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Material characterization

X-ray powder diffraction for FeMo/NC and control catalysts was available from the
Shimadzu 6000. Surface micromorphology and elemental distribution of FeMo/NC were
monitored by JEM-2100 aberration-corrected transmission electron microscope and Talos
F200s G2. The surface chemical state and elemental composition of FeMo/NC and Fe/NC
were characterized by Thermo ESCALAB 250 X-ray photoelectron spectrometer. The X-ray
absorption fine structure (XAFS) spectra at the Fe K-edge and Mo K-edge were recorded at

the BL11B beamline of Shanghai Synchrotron Radiation Facility (SSRF).
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Electrochemical evaluation

The ORR/OER properties of different materials in alkaline electrolytes were examined
on a CHI 760E electrochemical workstation with a standard three-electrode system. In ORR,
the three-electrode system involves glassy-carbon coated with the catalyst (WE), Pt electrode
(CE) and saturated calomel electrode (RE). Firstly, cyclic voltammetry (CV) tests were
conducted in O,/N,-saturated 0.1 M KOH media to bring the catalyst to a steady state. Then,
linear sweep voltammetry (LSV) tests were performed using the rotating disk electrode
(RDE) system in O,/N,-saturated 0.1 M KOH at different speeds (400-2025 rpm) to
determine the ORR performance. Additionally, LSV tests were conducted using the rotating
ring-disk electrode (RRDE) system at 1600 rpm to evaluate the ORR performance. Lastly, the
tolerance (methanol, CO and KSCN) and durability of FeMo/NC were evaluated in O,-
saturated 0.1 M KOH medium (1600 rpm). For the OER, the three-electrode system consists
of a graphite plate loaded with the catalyst (WE), a platinum sheet (CE) and SCE (RE). First,
the catalyst was brought to a steady state using electrochemical CV testing. Then, the OER
performance was examined by LSV measurement. Finally, the long-term stability of the
catalyst was evaluated by chronoamperometry. Test potentials in all experimental curves were
transformed according to Eryg = Escg + 0.241 + 0.059 x pH, with pH = 13 in ORR and pH =

14 in OER.

Zn-air battery test
The performance of the assembled rechargeable and flexible zinc-air batteries was

estimated by the CT3002A LANHE battery test system. In this case, the air cathode and
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anode were modified carbon paper coated with the catalyst and zinc plate, respectively, and a
mixture of 6 M KOH and 0.2 M Zn(OAc), or PVA gel containing KOH and Zn(OAc), was
used as the electrolyte. The CHI 760E electrochemical workstation measured open circuit
voltage (OCV) and discharge polarization curves. The CT3002A LANHE battery test system
tested voltage plateaus at different current densities, specific capacity and charge/discharge

cycle stability.

DFT methods

All the density functional theory (DFT) calculations were carried out using Vienna ab
initio simulation package (VASP), and the spin polarization effect was considered'. The
projector—augmented wave (PAW) method was adopted to describe the interaction between
valence electrons and ionic cores?, while the exchange—correlation effect treated using the
Perdew—Burke—Ernzerhof (PBE) functional within the generalized gradient approximation
(GGA)3. The van der Waals effects were accounted for using the DFT-D3 correction scheme?.
Aplane—wave basis set with a cutoff energy of 400 eV was applied. The convergence criteria
were set to 10 eV for the total energy and 0.03 eV/A for the Hellmann—Feynman forces. To
study the ORR and OER mechanisms, a rectangular graphene supercell was built, with both
surface lattice constants larger than 17 A to ensure sufficient separation. A vacuum layer of
15 A was added along the z—direction to eliminate interlayer interactions. For such supercell,
a Monkhorst-Pack i—point mesh of 2x2x1 was used for structural relaxation, and a denser
5x5x1 grid was employed for the calculation of densities of states (DOS)>.

The computational hydrogen electrode (CHE) model was adopted to study the reaction



thermodynamics of ORR and OERS. The reaction free energy for each elementary step was
calculated following AG = AE + AEzpg — TAS. Here, AE is the calculated reaction energy
from DFT total energies, AEzpg 1s the zero—point energy correction, and 7AS (with 7= 298.15
K) represents the entropic contribution. AEzpg and TAS for the adsorbed intermediates and the
free molecules were derived from vibrational frequency calculations and the NIST database,
respectively’. Solvation effects were accounted for using the VASPsol implicit solvation
model®. Herein, the electrode potential effect was included by optimizing both the coordinates
and electron numbers of the systems at the desired applied potential vs. standard hydrogen
electrode (SHE)® 0. The relationship between the electrode potentials versus SHE and the

reversible hydrogen electrode (RHE) was established by: eUrpg = eUsyg + kgT < pH % In10'!,

According to the experimental results, we considered alkaline conditions (pH = 13 for

