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Experimental section

Chemical regent

Palladium (II) acetylacetonate (Pd(acac)2, 98%), Copper (II) acetylacetonate 

(Cu(acac)2, 98%), Nickel (II) acetylacetonate (Ni(acac)2, 98%), Iron (III) 

acetylacetonate (Fe(acac)3, 99%), PVP (M=80000), oleylamine (OAm, C18H37N, 90%), 

molybdenum hexacarbonyl (Mo(CO)6, 98%), glucose (C6H12O6·H2O), Sodium 

nitroprusside (C5H4FeN6Na2O3), salicylic acid (AR, 99.5%), sodium hydroxide 

(NaOH, AR, 96%), trisodium citrate dihydrate (98%), potassium nitrate (KNO3, 99%), 

ammonium chloride (NH4Cl, ACS, 99.5%), potassium bicarbonate (KHCO3, 99%), 

Zinc acetate (Zn(Ac)2, AR, 99.0%), potassium nitrate-15N (K15NO3, 98 atom%), Citric 

acid (99%), solution of sodium hypochlorite (NaClO, 0.1 M), methanol (CH3OH, 

99.7%), potassium hydroxide (KOH, 85%), The deionized (DI) water with a resistance 

of 18.25 MΩ·cm was obtained from the Milli-Q Plus System and used in the 

experiments.

Synthesis of PdNi nanosheet (PdNi NSs)

A solution was prepared by dissolving 24.2 mg of Pd(acac)2, 16.1 mg of Ni(acac)2, 

30 mg of glucose, 15 mg of molybdenum hexacarbonyl and 12 mg of PVP in 5 mL of 

OAm with in a 50 mL glass vessel. The mixture was subjected to ultrasonic treatment 

for 60 min to ensure uniform dispersion of the surfactant in the oleylamine system. It 

was then rapidly heated to 220 oC in a heating mantle and stirred for 2 h. The resulting 

black products were collected and thoroughly washed three times with ethanol, 

followed by centrifugation at 10,000 rpm for 10 min. This process was repeated three 

more times using an ethanol-cyclohexane mixed solution under the same conditions, 

effectively removing the thin film deposited on the nanoparticles during synthesis. 

Finally, the black colloidal product was stored in cyclohexane for further use and 

labeled as PdNi NSs. Similarly, Pd, Ni, PdFeNi and PdCuFeNi were also prepared by 

the same procedure, with the only variable being the quantity of metal salts, while all 

other reaction conditions remained unchanged. The specific characteristics of each 

metal are detailed in Table S1.

Electrochemical measurements.



The electrochemical performance of the samples in the three-electrode system was 

evaluated using H-type cells separated by Nafion 115 membranes (DuPont). An 

electrochemical workstation (CHI 760E) with multiple channels was used to 

investigated the electrochemical data. In a typical three-electrode system, a carbon 

stick, an Ag/AgCl electrode, and the catalyst supported on carbon paper (loading: 

200μg cm-2) were used as the counter, reference, and working electrodes, respectively. 

The potential of the Ag/AgCl electrode was initially measured in both neutral and 

alkaline environments and subsequently converted to the reversible hydrogen electrode 

(RHE) scale using the equation: E (V vs. RHE) = E (vs. Ag/AgCl) + 0.197 V + 0.0591 

× pH. For the electrocatalytic nitrate reduction, 0.1 M KHCO3 and 0.05 M KNO3 was 

used as the electrolyte, and 0.1 M KOH + 0.05 M KNO3 was employed as the alkaline 

electrolyte. Then 35 mL of electrolyte were added into the anode and cathode 

compartments of the H-type cells, respectively. Chronoamperometry test was 

conducted at the stirring rate of 600 rpm for 0.5 h under -0.37 V, -0.47 V, -0.57 V, -

0.67 V, -0.77 V and -0.87 V (vs. RHE), respectively. For the recycling stability test, the 

potentiostatic test was performed at -0.77 V with the stirring rate of 600 rpm for 0.5 h 

of each cycle. After each electrolysis cycle, the used electrolyte was removed and 

immediately replaced with fresh electrolyte, repeating the process 20 times. For the 

long-term chronoamperometry test, electrochemical measurements were performed at 

-0.77 V for an initial duration of 60,000 s. Upon completion of the reaction, the 

electrolyte was replaced with a fresh solution, and another 60,000 s electrolysis was 

conducted under identical conditions. Cyclic voltammetry (CV) curves were recorded 

in the non-Faradaic region at different scan rates to determine the electrochemical 

double-layer capacitance (Cdl). The electrochemically active surface area (ECSA) was 

then calculated using the equation: ECSA = Cdl / Cs, where Cs represents the specific 

capacitance (40 µF cm-2). The solution resistance was tested at the potential of open 

circuit potential with frequencies ranging from 1000 kHz to 0.1 Hz.

