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Experimental details 
Chemicals. Graphenes with a later size of 0.5 to 5 μm and thickness of about 0.8 nm, 
were purchased from Nanjing XFNANO Material Tech Co., Ltd. (Nanjing City, 
China). Ferric acetylacetonate, nickel acetate, ammonia and potassium hydroxide and 
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai City, China). 
Ethanol was purchased from Tian Fuyu Fine Chemical Co., Ltd. (China). PVA-1788 
powder was purchased from Aladdin Industrial Corporation. It is worth noting that, all 
of the chemicals were purchased without further treatment before using, and all 
aqueous solutions were prepared using ultrapure water.

Synthesis of the FeNi3N/NG. The synthesis of FeNi3N/NG composite involved a 
simple two-step process. At first, 36 mg of graphene was dispersed in 72 ml ethanol, 
then 57 mg of ferric acetylacetonate and 150 mg of nickel acetate was added to the 
mixture above, sequentially. Distilled water (3.6 ml) and ammonia (2 ml) was added 
to the mixture with sonication 15 min. The resultant mixture was sealed in a conical 
flask with lid, and kept at 80oC for 10 h under stirring. The precipitates were washed 
with distilled water and ethanol for several times, then centrifuged and dried in a 
vacuum oven at 40 oC. In this step, the NiFe hydroxide/G was obtained. The NiFe 
hydroxide/G was annealed under NH3 atmosphere at 500 oC for 2 h with a ramp rate 
of 5 oC/min. After cooling to room temperature, the FeNi3N/NG was obtained. 

Synthesis of the Ni-N/NG. The Ni-N/NG was prepared through the same process as 
that of FeNi3N/NG except that Fe source was not added to the reaction system and the 
amount of nickel acetate was changed to 190 mg.

Synthesis of the Fe2N/NG. The Fe2N/NG was prepared through the same process as 
that of FeNi3N/NG except that Ni source was not added to the reaction system and the 
amount of ferric acetylacetonate was changed to 270.5 mg.

Synthesis of the FeNi3N/NG with different atomic ratio of Ni to Fe. FeNi3N/NG-1 
and FeNi3N/NG-2 were prepared through the same process as that of FeNi3N/NG 
except that the amounts of ferric acetylacetonate and nickel acetate were different. 
The amounts of ferric acetylacetonate and nickel acetate were 45 and 158.5 mg for the 
former, respectively, while were changed to 77.1 and 135.8 mg, respectively, for the 
latter.

Characterizations. The morphology and size of as prepared catalyst were 
characterized by an FEI Tecnai-F20 transmission electron microscope equipped with 
a Gatan imaging filter (GIF); and the energy-dispersive X-ray analysis (EDX) and 
elemental mapping were also performedusing Tecnai-F20 instrument. To further 
confirm the structures of our catalyst, XRD was performed on a Rigaku D/max-
2600/PC with Cu Kα radiation (λ=1.5418Å), and XPS analyses were carried out on a 
Thermo ESCALAB250 X-ray Photoelectron Spectrometer. 

Electrochemical measurement. The electrochemical activities of our catalysts 
toward overall oxygen reactions (ORR and OER) were performed in a three-electrode 
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system (CHI 760D, CH Instrument, USA), and graphite rod was used as a counter 
electrode and Ag/AgCl (KCl saturated) was employed as a reference electrode. 
Preparation of working electrode was as follows: Firstly, 5 mg of the FeNi3N/NG 
catalyst powder was dispersed in 450 μL ethanol, and 50 μL of 5.0 wt% Nafion 
solution was added. Then above mixture was sonicated for at least two hours to form 
a relatively homogeneous catalyst ink. 10.0 μL of the catalyst ink (0.1 mg) was 
droped onto the surface of a polished glassy carbon rotating disk electrode with a disk 
diameter of 5.0 mm, and then used as working electrode for electrochemical 
measurements after the solvent was evaporated completely in air. The LSV curves of 
ORR were performed at a rotating rate ranging from 400 to 2025 rpm on RDE 
electrode in 0.1 M saturated KOH solution with a scan rate of 5 mV s-1. Furthermore, 
the CV measurements toward ORR were taken at a scan rate of 50 mV s-1 in 0.1 M 
O2-saturated and Ar2-saturated KOH solution. And the OER activity were evaluated 
using LSV measurement in 0.1 M KOH solution at a scan rate of 5 mV s-1. All 
potentials measured in this study were calibrated to reversible hydrogen electrode 

(RHE) according the following Equation: E(RHE) = E(Ag/AgCl) + 0.21 V + 0.059 × pH.

