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Fig. S1 Schematic illustration of the preparation of JDAC
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[bookmark: _Hlk170747445]Fig. S2 TEM images of (a, b) Fe-C4N, (c, d) Ni-C4N
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[bookmark: _Hlk170747362]Fig. S3 SEM images of JDAC in-situ grown on carbon paper (a) Scale bar: 100 μm, (b) 5 μm
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Fig. S4 FT-IR spectra of precursors, C4N and JDAC
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Fig. S5 Solid-state 13C NMR spectrum of JDAC and C4N
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Fig. S6 XPS spectra of JDAC, Fe-C4N, Ni-C4N, and C4N
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Fig. S7 High-resolution XPS spectra of JDAC regarding (a) C 1s, (b) N 1s, (c) Ni 2p, and (d) Fe 2p
Note: The peaks of the configurations in JDAC are located at C=N (288.3 eV), C-N (285.5 eV), C-C (284.6 eV), metal-N (400.0 eV), pyrazine N (398.8 eV), Ni 2p1/2 (873.5 eV), Ni 2p3/2 (855.6 eV), Fe 2p1/2 (723.9 eV) and Fe 2p3/2 (710.2 eV), respectively.
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Fig. S8 High-resolution XPS spectra of Ni-C4N regarding (a) C 1s, (b) N 1s, and (c) Ni 2p
Note: The peaks of the configurations in Ni-C4N are located at C=N (288.2 eV), C-N (285.5 eV), C-C (284.6 eV), metal-N (400.0 eV), pyrazine N (398.8 eV), Ni 2p1/2 (873.5 eV), and Ni 2p3/2 (855.8 eV), respectively.
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Fig. S9 High-resolution XPS spectra of Fe-C4N regarding (a) C 1s, (b) N 1s, and (c) Fe 2p
Note: The peaks of the configurations in Fe-C4N are located at C=N (288.3 eV), C-N (285.5 eV), C-C (284.6 eV), metal-N (400.0 eV), pyrazine N (398.8 eV), Fe 2p1/2 (723.9 eV) and Fe 2p3/2 (710.5 eV), respectively.
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Fig. S10 High-resolution XPS spectra of C4N regarding (a) C 1s and (b) N 1s
Note: The peaks of the configurations in C4N are located at C-N (285.5 eV), C-C (284.6 eV), residual -NH2 groups (399.9 eV), pyrazine N (398.8 eV), respectively.
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Fig. S11 High resolution XPS survey of (a) Fe 2p in JDAC and Fe-C4N, (b) Ni 2p in JDAC and Ni-C4N
Note: The peaks positions of Fe 2p in JDAC shows a negative shift from 724.1 eV to 723.4 eV, and from 710.8 eV to 710.7 eV compared to Fe-C4N. The peaks positions of Ni 2p in JDAC also shows a negative shift from 873.5 eV to 873.4 eV, and 855.9 eV to 855.8 eV compared to Ni-C4N. 
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Fig. S12 XRD patterns of JDAC and C4N
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Fig. S13 (a) Nitrogen adsorption isotherms measured at 77 K of JDAC. (b) BJH (desorption) pore volume and pore size logarithm curve (inset: pore size distribution) and (c) differential integral pore volume pore size distribution by NLDFT of JDAC
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Fig. S14 (a) Nitrogen adsorption isotherms measured at 77 K of Fe-C4N. (b) BJH (desorption) pore volume and pore size logarithm curve (inset: pore size distribution), and (c) differential integral pore volume pore size distribution by NLDFT of Fe-C4N
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Fig. S15 (a) Nitrogen adsorption isotherms measured at 77 K of Ni-C4N. (b) BJH (desorption) pore volume and pore size logarithm curve (inset: pore size distribution), and (c) differential integral pore volume pore size distribution by NLDFT of Ni-C4N
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Fig. S16 (a) XANES spectra of Ni k-edge. (b) Fourier transformation-EXAFS of Ni. (c) EXAFS fitting curves of Ni
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Fig. S17 Wavelet transform -EXAFS of Fe k-edge in (a) JDAC, (b) FePc,and (c) Fe foil
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Fig. S18 Wavelet transform -EXAFS of Ni k-edge in (a) JDAC, (b) NiPc, and (c) Ni foil
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Fig. S19 UV-Vis absorption spectrum of JDAC, Fe-C4N, Ni-C4N and C4N
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Fig. S20 Femtosecond transient absorption spectroscopy (fs-TAS) of C4N
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Fig. S21 Mott-Schottky plots of CscL-2 vs. E of (a) Fe-C4N, (b) Ni-C4N, and (c) C4N
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Fig. 22 Comparison of the photocurrent of JDAC, Fe-C4N, Ni-C4N, and C4N
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Fig. S23 Linear sweep voltammograms of JDAC, Ni-C4N, Fe-C4N and C4N with and without visible light
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Fig. S24 Tafel slopes for oxygen reduction reaction (ORR)
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Fig. S25 Linear sweep voltammograms curves of JDAC at 100 rpm, 400 rpm, 900 rpm and 1600 rpm under 420 cutoff visible light illumination
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Fig. S26 Koutecký-Levich plots of JDAC
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Fig. S27 Rotating ring disk electrode measurements of JDAC under visible light illumination
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Fig. S28 Stability measurement of JDAC in 0.1 M KOH solution with saturated O2 and under a bias voltage of 0.5 V (vs. RHE)


