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S1 Material Characterizations

The crystalline structure and phase purity were assessed using PXRD (XRD, Bruker/D8
Advance with Cu Ka radiation (1= 1.5406 A)). The surface morphology, nano-, and micro-
structures of the prepared materials were identified by Field-Emission Scanning Electron
Microscopy (FE-SEM, JEOL JSM-7800F), Transmission Electron Microscopy (TEM, JEM-
2100) and Aberration corrected high-resolution Scanning Transmission Electron Microscope
(AC-STEM, FEI TALOS F200X). TGA was carried out using TGA/DSC 3+; Mettler
Toledo. The N2 adsorption—desorption isotherms were obtained at 77 K using a specific surface
area analyzer of Micromeritics ASAP 2460. The metal concentrations of the prepared samples
were measured by ICP-OES (SPECTRO ARCOS ICP-OES analyzer; Arcos Il MV). XPS was
conducted on a Thermo Scientific™ ESCALAB™ 250Xi spectrometer. Raman spectra were
acquired on a Renishaw INVIA REFLEX Raman spectrometer with a 532 nm laser source. The
X-ray absorption fine structure spectra (XANES) Fe, Co, and Cu K-edge were collected at the
BLO7AL1 beam-line of the National Synchrotron Radiation Research Center (NSRRC). The data
were collected in fluorescence mode using a Lytle detector while the corresponding reference
samples were collected in transmission mode. The samples were ground and uniformly daubed
on the special adhesive tape. The obtained XAFS data was processed in Athena (version 0.9.26)
for background, pre-edge line, and post-edge line calibrations. Then Fourier transformed fitting
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was carried out in Artemis (version 0.9.26). The k® weighting, k-range of 3-12 A%, and R range
of 1-3 A were used for the fitting. The four parameters, coordination number, bond length,
Debye-Waller factor, and Eo shift (CN, R, o2, AEq) were fitted without anyone being fixed,
constrained, or correlated. For Wavelet Transform analysis, the y(k) exported from Athena was
imported into the Hama Fortran code. The parameters were listed as follows: R range was about
~1-4 A k range was about ~ 0-12 A%; k weight was 2; and Morlet function with x = 10, ¢ =
1 was used as the mother wavelet to provide the overall distribution.

S2 Growth and Analysis of Single Crystals

The preparation of a mother solution for all CD-MOFs followed the general procedure of
dissolving the y-CD (520 mg) and the alkali metal salt (NaOH, 65 mg) in 10 mL H>O and
stirring for 45 min, then filtering the solution using a sterile syringe filter with a 0.45 pm pore
sized hydrophilic Polyethersulfone (PES) membrane, and subsequently allowing slow vapor
diffusion of MeOH into the filtrated solution to grow crystals for seven days. The grown crystals
were collected, washed with methanol, and allowed to dry in the air. Single crystals of Co-CD-
MOF, Fe-CD-MOF, and Cu-CD-MOF were prepared by adding a 12 mM solution of cobalt
hydroxide, iron hydroxide, and copper hydroxide solution, respectively, into the mother
solution under the same conditions as CD-MOF.

The single-crystal structure was analyzed using an X-ray single-crystal diffraction instrument,
‘Bruker APEX-11 CCD' diffractometer with Cu Ko. The crystal was kept at the setting room
temperature during data collection. Using Olex? [S1], the structure was solved with the ShelXT
[S2] structure solution program using intrinsic phasing and refined with the ShelXL [S3]
refinement package using Least Squares (LS) minimization.

S3 Preparation of Catalysts

Due to the large scale of the catalyst, complete grinding was treated before the electrocatalytic
test. Initially, 4 mg of the as-prepared catalyst and 50 puL Nafion solution (5 wt.%) were
dispersed into 950 uL ethanol and sonicated for 30-45 min to form a homogenous catalyst ink.
Further, to prepare the working electrode, a 10 puL aliquot of the homogeneously prepared
catalyst ink (~0.239 mg cm2) was drop casted on the surface of the pre-cleaned Rotating Disk
Electrode (RDE) or Rotating Ring Disk Electrode (RRDE) (diameter of 4 mm). Finally,
the modified working electrode was dried to perform the electrochemical measurements in 0.1
M KOH and/or 0.1 M HCIO4 electrolytes, where the mass loading of the commercial 20 wt.%
Pt/C was ~0.12 mg cm™,