Electrochemical measurements of the catalysts toward HER and OER were performed 
using a standard three-electrode system in 1 M KOH solution by an electrochemical 
station (CHI660E, CH Instrument, USA). The carbon paper coated by catalyst slurry 
were used as working electrode, while graphite rod and a Ag/AgCl (KCl saturated) as 
counter and reference electrodes, respectively. The mass loading and coating area of 
the catalysts was approximately 2 mg cm-2 and 1 cm-2 for the working electrodes, 
respectively. The HER and OER activity were evaluated using Linear sweep 
voltammetry (LSV) measurement in 1 M KOH solution with a scan rate of 5 mV s-1 at 
room temperature. Furthermore, the Tafel slopes were obtained according the 
corresponding LSV curves and calculated from the following Tafel equation: η= a+ b 
log |j|, where η represents the overpotential, j represents cathodic current density, a is 
the Tafel constant, and b is the Tafel slope.

Liquid Zn-air battery assembly. For the liquid Zn-air battery test of our catalyst, the 
certain volume of pre-prepared catalyst ink (same as that for ORR electrodes) was 
coated uniformly onto a carbon paper with a catalyst loading of 0.5 mg cm-2 as air 
electrode. A polished zinc plate with thickness of 0.25 mm was used as the anode, and 
electrolyte for primary Zn-air batteries was 6M KOH, while that was 6 M KOH 
containing 0.2 M Zn(CH3COO)2 for rechargeable Zn-air batteries. Measurements of 
the home-made liquid Zn-air battery were carried out using an electrochemical work-
station (CHI 660E, CH Instrument, USA) at 25 oC; and the specific capacity and 
power density were obtained from the Galvanostatical discharge results.

Solid-state Zn-air battery assembly. For the assembled all-solid-state Zn-air battery, 
a polished zinc plate with thickness of 0.25 mm was used as anode, and a certain 
volume of catalyst ink was droped onto a cleaned carbon fiber cloth substrate (1.5 × 3 
cm2) with a catalyst loading of 1.50 mg cm-2 as the air electrode. The preparation 
process of the gel polymer electrolyte was as follows: firstly, polyvinyl alcohol (PVA-
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1788, 5 g) powder was dissolved in 50.0 mL deionized water at 90 oC under stirring 
for 2.0 h. Then 5.0 mL of 18.0 M KOH containing 0.02 M Zn(CH3COO)2 was added 
into above mixture, and the electrolyte solution kept stirring at 90 oC, until the 
solution became uniform about 30 min. Secondly, the above solution was poured into 
a square glass groove to form a thin film, after freezed using afreezer at -10 oC over 
12 h, then thawed at room temperature. Then the all-solid-state Zn-air battery was 
assembled by place the as-prepared air electrode and zinc plate on the two sides of 
PVA gel (1.5 cm×2 cm×0.5 cm), then a piece of pressed Ni foam was used as current 
collector next to the air electrolyte. Finally, a polymer film and tapes was used to 
assemble the solid-state Zn-air battery.

DFT Computational Methods. Density functional theory (DFT) calculations were 
performed by using the CASTEP packages.1 The exchange-correlation energies were 
calculated according to the Perdew-Wangscheme within the general gradient 
approximation (GGA) framework.2,3 With the application of the ultrasoft potential 
(Vanderbilt, D. Phys. ReV. B 1990, 41, 7892), the energy cutoff was 340 eV. The 
integration of Brillouin-zone was treated by a (6×4×1) grid, and a vacuum region (15 
Å) was added above each slab to aviod the fake interaction along z axis. Stable 
configurations were obtained by a geometry optimization, and the iteractions were 
repeated until the forces on the atoms were less than 0.1 eV/Å and the energy change 
less than 1.0×10-5eV. The adsorption energy (Eads) is defined as the following 
equation:

                                         (1)
𝐸𝑎𝑑𝑠= 𝐸𝑠𝑢𝑟𝑓+ 𝑂2

‒ 𝐸𝑠𝑢𝑟𝑓 ‒ 𝐸𝑂2

where , , and  are the total energies of the O2/material systems, the 
𝐸𝑠𝑢𝑟𝑓+ 𝑂2 𝐸𝑠𝑢𝑟𝑓

𝐸𝑂2

material surface, and the free O2 molecule, respectively. In this definition, a negative 
value of Eads signifies a high stability of adsorption O2.
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Fig. S1. (a) SEM images of FeNi3N/NG, and (b) Energy-dispersive X-ray (EDX) 
spectrum and corresponding elemental contents of the FeNi3N/NG (The signal of Cu 
arises from the SEM substrate made of copper).

Fig. S2. (a) STEM) image and (b) EDX elemental mappings of FeNi3N/NG.
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Fig. S3. The XRD patterns of Ni-N/NG

Fig. S4. TEM image of the Ni-N/NG.
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Fig. S5. XPS spectra of the Ni-N/NG. The XPS survey spectrum (a), Ni 2p (b), N1s (c) 
and C 1s (d).