[image: ]
Fig. S29 XPS spectra of JDAC before and after cycling tests
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Fig. S30 High-resolution XPS spectra of (a) Fe 2p, (b) Ni 2p, and (c) N 1s of JDAC before and after cycling tests
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Fig. S31 Comparison of the FESEM images of JDAC on carbon paper a) before and b) after stability measurements at 10 mA cm-2 for 1000 cycles
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Fig. S32 Comparison of the XRD spectra of JDAC before and after stability measurements at 10 mA cm-2 for 1000 cycles
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Fig. S33 The digital photograph of the setup for in-situ Raman spectroscopy measurement
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Fig. S34 In-situ XANES with or without visible-light illumination of (a) Fe k-edge in stimulated OER environment with H2O and (b) Ni k-edge in stimulated ORR environment with O2
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Fig. S35 Calculated Gibbs free energy diagram of ORR

 
Fig. S36 Free energy diagrams for ORR of JDAC without bias voltage
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Fig. S37 Free energy diagrams for ORR of (a) Fe-C4N, and (b) Ni-C4N
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Fig. S38 The reaction pathways of JDAC for OER. Blue, red, white, and grey balls are Ni, Fe, N, and C atoms, respectively
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Fig. S39 The reaction pathways of JDAC for ORR. Blue, red, white, and grey balls are Ni, Fe, N, and C atoms, respectively
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Fig. S40 (a) Galvanostatic discharge and (b) galvanostatic charge curves of RZAB at different current densities under AM 1.5 G illumination
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Fig. S41 Comparison of galvanostatic charge/discharge curves of RZAB under AM 1.5 G illumination
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Fig. S42 Galvanostatic discharge-charge cycling curves with/without AM 1.5 G illumination 10 mA cm-2
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Fig. S43 Galvanostatic discharge-charge cycling curves under AM 1.5 G at 50 mA cm-2
Table S1 Elemental percentage for the catalysts based on the ICP-AES test
	Sample
	Fe (wt%)
	Ni (wt%)

	JDAC
	7.96
	6.52


Table S2 Parameters of EXAFS fittings for the catalysts
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Table S3 Electrocatalysis performances of photo-assisted bifunctional oxygen catalysis
	Bifunctional air cathode
	Light source
	Overpotential
	Onset potential
	ΔE
	Ref

	JDAC
	visible light
	170
	1.031
	0.62
	This work

	CZ
	
	410
	0.8
	0.84
	[S1]

	CaFeRuO6 (CFR)
	visible light
	400
	0.9
	0.85
	[S2]

	CoFe2O4-N,S-C
	300W Xe lamp
	410
	0.92
	0.8
	[S3]

	ZnO/Cu2O (ZnO/CuO)
	visible light
	-
	0.9
	-
	[S4]

	TiO2@In2Se3@Ag3PO4
	365 nm
	-510
	1.32
	-0.6
	[S5]

	polytrithiophene (pTTh)
	365 nm
	N.A.
	1.4
	-
	[S6]

	MnCo2O4
	visible light
	~310
	0.87
	-
	[S7]