S4 Electrochemical Measurements

All of the electrochemical tests were conducted on a CHI 760E electrochemical instrumentation
equipped with a high-speed rotator (RRDE-3A; Rotating Ring Disk Electrode). The typical
three-electrode cell configuration consisted of Ag/AgCl (saturated KCI solution), Pt wire, and
RDE or RRDE as a reference, counter, and working electrodes, respectively. All
electrochemical measurements were performed in 0.1 M KOH or 0.1 M HCIO4 solution purged
with either oxygen (O2) or nitrogen (N2) for at least 30 min before measurement at room
temperature. Finally, the potential, measured against the Ag/AgClI electrode, was converted to
a potential (V) vs. RHE (reversible hydrogen electrode) according to the Nernst equation [S4,
S5]:

Erre = Eagiagel +0.197+0.0591*pH (S1)
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CV curves were recorded in oxygen (O2) or Nitrogen (N2) saturated 0.1 M KOH electrolyte
solution several times at a scan rate of 10 mV s until reproducible curves were obtained. For
the OER test, the polarization curves were obtained at a rotating rate of 1600 rpm with a scan
rate of 10 mV s %, corrected by iR-compensation. For ORR, the linear sweep voltammetry
(LSV) measurements were performed in an O»-saturated 0.1 M KOH solution at a scan rate of
10 mV st with the rotation speed varying from 400-2400 rpm. Based on LSV polarisation
measurements, the electron transfer number (n) and kinetic current density (Jx) were examined
by employing the Koutecky-Levich (K-L) Eq. (2) [S6]:

1 1 1

T T, (S2)

where,
B = 0.62nFC,(Dy)%/3v=1/6 (S3)
Jk = nFkC, (S4)

where J represents the measured current density, J« represents the kinetic limiting current
densities, o denotes the angular velocity of the disk (o = 2zN where N is the linear rotation
speed), and n signifies the overall number of electrons transferred in oxygen reduction. F is the
Faraday constant (F = 96485 C mol™?), Co is the bulk concentration of O, v is the kinematic
viscosity of the electrolyte, k is the electron transfer rate constant, and Do is the diffusion
coefficient of O in the electrolyte [S7].

The electron transfer number (n) and the corresponding peroxide yield (HO2 %in alkaline
solution and H20. % in acidic solution) were determined based on the disk and ring currents
using the following equations [S7]:

= _ Mlaisk
n= 4 % Idsk‘”ring/N (85)
peroxide %=100x _Zring/N_ (S6)

lgisk+ring/N

where, ldisk and lring are the faradic disk and ring currents, respectively. N is the collection
efficiency of the ring electrode, which is determined to be ~0.43. For the ORR and OER Tafel
plots, the Kkinetic currents were considered after the mass-transport correction of RDE data
based on previously reported literature [S8, S9].

S5 Assembly and Testing of zinc (Zn) Metal-Air Battery (ZAB)

The catalyst was used as an air cathode on the electrode composite substrate (which is
superimposed and compacted by Ni foam, hydrophobic breathable membrane, and carbon paper
in sequence from bottom to top). The polished zinc (Zn) plate was used as an anode and the
electrolyte is 6 M KOH. The battery device was assembled by the sequence of air cathode and
Zn plate anode, and the circulation pump device was connected to the inlet and outlet of the
outer side of the battery mold. The circulating flow rate of the circulating pump was set at 10
mL min? to form a self-made rechargeable zinc-air battery (ZAB) device with a circulating
electrolyte. To prepare an air cathode, catalyst, conductive carbon black, and
polytetrafluoroethylene (PTFE) dispersion were added to 1 mL of ethanol in the ratio of 3:1:3
and sonicated for 30 min to get a uniformly dispersed catalyst slurry [S10]. Finally, the slurry
was evenly coated on the electrode composite matrix, the mass load of the catalyst is 2 mg cm’
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2 and then dried in an oven at 65 °C for 12 h for standby. For comparison, Pt/C+RuQ2 based
ZAB was prepared with Pt/C+RuO; catalyst (1 mg cm2) with the mass ratio of 1:1. The open-
circuit voltage and polarization curve of the rechargeable zinc-air battery was tested in CHI
760E electrochemical workstation OCP (open circuit potential) mode and LSV mode. The
assembled rechargeable ZAB chamber was filled with 6 M KOH solution through the
circulating pump and left to stand for 5 min. The test was carried out after the electrolyte is
completely soaked. During the polarization tests, the scan rate of 5 mV s** was maintained. The
cycling stability of the ZAB was tested by repeated discharging and charging for 10 min for
each segment, at a constant current of 2 mA cm™,

