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Experimental Section

Reagents and materials: Copper acetylacetonate [Cu(acac)2, 98%], Platinum (II) 

acetylacetonate [Pt(acac)2, 98%], L-Glutamic acid (95.0%), analytical grade ethanol and 

isopropanol were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 

Oleylamine (approximate C18-content 80-90%) and Dimethyldi-n-octadecylammonium 

chloride (DODAC, 96.0%) were acquired from Aladdin Industrial Corp. Nafion (5%) was 

purchased from Sigma Aldrich. Vulcan XC-72R was purchased from Cabot Corporation. 

Commercial carbon cloth was purchased from Shanghai Hesen Electric Co. Ltd. All available 

chemicals were used without further purification. All solutions were prepared using deionized 

water (Millipore Corp, 18.2 MΩ cm).

Characterization: TEM images were obtained using JEMARM 200F operating at an 

accelerating voltage of 200 kV. The crystalline phase of collected samples were characterized 

through XRD technique on a Philips X’Pert Pro X-ray diffractometer with Cu Kα radiation 

(Kα= 0.15418 nm). X-ray photoelectron spectroscopy (XPS) spectra were carried out on 

ESCALab MKII with Al Kα radiation. The binding energies were calibrated by C 1s peak at 

284.8 eV as a reference. Fourier transform infrared (FT-IR) spectra of samples were recorded 

on Thermo Nicolet NEXUS FT-IR spectrophotometer at room temperature. The content of 

each element in the catalysts was determined by the inductively coupled plasma mass 

spectrometry (ICP-MS, 710-ES, Varian). The UV-Vis absorption spectra were carried out on 

UV-Vis spectrophotometer (SHIMADZU UV-2700). Electron Spin Resonance (ESR) 
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measurement was conducted by Bruker EMX plus 10/12 (equipped with Oxford ESR910 

Liquid Helium cryostat). The H2 content was determined by online gas chromatography (GC-

9790Plus, FULI INSTRUMENTS) thermal conductivity detector (TCD).

Calculation of energy requirement (ER):

The energy requirement (ER) was calculated as follows:

ERtotle = ERplasma + ERelectro                   (S1)

ERplasma = (PG+PM×Rd) × tplasma/{(cNO2-) × Vab}      (S2)

ERelectro = Pelectro × (nNH3 / RNH3)               (S3)

Where ERtotle is the total energy requirement (kWh molNH3
-l), ERplasma is the energy 

requiremen (kWh mol-l) which convert air into NOx
- by plasma, ERelectro is the energy 

requiremen (kWh mol-l) which convert NO2
- into NH3 by electrocatalysis. PG is the gliding 

arc power (400 W), PM is the microwave power (960 W), Rd is the duty cycle of pulse 

modulation (1/2), tplasma is the plasma treatment time (h). cNO2- is the concentration of NO2
- 

(mol mL-1) and Vab is the volume of absorption liquid (200 mL). Pelectro is the actual 

electrocatalysis power (0.004 W), nNH3 is the molar mass (mol) of NH3, RNH3 is the ammonia 

production rate of the electrocatalytic reaction (mol h-1).

Determination of NO2
-: 20 g of p-aminobenzenesulfonamide was added to a mixed solution 

of 250 mL of water and 50 mL of phosphoric acid, and then 1 g of N-(1- naphthyl)-

ethylenediamine dihydrochloride was dissolved in the above solution. Finally, the above 

solution was transferred to a 500 mL volumetric flask and diluted to the mark. 0.5 mL 
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electrolyte was taken out from the electrolytic cell and diluted to 10 mL with H2O. Next, 0.2 

mL color reagent was added into the above mentioned 10 mL solution. After shaking and 

standing for 30 minutes, the absorbance measurements were performed at wavelength of 540 

nm. The concentration-absorbance curves were calibrated using standard KNO2 solutions 

with a series of concentrations in 1.0 M KOH solution and the obtained calibration curve 

(y=3.183x+0.003, R2=0.999) shown in Fig. S3 was used to calculate the produced NO2
--N 

concentration.

Determination of NO3
-: The possible produced NO3

- was detected by ion-chromatography 

(Wayeal, IC6000) measurement. In detail, 1.0 mL electrolyte was injected into the chamber 

for separation. The concentration-peak area curves were calibrated using standard KNO3 

solutions with a series of concentrations in 1.0 M KOH solution, in which the peak appeared 

at a retention time of 13.12 min. The obtained calibration curve (y=28.343x+0.342, R2=0.998) 

shown in Fig. S4 was used to calculate the NO3
- concentration. 