	NG/CCN
	visible light
	300
	0.77
	0.76
	[S8]

	pTTh
	visible light
	760
	0.91
	1.16
	[S9]

	Ni12P5@NCNT
	AM 1.5G
	360
	0.9
	-
	[S10]

	C4N@TiO2NR
	395 nm
	~140
	-
	-
	[S11]

	C4N
	
	N.A.
	0.8
	-
	[S12]

	FeNi-S,N-HCS
	　
	380
	-
	0.79
	[S13]


Tabel S4 Fitting parameters of the near-edge simulated spectra of Fe and Ni
	Element
	Radius
	Ecent
	Elarg
	Gamma_max
	Gamma_hole
	E_Cut

	Fe
	4
	15
	20
	4
	5
	1.5

	Ni
	6.5
	10
	3.18
	6.95
	3
	1.5


Table S5 Performance comparison of photo-assisted liquid RZABs
	Bifunctional air cathode
	Current (mA cm-2 )
	Charge Voltage (V)
	Discharge Voltage (V)
	Voltage Gap (V)
	Stability
	Refs

	JDAC
	1
	1.81
	1.21
	0.60
	
	This work

	
	5
	1.88
	1.09
	0.79
	
	

	
	10
	1.91
	0.99
	0.92
	6000 cycles
	

	
	20
	1.95
	0.83
	1.12
	1688 cycles
	

	
	50
	2.03
	0.67
	1.36
	338 cycles
	

	CZ
	2
	1.99
	1.18
	0.81
	1000 cycles@2mA cm-2
	[S1]

	CZ
	5
	2.01
	1.11
	0.9
	334 hrs. @ 5 mA cm-2
	[S1]

	1@ZIF-67
	2
	2
	1.15
	~0.85
	~50%@110 hrs.
	[S14]

	Co@NPCFs
	5
	2.2
	1.15
	~1.05
	80 hrs.
	[S15]

	FeCo–C/N
	2
	2.05
	1.15
	~0.9
	180 cycles 60 hrs.
	[S16]

	ZIF-67@Pt/CB
	5
	2.08
	1.17
	0.91
	50 hrs.
	[S17]

	Spinel Co3O4
	2
	2.01
	1.19
	0.82
	70 hrs. 
	[S18]

	Co-N-CNTs
	2
	~2.30 
	~1
	~1.30
	145 cycles 16 hrs.
	[S19]

	CoNiFe-S MNs
	2
	1.88
	1.12
	0.76
	120 cycles 40 hrs. 
	[S20]

	NiFe2O4/FeNi2S4 HNSs 
	2
	~2.10 
	~0.98
	1.2
	125 hrs. 
	[S21]

	CNF@Zn/CoNC
	2
	2.1
	1.19
	0.91
	150 hrs.
	[S22]

	BNPC-1100
	2
	2.2
	1.14
	1.06
	100 hrs.
	[S23]

	CoFe20@CC
	5
	1.10 – 2.10
	
	~1.00 
	130 hrs.
	[S24]

	Fe/Co-N/P-9
	5
	0.9
	2.05
	~1.05
	130 cycles
	[S25]

	CoFe2O4-N,S-C
	5
	~2.04
	1.19
	~0.85
	300 cycles @ 5mA cm-2
	[S3]

	ZnO/Cu2O (ZnO/CuO)
	0.1
	~1.5
	1.28
	~0.22
	22 hours @ 0.1 mA cm-2
	[S4]

	polytrithiophene (pTTh)
	0.1
	~1.98
	~1.78
	0.2
	64 hours @ 0.1 mA cm-2
	[S6]

	pTTh
	0.1
	1.81
	1.22
	0.6
	380 hours @ 0.1 mA cm-2
	[S9]

	Ni12P5@NCNT
	1
	1.94
	1.19
	0.75
	500 cycles @ 10 mA cm-2
	[S10]

	αFe2O3
	0.5
	~1.64
	~1.15
	0.49
	50 hours @ 0.5 mA cm-2
	[S14]

	C4N
	0.01
	1.35
	1.32
	0.03
	50 cycles @ 0.01 mA cm-2
	[S12]

	FeNi-S,N-HCS
	5
	~2.0
	~1.1
	~0.9
	120 hours @ 5 mA cm-2
	[S13]
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