S6 Density Functional Theory Calculations

All DFT calculations are performed with the CASTEP module in Materials Studio [S11, S12].
within the Perdew—Burke—Ernzerhof (PBE) generalized gradient approximation (GGA) was
used for the DFT exchange-correlation energy, and a 550 eV kinetic energy cutoff was assigned
to the plane-wave basis set, and the ultra-soft pseudopotentials were used. A gamma-centered
5>5>5 k-mesh was used to optimize the structure until all residual forces decline below
0.02 eV A%, while a 5>6x1 k-mesh was adopted for electronic structure calculations. For free
energy calculations, the energy cutoff for plane wave expansions was set to 550 eV, and the
spin-polarized PBE exchange-correlation function, including the semi-empirical DFT-D
correction of the Grimme method that was applied for dispersion corrections, while the energy
and forces are converged to 110 eV and 0.02 eV/A, respectively. A vacuum space of 15 A
was applied. The self-consistent field (SCF) tolerance was 1x107° eV, and the Brillouin
zone was sampled using a 4>4x1 k-mesh using the Monkhorst-Pack scheme. The geometry is
optimized until all residual forces are less than 0.01 eV A% Initially, the models for DFT
calculations are constructed based on the characterization, analysis, and approximation of our
prepared catalysts. As for Co@C-CoNC, the Co-N4 SAC site was used as the structural model
based on the EXAFS fitting result. Additionally, to have a good comparison, we choose three
layers of Co atoms (9 atoms) on the carbon surface to construct Co@C three-layer model.
Similar models were used for all other catalysts such as Fe@C-FeNC and Cu@C-CuNC.

At first, we calculated the intermediates adsorption energies of ORR or OER intermediates by
the following approach based on previous reports [S13-S15],

AE,, =E(x0) — E(x) — (En,o — Eny) (S7)
AE.on = E(x OH) — E(x) = (E,0 — 5 En,) (S8)
AE.oon = E(x 00H) — E(x) = (2Ey,0 — > Ep) (S9)

For the conversion of the adsorption energy at zero temperature into the Gibbs free energy at
the ambient temperature and pressure, the entropy (AS) and zero-point energy corrections
(AZPE) to the adsorption energy together with the solvation correction were considered. Hence,
a solvation correction energy of -0.22 eV was used for AExoon and AExon, since molecules of
H-O can solvate *OOH and *OH moieties with hydrogen bond, while the hydrogen bond is
absent for *O [S13]. Therefore, the adsorption Gibbs free energies for each reaction can be
expressed as follows:

AG+o = AExo + (AZPE — TAS) (eV) (S10)
AG+oH = AExoH + (AZPE — TAS) — 0.22 (eV) (S11)
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AG+ooH = AE+0oH + (AZPE — TAS) — 0.22 (V) (S12)

The alkaline ORR reaction kinetics is generally accepted by the following process [S15, S16]:

Oa(g) + *— Oz* (S13)

O2* + H20(l) + &~ — OOH* + OH (S14)
OOH* + &~ — O* + OH" (S15)

O* + H20(l) + & — *OH + OH (S16)
OH* + ¢ — OH +* (S17)

Typically, a robust electrocatalyst should be capable to expedite ORR above the equilibrium
potential, however, it necessitates all four electron charge-transfer steps to have reaction free
energy of a similar magnitude at zero potential (i.e., 4.92 eV/4=1.23 e¢V) [S15]. This is equal
to all the reaction free energy being zero at the equilibrium potential, 1.23 V. So, the reaction
free energy of equations (S14-17) for the ORR can be calculated from the following equations
[S15]:

AG1 = AG+ooH — 4 <1.23 (eV) (S18)
AGz = AG+o + AG+ooH (S19)
AG3 = AG+oH + AG+o (S20)
AG4 = —-AG+oH (S21)

The rate-determining step (RDS) is the elementary reaction with minimum reaction free energy
that can be obtained by,

Norr = Min{AG1,AG2,AG3,AG4} — 1.23 eV (S22)
Supplementary Figures and Tables

CD-MOF and M-CD-MOF single crystals growth
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Scheme S1 a Schematic of single crystals growth via vapor diffusion method; b-e Photographs
of the CD-MOF crystals (scale bars ~ 1mm, the size of the crystals were around ~2.5-3.0 mm)
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Single crystal data:

Bare CD-MOF: Structure is Triclinic, CosH164Na20s>

Lattice parameters for CD-MOF is a=15.1513(5) b=16.8018(5) c=17.0695(6),
Unit-cell volume = 4262.9 A% and Space group: P1.

4=92.009(2) p=97.335(2) y=97.887(2);

Notably, numerous attempts were made to identify the single crystal XRD results/test for all
the metal-impregnated MOFs (i.e. M-CD-MOF, M = Co, Fe, or Cu). However, all the M-CD-
MOF crystals revealed weak diffraction patterns. Thus it was hard to solve the crystal structure.

g NN ;
R A i e AN

Fig. S3 a-c FE-SEM and TEM images of Cu-CD-MOF
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Fig. S4 XRD patterns of the CD-based MOFs and simulated pattern for CD
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Fig S5 TGA profile of the as-prepared CD-based MOFs
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Fig. S7 a-b FE-SEM, c-j TEM, and HR-TEM, k-l HAADF-STEM images of Fe@C-FeNC
catalyst at different areas with different magnifications. Microscopic images indicate the co-
existence of carbonaceous hybrids of porous graphitic carbon and carbon nanotubes, with
small-sized Fe/FesC nanoparticles in a-i, j showing the existence of graphitic and amorphous
phases in Fe@C-FeNC catalyst. The STEM images k-1 show the isolated Fe-SACs on the
hybrid carbonaceous matrix. m EDS mapping of Fe@C-FeNC catalyst
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Fig. S8 a-b FE-SEM, c-g TEM and HR-TEM, h-j HAADF-STEM images of Cu@C-CuNC
catalyst. Microscopic images indicate the co-existence of carbonaceous hybrids of porous
graphitic carbon and small-sized Cu/CuCsg nanoparticles in a-h. The STEM images i-j show the
isolated Cu-SACs on the N-C matrix. k EDS mapping of Cu@C-CuNC catalyst
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Fig. S9 EXAFS k space fitting curves of reference metal foils
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Fig. S10 EXAFS R space fitting curves of Co@C-CoNC, Fe@C-FeNC, and Cu@C-CuNC
catalysts
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Fig. S11 EXAFS wavelet transforms for Fe@C-FeNC catalyst and its corresponding
reference samples
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Fig. S12 EXAFS wavelet transforms for Cu@C-CuNC catalyst and its corresponding
reference samples

Table S1 EXAFS fitting parameters at the Fe, Cu, Co K-edge for various samples (5,2=0.70,
0.86,0.74)

Sample Shell N3 RAP | ®<10%(A?)° AE, (eV)¢ R factor
Co@C- Co-N 4.041.3 1.9140.01 | 3.420.1 -4.840.3
0.005
CoNC Co-Co 8.040.2 2.5040.01 | 5.440.6 8.541.1
_ Fe-Fe g* 2474001 | 4.840.9 6.641.3
Fe foil 0.002
Fe-Fe 6* 2.8540.01 | 6.14.7 5.242.6
Fe-N 3.040.5 1.9540.01 | 4.9#.5 -4.442 4
Fe@C- Fe-Fe 4.340.8 25140.01 | 10.3#.7 0.002
FeNC -14.94.2
Fe-Fe 5.640.9 3.3740.01 | 13.645
Cu foil Cu-Cu 12% 2544001 | 8.940.3 45405 0.002
gﬂﬁg Cu-N 5.440.9 1.9740.01 | 10.0#2.1 2247 0.011