ORR and pH = 14 for OER). The 4—electron ORR pathway proceeds as follows!?:

*+ 0,(g) + HO() + e — *OOH + OH~ (1)
*OOH + ¢~ — *O + OH- @)

*0 + HyO(l) + e~ — *OH+ OH- 3)
*OH+e — OH + * 4)

The reaction free energy of the above four elementary steps at electrode potential Ugyg can be

calculated by:
AG, = AG+oop —4.92 + eUrye (5)
AGy = AG+o — AGxoon t+ €Urng (6)
AG. = AG+oy — AGxo + eUrpp (7
AG4=-AGxoy t eUrng (8)
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Here, AG+oon, AG+o, and AG+oy denote the adsorption free energies of *OOH, *O, and *OH,

respectively, and are calculated by referring to the free energy of H,O and Hj:

AG+oon = Groon — (2Gm0 — 3/2Gh) — G+ (9)
AG*O = G*O - (GHZO - GHZ) - G* (10)
AG*OH = G*OH - (GHZO - 1/2GH2) - G* (1 1)

Note the OER can be considered as the reverse reaction of the ORR. Moreover, under
electrochemical operating conditions, the catalyst’s active sites are often pre-covered by *OH
and *O species formed during water oxidation. This pre-adsorption is explicitly incorporated

within the CHE formalism!3: 14,

Kinetic current density (jy)
The kinetic current density (jx), represents the intrinsic activity of the catalyst, which
reflects the intrinsic reaction rate per unit area of the catalyst surface after excluding mass

transfer limitations such as oxygen diffusion.

~.| =

1 1
=—+ =
Je L (12)

Where j is the experimentally measured total current density, ji is the diffusion-limited

current density.

The electron transfer number (n)

The electron transfer number (n) can be estimated in conjunction with the RDE tests at

different rotational speeds (400-2025 rpm) based on the Koutechy-Levich (K-L) equation!®.

1 1 1
- =+t —
] Jk

Ba)/2

(13)



“ep s
B =0.62nFC,v D, (14)
In the formula, j and j respectively represent the measured and kinetic current densities (mA
cm™2). o refers to the angular velocity. n is the electron transfer number of the ORR. F is the
faraday constant (96500 C mol™"). Cy and D, are the bulk concentration (1.2x10~3 mol L)

and diffusion coefficient (1.9x107 cm? s7!) of O, in 0.1 M KOH. v is the dynamic viscosity

(0.01 cm? s7h).

H,0; yield (%) and electron transfer number (n)
The H,0O,; yield and n can be calculated form the data collected from the RRDE test
using the following equation, thereby determining the two-electron or four-electron transfer

ORR pathwayS.

IT
H,0,(%) = 200 X
I +Ir/
d N (15)
Id
n=4><—1
]
fa * /N (16)

In which, /4 and /; represent the disk current and the ring current, respectively. N refers to the

collection efficiency of the ring electrode, with a specific value of 0.25.

Power density
The power density can be used to evaluate the ability of a battery to provide electrical

energy'’.

P=UXI (17)



In this equation, P refers to the power density (mW cm2), U is the discharge voltage (V), I is
the discharge current density (mA cm™2).
Specific capacity

The specific capacitance can be used to measure the efficiency of a battery by the

amount of electricity released per unit time of the battery!3.

s ) -1 discharge current X time
Specific capacity (mAh gZin= ") =

Mass of Zn plate consumed (18)
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Fig. S1. XRD patterns of (a) simulated ZIF-8, ZIF-8, FeZn-ZIF-8, and (b) 2H-Graphite, NC,

Mo/NC, Fe/NC and FeMo/NC.
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Fig. S2. EDS mapping image of FeMo/NC.
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Fig. S3. (a) Full range XPS survey spectrum of FeMo/NC and Fe/NC. (b) High-resolution
XPS spectrum of (b) Fe 2p for FeMo/NC and Fe/NC, (c) Mo 3d for FeMo/NC and (d) N 1s

for FeMo/NC and Fe/NC.
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Fig. S4. The ORR performance of FeMo/NC-x (x = 0.005, 0.01 and 0.02) in 0.1 M KOH. (a)

LSV curves, (b) Tafel slopes, (c) Nyquist plots and (d) Double-layer capacitance (Cy)).
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Fig. S5. Cyclic voltammograms (CV) at 10-100 mV s! in non-Faradaic potential window of

(a) FeMo/NC-0.005, (b) FeMo/NC-0.01 and (¢) FeMo/NC-0.02.
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Fig. S6. CV curves of FeMo/NC, Fe/NC, Mo/NC and Pt/C in O, and N,-saturated 0.1 M

KOH solution.
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Fig. S7. Electrochemical double-layer capacitance of FeMo/NC, FE/NC, Mo/NC and Pt/C.
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Fig. S8. Fuel crossover effect test of FeMo/NC and Pt/C.
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Fig. S9. LSV polarization curves without and with 10 mM KSCN of FeMo/NC and Pt/C.
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Fig. S10. The OER performance of FeMo/NC-x (x = 0.005, 0.01 and 0.02) in 1.0 M KOH. (a)

LSV curves, (b) Tafel slopes, (c) Nyquist plots and (d) Double-layer capacitance (Cy)).