Assembly of Zn-NO3
- battery and the electrochemical measurements.

A typical H-type cell, separated by a bipolar membrane, was used to assemble the 

Zn-NO3
- battery. The catalyst, supported on carbon paper, served as the cathode 



(loading: 500μg cm-2), while a polished Zn foil were employed as the anode. The 

cathode compartment contained 35 mL of electrolyte composed of 0.1 M KHCO3 and 

0.5 M KNO3, whereas the  anode compartment held 35 mL of electrolyte consisting 

of 6 M KOH and 0.2 M Zn(Ac)2.

Isotope labeling experiments.

The isotope labeling experiments were conducted by using Na15NO3 as the feeding 

nitrogen source instead of Na14NO3. According to the aforementioned electrocatalytic 

method, 35 mL of electrolyte composed of 0.1 M KHCO3 and 0.05 M Na15NO3 were 

added into the cathode compartment of H-type cell. After electrolysis for 1 h, the 

electrolyte was taken out and the pH was adjusted to weak acid (pH=2) by using 4 M 

H2SO4. Subsequently, 0.1 ml of maleic acid was introduced, resulting in the 

concentration of 400 ppm for maleic acid. 0.36 mL of above solution was mixed with 

40 μL of deuterium oxide (D2O) for the 1H NMR test.

Product detection.

Determination of Ammonia.

The concentration of NH3 was spectrophotometrically determined by using the 

indophenol blue method. First, the electrolyte was taken out from the electrochemical 

cell and diluted to the detection range. After that, 2 mL of solution was taken out and 

mixed with 2 mL of 1 M NaOH solution containing 5 wt.% salicylic acid and 5 wt.% 

trisodium citrate dihydrate. Then, 1 mL of 0.05 M NaClO solution and 0.2 mL of an 

aqueous solution of 1 wt.% C5H4FeN6Na2O3 (sodium nitroferricyanide) were 

introduced. After the above mixture was kept in the dark at room temperature for 2 h. 

The absorption spectrum was determined using a UV-vis spectrophotometer (TU-

1810APC) at the wavelength of 662 nm. The calibration curve of ammonia 

concentration and absorbance was prepared by using a series of standard ammonium 

chloride solutions.

Calculation of the Faradaic efficiency (FE) and yield rate (R).

In this work, the FE of NH3 was calculated as follows:



                 𝐹𝐸𝑁𝐻3
=

8 ∗ 𝐹 ∗ 𝐶𝑁𝐻3
∗ 𝑉

𝑀𝑁𝐻3
∗ 𝑄

 ∗ 100%                                          

The yield rate (R) of NH3 was calculated according to the following equation:

                𝑅𝑁𝐻3
=

𝐶𝑁𝐻3
∗ 𝑉

𝑀𝑁𝐻3
∗ 𝑡 ∗ 𝑆

  ∗ 1000                                 

where F is the Faraday constant (96485 C mol-1), CNH3 represent the concentration of 

NH3 (mg/L), V is the volume of the electrolyte (L), MNH3 denote the molar mass of NH3 

(mg/mol), Q is the total amount of charge (C), R is the yield rate (μmol h-1 cm-2), t is 

the reaction time, S is the area of catalyst coated on the carbon cloth.



Fig. S1 Characterization of PdFeNi and PdCuFeNi. (a) and (b) TEM images,(c) and 

(d) HR-TEM images.



Fig. S2 The UV-vis calibration curve of NH3 using different 

concentrations of NH4Cl solutions as standards. UV-vis curves of assays 

with NH4
+ ions (a) and linear fitting results of the calibration curves (b).



Fig. S3 (a) FE of NH3, and (b) NH3 yield rate of Pd5Ni, Pd3Ni, PdNi, PdNi3 

and PdNi5 in 0.1 M KHCO3 with 0.05 M KNO3.



Fig. S4 Electrocatalytic nitrate reduction performance with different 

KNO3 concentrations. (a) LSV curves of PdNi in 0.1 M KHCO3 with or 

without KNO3, (b) FENH3, and (c) NH3 yield rate of PdNi NSs.



Fig. S5 The chronoamperometric curves of (a) PdNi NSs, (b) Pd, and (c) 

Ni at various potentials.



Fig. S6 The chronoamperometric curves of (a) Cu, (b) Fe, (c) Co and (d) 

CuFeCoNi at various potentials, respectively.