aN: coordination numbers; °R: bond distance; °¢*: Debye-Waller factors; ¢ AEo: the inner
potential correction. R factor: goodness of fit.
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Fig. S13 The core-level XPS spectra of Co2p, and C1s for the Co@C-CoNC catalyst
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Fig. S14 The core-level XPS spectra of Fe2p, N1s, and C1s for the Fe@C-FeNC catalyst
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Fig. S15 The core-level XPS spectra of Cu2p, N1s, and C1s for the Cu@C-CuNC catalyst

Table S2 The chemical compositions of the prepared catalysts as determined by XPS

Nitrogen
0, 0,
Catalysts Carbon (wt%o) Metal (wt%o) (Wt9%)
Co@C-CoNC 92.38 2.44 5.18
Fe@C-FeNC 93.51 2.76 3.73
Cu@C-CuNC 92.72 1.45 5.83
0.0F
g-u.s--
E {
= 1.0+
2
S 151
o 1
S 20+
E 1
=
O 254
0.0 02 04 06 08 10

Potential (V vs. RHE)

Fig. S16 ORR polarization curves for the bare MDC and M-MDC (M= Co, Fe and Cu)
samples in 0.1 M KOH electrolyte
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Fig. S17 CV curves for Co@C-CoNC catalyst tested in 0.1 M KOH electrolyte
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Fig. S18 CV curves for Fe@C-FeNC catalyst tested in 0.1 M KOH electrolyte
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Fig. S19 CV curves for Cu@C-CuNC catalyst tested in 0.1 M KOH electrolyte
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Fig. S20 ORR LSV polarization curves for Co@C-CoNC after durability test in 0.1 M KOH
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Fig. S21 ORR LSV polarization curves for Fe@C-FeNC after durability test in 0.1 M KOH
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Fig. S22 ORR LSV polarization curves for Cu@C-CuNC after durability test in 0.1 M KOH

electrolyte
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Fig. S24 Methanol tolerance test (3.0 M methanol injected at ~300 s) for prepared catalysts in
comparison with benchmark Pt/C
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Fig. S25 Cyanide poisoning test on Co@C-CoNC and Fe@C-FeNC catalysts

S16/528

1000


http://springer.com/40820

Nano-Micro Letters

t ——PtC
——Co@C-CoNC
Fe@C-FeNC
Cu@C-CuNC

Current Density (mA cm™)

'
»
L
L)

02 04 0.6 0.8 1.0
Potential (V vs. RHE)

o
o

Fig. S26 ORR LSV curves of Co@C-CoNC, Fe@C-FeNC, Cu@C-CuNC, and Pt/C tested in
0.1 M HCIO4 electrolyte.

Table S3 Summarized electrocatalytic ORR performance of some previously reported robust
catalysts with the present work

ORR

Tafel value

Electrocatalyst Electrolyte (Evs: V vs. RHE) (MV dec) Refs.
Co@C-CoNC 0.1 M KOH 0.906 65 This work
Fe@C-FeNC 0.1 M KOH 0.917 64 This work
Cu@C-CuNC 0.1 M KOH 0.829 71 This work

Mg-N-C 0.1 M KOH 0.910 62 [S17]

Co SAs/3D GFs 0.1 M KOH 0.901 71 [S18]

Fe-N-C 0.1 M KOH 0.846 - [S19]
Fe2-N-C 0.1 M KOH 0.905 83 [S20]
Fe—N-C (900) 0.1 M KOH 0.927 71.8 [S21]
Fel/d-CN 0.1 M KOH 0.950 54 [S22]
Co-SAs/SNPs@NC 0.1 M KOH 0.898 65 [S23]
Cue.81—COFS 0.1 M KOH 0.800 88 [S24]
Co@IC/MoC@PC 0.1 M KOH 0.875 78 [S25]
Cu-N-C 0.1 M KOH 0.850 37 [S26]