Fig. S6. (a) XRD patterns, (b) SEM image of Fe2N/NG. (c-e) TEM images of the 
Fe2N/NG with different magnifications. 
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Fig. S7. (a) The Tafel slopes of FeNi3N/NG, Ni-N/NG and Pt/C toward ORR. (b) The 
LSV curves of FeNi3N/NG, Ni-N/NG and Pt/C for both ORR and OER in 0.1 M 
KOH at a rotation speeds of 1600 rpm and a sweep rate of 5 mV s-1.

Fig. S8. The charging and discharging polarization curves of rechargeable Zn-air 
batteries based on the FeNi3N/NG and Pt/C+ IrO2 cathodes.
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Fig. S9. The open-circuit voltage of one all-solid-state Zn-air battery.

Fig. S10. (a) Open-circuit plots of one all-solid-state Zn-air battery. (b) Galvanostatic 
charge-discharge cycling curves of rechargeable all-solid-state Zn-air battery at 10 
mA cm-2.
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Fig. S11. (a,b,c) The cyclic voltammograms curves of FeNi3N/NG, Ni-N/NG and 
Fe2N/NG in the region of 0.836- 0.936 V vs. RHE in 1.0 M KOH for OER. (d) The 
electrochemical double-layer capacitances of FeNi3N/NG, Ni-N/NG and Fe2N/NG 
toward OER. (e) The calculated TOF data of FeNi3N/NG, Ni-N/NG and Fe2N/NG for 
OER. (f) The Nyquist plots of FeNi3N/NG, Ni-N/NG and Fe2N/NG for OER at η = 
290 m V, and the inset shows the corresponding equivalent circuit. (g) Long-term 
stability of FeNi3N/NG for OER at a given overpotential of 340 mV.
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Fig. S12. XPS spectra of the FeNi3N/NG after OER. The XPS survey spectrum (a), Fe 
2p (b), Ni 2p (c), N1s (d) and C 1s (e).
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Fig. S13. (a,b,c) Thecyclic voltammograms curves of FeNi3N/NG, Ni-N/NG and 
Fe2N/NG in the region of 0.1-0.2 V vs. RHE in 1.0 M KOH for HER. (d) The 
electrochemical double-layer capacitances of FeNi3N/NG, Ni-N/NG and Fe2N/NG 
toward HER. (e) The calculated TOF data of the FeNi3N/NG, Ni-N/NG and Fe2N/NG 
for HER. (f) The Nyquist plots of FeNi3N/NG, Ni-N/NG and Fe2N/NG for HER at η 
= 300 m V, and the inset shows the corresponding equivalent circuit. (g) Long-term 
stability of FeNi3N/NG for HER at a given overpotential of 255 mV.
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Fig. S14. XPS spectra of the FeNi3N/NG after HER. The XPS survey spectrum (a), Fe 
2p (b), Ni 2p (c), N1s (d) and C 1s (e).

Fig. S15. The photograph of the two-electrode electrolyser based on the FeNi3N/NG 
powered by two all-solid-state Zn-air batteries with the FeNi3N/NG air cathode in 
series.
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Fig. S16. (a) The XRD pattern, (b) low -magnification SEM image, (c,d) TEM images 
with different magnifications, and (e) EDX spectrum and corresponding elemental 
contents of FeNi3N/NG-1. (The signal of Cu arises from the SEM substrate made of 
copper).

Fig. S17. (a) The XRD pattern, (b) low -magnification SEM image, (c,d) TEM images 
with different magnifications, and (e) EDX spectrum and corresponding elemental 
contents of of FeNi3N/NG-2. (The signal of Cu arises from the SEM substrate made 
of copper).
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Fig. S18. (a) The polarization curves of FeNi3N/NG, FeNi3N/NG-1, and FeNi3N/NG-
2 toward OER in 1.0 M KOH. (a) The polarization curves of FeNi3N/NG, 
FeNi3N/NG-1, and FeNi3N/NG-2 toward HER in 1.0 M KOH. (a) The polarization 
curves of FeNi3N/NG, FeNi3N/NG-1, and FeNi3N/NG-2 toward ORR in 0.1 M KOH.
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Table S1. Comparison of electrocatalytic activity of the FeNi3N/NG with recently 
reported highly active ORR/OER bifunctional oxygen electrode materials. 

Table S2. Comparison of the primary Zn-air batteries performance of FeNi3N/NG 
with various catalysts in the recent literature.

Catalysts Capacity (mAhg-1 at 
10 mAcm-2)

Power density 
(Mw cm-2)

Ref.

