet.
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Fig
ure S5. LSV curves of PARuMoFeCo metallene prepared with different dosages of (a)

palladium acetylacetonate (0 mg, 31 mg, 62 mg, 124 mg) and (b) cobalt acetylacetonate
(0 mg, 8.9 mg, 17.8 mg, 35.6 mg) for ORR.
Each catalyst was synthesized via the identical procedure except different dosages of

the cobalt and palladium metal precursors.
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Figure S6. (a) RRDE voltammograms of the PdARuMoFeCo metallene in oxygen-
saturated 0.1 M KOH solution with a rotation speed of 1600 rpm and scan rate of 10
mV s'. (b) Electron transfer number (n) and hydrogen peroxide yield (H,0,%) of

PdRuMoFeCo metallene for ORR at 1600 rpm.
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Figure S7. (a) XRD patterns of PdARuMoFeCo metallene/C before and after 10,000

cycles of cyclic voltammetry; (b) TEM image of the PARuMoFeCo metallene/C after

10, 000 cycling.
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Figure S8. Methanol tolerance tests of PARuMoFeCo metallene and Pt/C.
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Figure S9. (a) LSV curves of as-prepared catalysts for bifunctional catalytic activities
of ORR and OER. (b) Charge and discharge polarization curves of PdARuMoFeCo
metallene and Pt/C based zinc-air batteries. (¢) Open current-voltage curves using Pt/C

and PdRuMoFeCo metallene based zinc-air batteries. (d) Picture of open circuit voltage

test.



Table S1. Weight percentages of metal elements in different catalysts measured by

ICP-AES.
Pd (wt% Ru (wt% Mo (wt% Fe (wt% Co (wt%
Samples
) ) ) ) )
PdRuMoFeCo-metallene 64.80 14.49 4.21 12.24 4.26
PdRuMoFeCo-NPs 78.75 6.34 2.72 8.36 3.83

PdRuMoFe 79.72 2.06 0.71 17.51 --




Table S2. Comparison of ORR performance of PARuMoFeCo metallene in this work

with those in previously reported works in 0.1 M KOH solution.

Eonset E1/2
Materials Ref
(Vvs.RHE) (V vs. RHE)

This
PdRuMoFeCo metallene 0.966 0.893

Work
AINiCoRuMo 0.99 0.875 2
Ruy,Co,504 0.88 0.77 3
Pd-Ru@NG 0.92 0.81 4
FeNi/N-CPCF-950 0.99 0.867 3
CrMnFeCoNi 0.88 0.78 6
AlFeCoNiCr / 0.71 7
Pts34FesNiygCuz;MogRu / 0.87 8

(AINiCoFeCr);04/Ag / 0.81 ?




Table S3. Comparison of zinc-air battery performance based on PdRuMoFeCo

metallene in this work with those in previously reported works.

Energy Peak power
Catalyst
oCv density density
Catalysts loading Ref.
(V) (mAh/g; J=10 (mW/cm?;
(mg/cm?)
mA/cm?) J=10 mA/cm?)
PdRuMoFeCo metallene 0.50 1.430 787.6 175.30 This work

Co,P/CoN4@NSC-500 1.25 1.450  971.0 (J=5) 134.49 10
Fe;C/Fe-N-C 1.00 1.414 / 63.00 1
Fe-Ni@NDC 1.00 1.461 763.0 270.00 12
HPFe-N-C 2.00 1.476 672.0 160.00 13
Fe;C@NPW 1.00 1.480 804.0 125.00 14
PAN1/Ni@N-C / 1.410  719.2 (J=5) 108.50 15
Fe-N4/Pt-N4@NC 1.00 1.480 749.8 200.00 16
SA-PtCoF 0.42 1.310 808.0 125.00 17
Pt-SCFP/C-12 2.00 1.440 781.5 122.00 18
Fe-N/P-C-700 3.00 1.420 723.6 (J=100) 133.20 19
PdMo Metallene/C 1.00 1.483 798.0 154.20 20
FelzNi23Cr10C030Mn25/CNT / 1.400 760.0 128.60 21
PtPdAuAgCulrRu 0.50 1.528 / 146.40 22
AINiCoRuMoCrFeTi oxide 0.50 1.512 / 123.50 2
Pt34F65Ni20CU31M09Ru 1.00 / / 150.00 8
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