FeCo SAs@Co/N-GC 0.1 M KOH 0.880 49.1 [S27]
MCN 0.1 M KOH 0.800 59 [S28]

Fe SA-NSC-900 0.1 M KOH 0.860 59 [S29]
Fe-N-HMCTs 0.1 M KOH 0.872 89 [S30]
FeSAC-N-C 0.1 M KOH 0.870 60 [S31]

PNGF 0.1 M KOH 0.845 — [S32]
Mno.s(FEO.Cswng)o.s/MW 0.1 M KOH 0.841 o [533]
NCN-1000-5 0.1 M KOH 0.830 86 [S34]
W>N/WC 0.1 M KOH 0.810 58.13 [S35]
FesC-Co/NC 0.1 M KOH 0.885 — [S36]
Co/CNFs (1000) 0.1 M KOH 0.896 73 [S37]
CosP/CoN-in-NCNTs 0.1 M KOH 0.850 49 [S38]
Mo-CN/C@MoS; 0.1 M KOH 0.810 — [S39]
Zn/CoNC 0.1 M KOH 0.861 67 [S40]
Ni-NHGF 0.1 M KOH 0.820 — [S5]
Meso-CoNC@GF 0.1 M KOH 0.870 75.7 [S41]
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Table S4 Summarized electrocatalytic OER performance of some previously reported robust
catalysts with the present work

Electrocatalyst Electrolyte (Eno: 8 I\Ellj RHE) -{r?]f\sl a/:lcl_lf;z Refs.
Co@C-CoNC 0.1 M KOH 1.638 73 This work
Fe@C-FeNC 0.1 M KOH 1.748 151 This work
MCN 0.1 M KOH 1.650 69 [S28]
NCN-1000-5 0.1 M KOH 1.640 146 [S34]
FesC-Co/NC 0.1 M KOH 1.601 — [S36]
Co/CNFs (1000) 1.0 M KOH 1.640 79 [S37]
Co2P/CoN-in-NCNTs 0.1 M KOH 1.650 - [S38]
NiFe204(QDs)/CNTs 0.1 M KOH 1.680 [S42]
Meso-CoNC@GF 0.1 M KOH 1.660 201.3 [S41]
Co-NC@AI,03 0.1 M KOH 1.647 47.8 [S43]
Mo-N/C@MoS; 0.1 M KOH 1.620 72 [S39]
Fe—Nx—C 0.1 M KOH 1.830 243 [S44]
NigsFess-NC 0.1 M KOH 1.699 120 [S45]
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Fig. S27 OER polarization curves for the bare MDC and M-MDC (M= Co, Fe, and Cu) samples
in 0.1 M KOH electrolyte
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Fig. S28 OER polarization curves for Co@C-CoNC catalyst after durability test in 0.1 M
KOH electrolyte
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Fig. S29 The core-level XPS spectra of Co2p, N1s, and C1s for Co@C-CoNC (before and

after the durability test)
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Fig. S30 The core-level XPS spectra of Fe2p, N1s, and C1s for Fe@C-FeNC (before and after

the durability test)
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Fig. S31 The core-level XPS spectra of Cu2p, N1s, and C1s for Cu@C-CuNC (before and
after the durability test)

Table S5 The chemical compositions of catalysts after the durability test

Catalysts Carbon (wt%) Metal (wt%%o) Nitrogen (wt%o)
Co@C-CoNC 93.50 2.16 4.34
Fe@C-FeNC 94.15 2.54 3.31
Cu@C-CuNC 93.15 1.30 5.55

Table S6 Summarized bi-functional electrocatalytic performance of some previously reported

robust catalysts with the present study

Tafel value
ORR OER AE "