12



ao3 b s C 1.2

& FeMo/NC-0.005 & FeMo/NC-0.01 & FeMo/NC-0.02

£02 £ 4 £ o8

< < <

E 041 £ 2 E 04

2 20 2

» 0.0 B % 0.0

c c c

[ o -2 [

3-0.1 T 3'0-4

§ 0.2 10-100 mV 5_1 E -4 10-100 mV 5_1 § 08 10-100 mV 5—1
S 5 S

© 1.04 1.06 1.08 1.10 1.12 1.14 © 1.04 1.06 1.08 1.10 1.12 1.14 © 1.04 1.06 1.08 1.10 1.12 1.14

Potential (V vs. RHE) Potential (V vs.RHE) Potential (V vs.RHE)

Fig. S11. Cyclic voltammograms (CV) at 10-100 mV s~! in non-Faradaic potential window of

(a) FeMo/NC-0.005, (b) FeMo/NC-0.01 and (c) FeMo/NC-0.02.
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Fig. S12. Electrochemical OER performance of FeMo/NC, Fe/NC, Mo/NC and RuO,. (a)
Tafel slope. (b) Nyquist plots. (¢) Electrochemical double-layer capacitance. (d) Arrhenius

plots of kinetics current.
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Fig. S13. The potential difference (AE) values of FeMo/NC, Fe/NC, Mo/NC and Pt/C.

0.91 Vvs. R 1.58 V vs. !

Fe K-edge

Mo K-edge Mo K-edge
5 10

k(A™) K (A™)

Fig. S14. Fe and Mo K-edge WT-EXAFS spectra for FeMo/NC (a-b) at OCP, (c-d) 0.91V vs.

RHE and (e-f) 1.58 V vs. RHE.
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Fig. S15. In situ Raman spectra of FeMo/NC for (a) ORR and (b) OER.
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Fig. S16. Stability and atomic structures of FeMo/NC with adsorbed OH and O species under ORR

operating conditions.
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Fig. S17. Stability and atomic structures of FeMo/NC with adsorbed OH and O species under OER

operating conditions.
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Fig. S18. Energy efficiency and voltage gap of FeMo/NC-based LZAB at the beginning,

middle, and end of stability testing.

FeMo/NC
Fe/NC

N

Voltage (V)
o

-
o

@ 20 mA cm™

15 30 45 60
Time (h)

I
2

Fig. S19. Stability tests of FeMo/NC-based LZAB and Fe/NC-based LZAB at 20 mA cm™2.
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Table S1. Curve fit parameters of Fe K edge and Mo edge EXAFS for FeMo/NC

Sample? Path R/A¢ NP o2 (10A2)d AEy/eV R-factor
Fe-N 1.980+0.016 3.80+0.18 0.005 9.60+1.45 0.004
Fe-Mo 3.698+0.015 1.00+0.13 0.007 9.50+1.60 0.004
FeMo/NC
Mo-N 2.100+0.012 4.20+0.20 0.007 9.40+1.55 0.003
Mo-Fe 3.704+0.017 1.20+0.17 0.008 9.55+1.58 0.003

aS,% was fixed as 0.9. PN is the coordination number. ¢ R is the distance between absorber and

backscatter atoms. ¢ 62 is the Debye-Waller factor. R-factor is residual factor.
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Table S2. Comparison of the ORR performance of DACs in 0.1 M KOH

Catalysts Eis (V) Tafel (mV dec™) References

FeMo/NC 0.91 53.8 This work
FeN,B-NiN,B 0.9 61 19
Fe,(@P-HC 0.89V 97 20
FeCu-NC 0.882 74 2
(Zn, Cu)-NC 0.88 87.1 2
Fe-Co-NC 0.88 54.8 2
NiN,—Fes—FeN4,@PCF 0.878 95.9 1
FeNi-NPC-1000 0.877 69.11 25
Co, Fe-DACs/NCs@PCF 0.871 75 26
Co,-DAs@CHNSs 0.87 80 27
HP/FeCo-NC-2 0.865 95.27 23
FeN;-CuN; 0.85 120.7 2
FeMn/NC 0.85 65 30
Fe-NiNC-50 0.84 55 3
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Table S3. Comparison of bifunctional properties of DACs in alkaline electrolytes