Fig. S7. Electrocatalytic nitrate reduction performance of Cu, Fe, Co and 

CuFeCoNi. (a) LSV curves of Cu, Fe, Co, and CuFeCoNi in 0.1 M 

KHCO3 with or without 0.05 M KNO3. NH3 FE (b) and NH3 yield rate (c) 

of Cu, Fe, Co and CuFeCoNi at various potentials.



Fig. S8. Electrochemical impedance spectra in 0.1 M KHCO3 + 0.05 M 

KNO3. (a) The Electrochemical impedance spectra for PdNi NSs, Pd and 

Ni. (b) The Electrochemical impedance spectra for Cu, Fe, Co and 

CuFeCoNi.



Fig. S9. The chronoamperometric curves of PdNi NSs with NO3
- and 

without NO3
- at -0.77 V.



Fig. S10. The consecutive recycling electrolysis test of Pd (a)and Ni (b) 

at -0.77 V.



Fig. S11. Chronopotentiometry curves at -0.77 V of PdNi NSs, Pd, and 

Ni were tested for 60,000 s (1st Testing), and those of the electrolytes 

refreshed after 60,000 s (2nd Testing).



Fig. S12 TEM images of PdNi NSs catalyst after i-t curve stability test 

for 60,000 s at 0.1 M KHCO3 and 0.05 M KNO3. (a) TEM image of PdNi 

NSs. (b) HR-TEM image of PdNi NSs. HAADF-STEM images (c) and 

the corresponding EDS elemental mappings (d-f) of PdNi NSs.



Fig. S13  XRD patterns of PdNi catalyst after i-t curve stability test for 

60000 s at 0.1 M KOH. 



Fig. S14 Cyclic voltammetry (CV) profiles of (a) PdNi, (b) Pd and (c) Ni 

at sweep rates from 20 to 220 mV s-1. (d) The correlation between current 

density and scan rate.



Fig. S15 The electrochemically active surface area (EASA) for PdNi NSs, 

Pd and Ni.

The ECSAs of the three samples were calculated as follow: 

𝐸𝐶𝑆𝐴𝑃𝑑𝑁𝑖 =
1.02 𝑚𝐹 𝑐𝑚−2

40 𝜇𝐹 𝑐𝑚−2 𝑝𝑒𝑟 0.196 𝑐𝑚 −2
𝐸𝐶𝑆𝐴

= 130.1 𝑐𝑚 2
𝐸𝐶𝑆𝐴

𝐸𝐶𝑆𝐴𝑃𝑑 =
0.21 𝑚𝐹 𝑐𝑚−2

40 𝜇𝐹 𝑐𝑚−2 𝑝𝑒𝑟 0.196 𝑐𝑚 −2
𝐸𝐶𝑆𝐴

= 26.8 𝑐𝑚 2
𝐸𝐶𝑆𝐴

𝐸𝐶𝑆𝐴𝑁𝑖 =
0.86 𝑚𝐹 𝑐𝑚−2

40 𝜇𝐹 𝑐𝑚−2 𝑝𝑒𝑟 0.196 𝑐𝑚 −2
𝐸𝐶𝑆𝐴

= 109.7 𝑐𝑚 2
𝐸𝐶𝑆𝐴



Fig. S16. Electrochemical NO3RR performance in an alkali environment. 

(a) FENH3 and (b) NH3 yield rate of PdNi NSs, Pd and Ni in 0.1 M KOH 

with 0.05 M KNO3.



Fig. S17. Electrocatalytic nitrate reduction performance. (a) FENH3 and (b) 

NH3 yield rate of PdFeNi and PdCuFeNi at various potentials.



Fig. S18. OCP of Zn-NO3
- battery in the rest period,

 



Fig. S19. (a) PdNi-based Zn-NO3
- battery physical diagram of the open 

circuit voltage, (b) Pd-based Zn-NO3
- battery physical diagram of the 

open circuit voltage, (c) Ni-based Zn-NO3
- battery physical diagram of 

the open circuit voltage.



Table S1. Experimental details for as-prepared samples.

samples

PdNi PdFeNi PdCuFeNi

Pd(acac)2 24.2 16.8 13.6

Cu(acac)2 —— —— 9.1

Fe(acac)3 —— 11.2 9.1

Co(acac)2 —— —— ——

Ni(acac)2 16.1 11.2 9.1



Table S2. Elemental content of Pd and Ni in PdNi NSs tested by ICP

Wt % At %

Pd 71.4 57.7

Ni 28.6 42.3



Table S3 Comparison of NH3 yield and FE of different catalysts for 

NO3RR.