Electrocatalyst (Evz; VVs.RHE)  (ExoVVs. RHE)  (Esto- Ex) = F(:;V desD I)ER Refs.
Co@C-CoNC 0.906 1.638 0.732 65 73 This
work
Fe@C-FeNC 0.917 1.748 0.831 64 151 Vu)‘fk
Cuss1-COFS 0.800 1.540 0.740 _ 88  [S24]
Ni—N4/GHSs/Fe—Nq 0.830 1.620 0.790 55 81  [S46]
Co-N,B-CSs 0.830 1.660 0.830 64 — [s47]
FeNy-PNC 0.860 1.635 0.775 _ 80  [S48]
NisFesa-NC 0.850 1.699 0.849 107 120 [S45]
Fe-Ny—C 0.910 1.830 0.920 69 243 [S44]
Co-N-PDEB 0.840 1.920 1.080 _ 153 [S49]
Mn/Co-N—C 0.800 1.660 0.860 77 145  [S50]
CON4/NG 0.870 1.610 0.740 70 — [s51]
Ni[MnO/CNF 0.826 1.589 0.763 — 715 [S52]
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Na2CoPO4F 0.792 1.647 0.855 105 —  [S53]
MCN 0.800 1.650 0.850 59 69 [S28]
CosN/CNWI/CC 0.800 1.540 0.740 — 81 [S54]
PNGF 0.845 1.550 0.705 — —  [S37]

M no,5(Feo,3N io,7)o,5/|\/|
WCNT 0.840 1.570 0.730 — — [S33]
NCN-1000-5 0.830 1.640 0.810 86 146 [S34]
Meso-CoNC@GF 0.870 1.660 0.790 75.7 201.3 [S41]
W_N/WC 0.810 1.550 0.740 58.13 9450 [S35]
Co2P/CoN-in-NCNTs 0.850 1.650 0.800 49 - [S38]
Mo-N/C@MoS; 0.810 1.620 0.810 — 72 [S39]
Ni-NHGF 0.820 1.580 0.760 — 63 [S5]
NiFe;04(QDs)/CNTs 0.780 1.680 0.900 50 — [S42]
NiCo/NLG®@\270 0.820 1.570 0.750 — — [S55]
FesC-Co/NC 0.885 1.601 0.712 — — [S36]

Table S7 Comparison of rechargeable ZAB performance of the present study with previously
reported robust catalysts used for ZABs

Power density

Catalyst Electrolyte mW cm?2 Refs.
Co@C-CoNC 6 M KOH 162.80 This work
CoNi-SAs/NC 6 M KOH 101.40 [S56]

Co/Co-N-C 6 M KOH 132.00 [S57]
Co/CNFs (1000) 18 M KOH 130.00 [S37]
Meso-CoNC@GF 6 M KOH 154.40 [S41]

Co-NC@AI03 11.25 M KOH 72.40 [S43]
Pt-SCFP/C-12 6 M KOH 122.00 [S58]

Pd/FeCo 6 M KOH 117.00 [S59]

Fe-Nx—C 6 M KOH 96.40 [S44]
NiCo/NLG-270 6 M KOH 103.00 [S55]

Cue.81—COFS 6 M KOH 100.00 [S24]

Fel/d-CN 6 M KOH 78.00 [S22]
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Fig. S32 Atomic models with charge density difference plots for a Fe@C, b Fe SAC (i.e., Fe—
N3), and ¢ Fe NP and adjacent to Fe SACs in Fe@C- FeNC, whereas yellow and blue region
represents electron accumulation and depleted regions respectively. d-f Free energy diagrams
for ORR and OER, while the black line represents Fe NP in bare Fe@C, red lines represent Fe
SAC in Fe-Ns, blue and magenta lines represent the Fe NP and adjacent to Fe SACs in Fe@C-
FeNC respectively. g-f Total and projected electron density of states (on d orbitals of Fe) for
bare Fe@C, Fe SAC, and Fe@C-FeNC catalysts
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Fig. S33 Atomic models with charge density difference plots for a Cu@C, b Cu SAC (i.e., Cu-
Ns), and ¢ Cu NP and adjacent to Cu SACs in Cu@C-CuNC, whereas yellow and blue region
represents electron accumulation and depleted regions respectively. d-f Free energy diagrams
for ORR and OER, while the black line represents Cu NP in bare Cu@C, red lines represent Cu
SAC in Cu-Ns, blue and magenta lines represent the Cu NP and adjacent to Cu SACs in Cu@C-
CuNC respectively. g-f Total and projected electron density of states (on d orbitals of Cu) for
bare Cu@C, Cu SAC, and Cu@C-CuNC catalysts
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