FeNi3N/NG 785.2 115.3 This work
NCNT/CoxMn1-xO 581 (7mA/cm2) － S13

N-doped carbon nanotubes － 69.5 S14
NCNF-1000 626 185 S5
NiFe@NCX 583.7 ~85 S15

Cu-Pt nanocage 560 － S16
Fe@C-NG/NCNTs 682.6 101.2 S17

C-MOF-C2-900 741 105 S18

Catalysts half-wave 
potential 
(E1/2 / V)

OER Overpotential 
at 10 mA cm−2

(V vs RHE)

ΔE / V Electrolyte 
concentration

(pH)

Ref.

FeNi3N/NG 0.79 0.41 0.85 13 This 
work

NiCo2S4@graphe
ne

0.76 0.47 0.94 13 S4

NCNF-1000 0.82 0.61 1.02 13 S5
N, S-CN 0.77 0.45 0.88 13 S6
N-doped 

graphene/CNT
0.63 0.4 1.0 13 S7

MnxOy/N-doped 
carbon

0.81 0.45 0.87 13 S8

PCN-CFP 0.67 0.4 0.96 13 S9
Fe@N-C 0.83 0.48 0.88 13 S10

Co3O4/Co2MnO4 
nanocomposite

0.68 0.54 1.09 13 S11

NiO/CoN PINWs 0.68 0.3 0.85 13 S12
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Table S3. The performance comparison of rechargeable solid-state zinc-air batteries 
with FeNi3N/NG electrodes with recently reported catalytic electrodes.

Catalysts Open circuit
voltage

(V)

Rechargeability
(10 mA cm−2)

Ref.

FeNi3N/NG 1.463 600 s/cycle for
60 cycles 

This work

NCNF-1000 1.256 600 s/cycle for
36 cycles (2 mA cm−2)

S5

CuCo2O4/N-CNTs 1.24 1200 s/cycle for
27 cycles

S19

NC-Co3O4-90 1.44 1200 s/cycle for
60 cycles (1 mA cm−2)

S20

Co-N,B-CSs 1.345 － S21
FeCo nanoparticles 

enveloped by N-doped 
graphitic CNTs

1.25 600 s/cycle for
72 cycles (100 mA 

cm−2)

S22

Meso-CoNC@GF 1.4 600 s/cycle for
70 cycles

S23

Table S4. Comparison of OER activity of the FeNi3N/NG with recently reported 
catalyst.

Catalysts Overpotential 
at 20 mA cm−2 

(mV )

Overpotentialat 
100 mA cm−2 

(mV)

Tafel slope
(mv dec-1)

Electrolyte 
concentration

(pH)

Ref.

FeNi3N/NG 258 298 45.3 14 This 
work

CoPh/NG 300 343 54 14 S24
NiFeB η10=251 － 43 14 S25

NiCo2S4/CC 280 340 89 14 S26
TiN@Ni3N

nanowire arrays
η10=350 >400 93.7 14 S27

NiCoP-NWAs/NF 270 370 116 14 S28
Zn-Co-S/TM 330 >370 79 14 S29

NiMoN-550 321 390 94 14 S30
NiCo2S4 NW/GDF 308 338 47 14 S31
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Table S5. Comparison of HER activity of the FeNi3N/NG with recently reported 
catalyst.

Table S6. Comparison of the electrochemical performance of 
FeNi3N/NG|FeNi3N/NG as bifunctional catalysts for overall water splitting in 1.0 M 
KOH with recently published results.

Catalysts voltage at 20 
mA cm−2 (V)

Electrolyte 
concentration

(pH)

Ref.

FeNi3N/NG 1.585 14 This work
NiCoP NWAs/NF 1.64 14 S28
CoOx-CoSe/NF 1.66 14 S36

NiMoN-550 η10=1.596 14 S30
V/NF 1.8 14 S32

Co3Se4/CF 1.63 14 S34
TiN@Ni3N 

nanowire arrays
1.69 14 S27

FeNi/NPC η10=1.63 14 S37

Table S7. Nitrogen contents in the Ni-N/NG and FeNi3N/NG.

Catalysts Overpotential at 
20 mA cm−2 

(mV )

Overpotentialat 
100 mA cm−2 

(mV)

Tafel slope
(mv dec-1)

Electrolyte 
concentration

(pH)

Ref.

FeNi3N/NG 98 186 83.1 14 This 
work

V/NF 203 ~220 82 14 S32
NiS/Ni foam 158 >200 83 14 S33
Zn-Co-S/TM 238 >300 164 14 S29
Co3Se4/CF 225 262 72 14 S34
FeNi3N/NF η10=75 >200 98 14 S35
NiMoN-550 159 265 79 14 S30

NiCo2S4 NW/GDF 170 253 92 14 S31

Catalyst Metal-N
(at%)

Pyridinic-N 
(at%)

Pyrrolic-N
(at%)

Graphitic-N
(at%)

Oxide-N
(at%)

Total
(at%)

Ni-N/NG 0.64 1.66 1.96 0.13 0.44 4.83
FeNi3N/NG 0.21 2.33 0.35 0.95 0.19 4.03
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