Evp Ej-10 AE
Catalysts Reference
(Vvs.RHE) (Vvs.RHE) (Vvs.RHE)
0.91 1.58
FeMo/NC 0.67 This work
(0.1 MKOH) (1.0 M KOH)
0.94 1.61
NCAG/Fe-Cu 0.67 32
(0.1 MKOH) (1.0 M KOH)
0.921 1.60
Fe,Ng-S 0.679 33
(0.1 MKOH) (1.0 M KOH)
0.897 1.59
CoFe—N—C 0.693 34
(0.1 MKOH) (1.0 M KOH)
0.924 1.617
FeMn-N/S-C 0.693 33
(0.1 MKOH) (0.1 M KOH)
0.86 1.563
Co,-N-HCS-900 0.703 36
(0.1 MKOH) (1.0 M KOH)
0.85 1.558
FeCu-NC 0.708 2
(0.1 MKOH) (1.0 M KOH)
0.871 1.588
Co, Fe-DACs/NCs@PCF 0.717 26
(0.1 MKOH) (0.1 M KOH)
0.90 1.618
FeN,B-NiN,B 0.718 19
(0.1 MKOH) (0.1 M KOH)
Fe-NiNC-50 0.84 1.57 0.73 31
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NiN,—Fes—FeN,@PCF

CoNi-SAs/NC

Fe/Ni-DA-CNFs

(0.1 MKOH) (1.0 M KOH)
0.878 1.626
(0.1 MKOH) (0.1 M KOH)
0.76 1.57
(0.1 MKOH) (1.0 M KOH)
0.79 1.67

(0.1 MKOH) (0.1 M KOH)

0.748

0.81

0.88

24

37

38
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Table S4. Curve fit parameters of Fe K-edge and Mo K-edge EXAFS for FeMo/NC at OCP,

0.91 V vs. RHE and 1.58 V vs. RHE

o2

Sample? Path R/A¢ NP AEy/eV R-factor
(10-3A2)d
Fe-N 2.020+0.015  3.90+0.14 0.006 9.95+1.34 0.003
Fe-O 2.587+0.018  0.90+0.12 0.007 9.85+1.45 0.004
Fe-Mo  3-713£0.017 1 10+0.15 0.007 9.78+1.20 0.004
OCP
Mo-N  7132+0.014  4.30+0.18 0.006 9.54+1.31 0.003
Mo-O  7882+0.012  0.90+0.19 0.006 9.82+1.30 0.003
Mo-Fe 372740010  1.3+0.10 0.007 9.71+1.25 0.002
Fe-N 1.994£0.018  4.00+0.11 0.007 9.20+1.33 0.002
Fe-O 2.550+0.016  0.90+0.20 0.007 9.76+1.27 0.002
091 Vvs. Fe-Mo  3.693:0.014  1.10£0.23 0.008 9.80+1.23 0.004
RHE Mo-N  5105+0.012  4.30+0.21 0.007 9.65+1.28 0.004
Mo-O 2.887+0.010  1.10+0.25 0.007 9.40+1.25 0.004
Mo-Fe 371240008  1.34+0.16 0.006 9.27+1.20 0.003
Fe-N 1.967+0.016  4.10+0.26 0.007 9.45+1.32 0.002
1.58 V vs.
; 2.517+0.01 1.00+0.22 . 20412 002
RHE Fe-O 517+0.013 0020 0.007 9.20+1.25 0.00
Fe-Mo  3.695+0.014  1.20+0.19 0.008 9.75+1.40 0.003
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Mo-N 1.975+0.010  4.40+0.15 0.007 9.70+1.28 0.004

Mo-O 2.751+0.008 1.20+0.20 0.007 9.55+1.30 0.004

Mo-Fe  3693+0.016  1.30+0.17 0.006 9.40+1.35 0.003

aS,% was fixed as 0.9. PN is the coordination number. ¢ R is the distance between absorber and

backscatter atoms. ¢ 62 is the Debye-Waller factor. R-factor is residual factor.
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Table SS. Comparison of the performance of DACs-based ZABs

Open-circuit Peak power Specific
Catalysts voltage density capacity References
\2) (mW cm2) (mAh gz, 1)

FeMo/CN 1.54 182 825.7 This work
FeCu-NC 1.52 108.5 718.2 29
CoNi-SAs/NC 1.45 101.4 750.9 37
Fe-O,-Fe 1.56 178 819 3
FeMn/NC 1.464 129 821.5 30
Co,-DAs@CHNSs 1.47 130.52 787.14 27
(Zn, Cu)-NC 1.50 163.8 785.7 2
FeN4-NiNy 1.498 236.9 771.7 19
Co0,-N-HCS-900 1.45 188.2 754.2 36
NiNs—Fes—FeN,@PCF 1.58 N/A 781.8 24
CoFe—-N—-C 1.49 142.1 N/A 34
Fe—NiNC-50 1.41 220 752.14 31
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