Electrocatalyst Electrolyte NH3 yield rates 
(μmol h-1 cm-2) FENH3

Potential
(V vs. 
RHE)

Ref

PdNi 0.1 M KHCO3

+0.05M KNO3
181 99.6 -0.77 This 

Work

Fe-SnS2/CC 0.5 M Na2SO4

+0.1M KNO3
358 85.6 -0.7 1

FeOOH/CP 0.1 M PBS
+0.1 M NaNO3

58 94.3 -0.4 2

Cu-Fe2O3-60 0.5 M Na2SO4

+50 ppm KNO3
108 88.47 -0.6 3

Fe-Co3O4
0.1 M PBS

+50 mM KNO3
38 95.5 -0.7 4

Pd/TiO2
1 M LiCl

+0.25 M LiNO3
65 92.1 -0.7 5

Fe@N10-C
500 ppmNaNO3

+0.1 M Na2SO4
88 85.2 -0.75 6

O-Cu-PTCDa 0.1 M PBS
+500 ppm KNO3

25 85.9 -0.4 7

NiFe2O4/CC 0.1 M PBS
+ 0.1 M NaNO3

175 96.6 -0.6 8

Fe/Ni2P
0.2 M K2SO4

+ 50 mM KNO3
70 92.23 -0.75 9

TiO2-NTs/CuOx
0.5 M Na2SO4 +
+100 ppm KNO3

75 75 -0.5 10

RuFe NFs 0.5 M Na2SO4

0.1 M NaNO3
15 92.9 -0.30 11

Co CNP 0.02 M Na2SO4

+100 ppm NO3
- 17 92.0 -0.69 12

FOSP-Cu-
0.1

0.5 M Na2SO4

+0.1 M KNO3
101 93.91 -0.266 13

pCuO-10 0.05 M KNO3

+0.05 M H2SO4
334 45 -0.7 14

CuFe-450 0.1 M PBS
+3 mM NO3

- 78 76.1 -0.8 15



BCDs/NiCo2O4/C
C

0.5 M K2SO4

+200 ppm NO3
- 174 100 -0.55 16

Cu/Cu2O NWAs 0.5 M Na2SO4

+200 ppm NO3
- 244 95.8 -0.85 17

a-RuO2
0.5 M Na2SO4

+200 ppm NO3
- 115 97.46 -0.35 18

NiPr-TPA-COF 0.5 M K2SO4

+0.1 M KNO3
64 90 -1.38 (vs 

SCE)
19

Rh@Cu-0.6% 0.1 M Na2SO4

+0.1 M KNO3
764 93 -0.2 20

Pt0.9/Ce0.5-SS 0.5 M Na2SO4

+0.1 M KNO3
305 94.12 -0.5 21

Cu2O/NF 0.5 M Na2SO4 
+0.05 M NO3

- 740 98.28 -0.8 22

Pd(111) 0.1 M Na2SO4

+ 0.1 M NO3
- 548.5 79.91 -0.7 23

Fe SAC 0.25 M K2SO4 
+0.5 M NO3

- 460 75 -0.66 24

PdCu/Cu2O
0.5 M Na2SO4 

+100 ppm NO3
- 190 94.32 -0.8 25

PdW 0.5 M Na2SO4 
+ 0.1 M NO3

- 135 70.8 -0.7 26

BC2N/Pd 0.5 M Na2SO4 
+ 0.25 M NO3

- 100 97.42 -0.3 27

Cu@C 1 mM NO3
- 27.6 72 -0.3 28



Table S4. Comparison of OCP and power density of different catalysts for 

Zn-NO3
- battery.

Electrocatalyst PD (mW cm-2) OCP (V vs. Zn) Ref.

PdNi 11.3 1.56
This 

Work

Fe@C-900 12 1.3 29

Fe/Ni2P 3.25 1.22 9

Pd/TiO2 0.87 0.81 5

Fe-MoS2 3.56 1.16 30

i-Ag/Co3O4 NWs 2.56 1.32 31

Co-TPA-E 8.46 1.32 32

Cu TABQ 12.3 0.8 33

Cu-RD 14.1 0.943 34

NiCo2O4 3.94 1.3 35

ZnCo2O4 4.62 1.52 36

CeO2-x@NC/GP 3.44 1.45 37

fcc RuMo NFs 9.19 1.362 38

RhNi@Rh BMLs 10.5 1.394 39

W-O-CoP 9.27 0.7 40

NiRu ball-flower 10.0 1.39 41

MP-Cu 7.56 1.27 42
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