In addition to this method, the possible produced NO3
- was detected by ultraviolet 

spectroscopy. For testing, 10 mL of electrolyte was transferred to colorimetric tube with, 200 

μL of 1.0 M HCl and 200 μL of 0.8 wt % sulfamic acid solution. The UV-Vis absorption 

spectrum was detected at a wavelength of 220 nm and 275 nm after maintaining at room 

temperature for 20 min. The final absorbance is calculated using the following formula: 

A=A220nm-2A275nm. The obtained calibration curve was used to calculate the nitrate 

concentration. The concentration-absorbance curves were calibrated using standard KNO3 
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solutions with a series of concentrations in 1.0 M KOH solution and the obtained calibration 

curve (y=0.060x+0.014, R2=0.997) shown in Fig. S5 was used to calculate the produced NO3
- 

concentration.

Determination of ammonia: Concentration of the produced ammonia was 

spectrophotometrically detected by the indophenol blue method. Briefly, 5.0 g sodium 

potassium tartrate and 5.0 g sodium salicylate were dissolved in 100.0 mL of 1.0 M sodium 

hydroxide to prepare the chromogenic reagent (reagent A). 5 mL sodium hypochlorite (10% ~ 

15% effective chlorine) was added to deionized water to dilute to 50 mL to prepare the 

oxidizing reagent (reagent B) The catalytic reagent (reagent C) was prepared by sodium 0.5 g 

nitroferricyanide dissolved in 50 mL deionized water.

To quantitatively determine the amount of ammonia, 0.5 mL of diluted sample solution was 

added to a test tube and volume it to 10 mL with deionized water, then 0.5 mL reagent A, 0.2 

mL reagent B and 0.20 mL reagent C were successively added, respectively. Following 

mixing and left-standing for 1 h the UV-Vis absorption spectrum was detected at a 

wavelength of 697.5 nm at room temperature. The concentration-dependent absorption 

spectra were calibrated using standard ammonia chloride solutions with varying concentration. 

The obtained calibration curve (y=1.033x+0.015, R2=0.999) shown in Fig. S12 was used to 

calculate the produced ammonia concentration.

Determination of hydrazine: The possible produced hydrazine was detected through the 

Watt and Chrisp method. Briefly, 30 mL of HCl, 5.99 g of para-(dimethylamino) 
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benzaldehyde and 300 mL of ethanol were mixed and used as a sensitive chromogenic reagent. 

Then, 0.1 mL of solution product was mixed with 5 mL of the chromogenic reagent and 10 

mL HCl (1.0 M) at room temperature. After standing for 20 min, the UV-Vis absorption 

spectrum was measured at a wavelength of 455 nm. The obtained calibration curve 

(y=0.019x+0.014, R2=0.999) shown in Fig. S13 was used to calculate the N2H4·H2O 

concentration.
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Fig. S1 Photograph of the self-assembly non-thermal plasma (NTP) system. 
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Fig. S2 Schematic illustration of the tandem plasma reactor.



9

460 480 500 520 540 560 580 600
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

 0 μg mL-1

 0.2 μg mL-1

 0.4 μg mL-1

 0.6 μg mL-1

 0.8 μg mL-1

 1 μg mL-1

460 480 500 520 540 560 580 600
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

 0 μg mL-1

 0.2 μg mL-1

 0.4 μg mL-1

 0.6 μg mL-1

 0.8 μg mL-1

 1 μg mL-1

460 480 500 520 540 560 580 600
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

 0 μg mL-1

 0.2 μg mL-1

 0.4 μg mL-1

 0.6 μg mL-1

 0.8 μg mL-1

 1 μg mL-1

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

y = 3.183x + 0.003, R2 =0.9998

Ab
so

rb
an

ce
 (a

.u
.)

Concentration of NO2
--N  (μg mL-1)

(a) (b)

(c) (d)

Fig. S3 (a-c) UV-Vis absorption spectra of various NO2
--N concentrations for three repeated 

experiments. (d) Calibration curve used for estimation of NO2
--N concentration. 
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Fig. S4 (a-c) Ion chromatogram spectra of the standard solutions with different concentrations 
of NO3

- for three replicated tests. (d) The calibration curve used for calculation of NO3
- 

concentration.
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Fig. S5 (a-c) UV-Vis absorption spectra of the standard solutions with different 
concentrations of NO3

- for three replicated tests. (d) The calibration curve used for calculation 
of NO3

- concentration.
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Fig. S6 (a) UV-Vis absorption spectra and (b) ion chromatogram spectra of collected samples 
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- detection. (c) The comparison table of 
NO3

- concentration of the two detection methods under different plasma discharge modes.
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Fig. S7 Comparison of NO2
- and NO3

-concentration under different plasma discharge modes.
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Fig. S8 The particle size distributions of PtCu HPs. 
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Fig. S9 (a) Low-magnification TEM image, (b) high-resolution TEM image of PtCu NPs, (c-e) 
HAADF-STEM image and corresponding element mappings of PtCu NPs.
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Fig. S10 (a) Low-magnification TEM image, (b) high-resolution TEM image of Cu NPs, (c-d) 
HAADF-STEM image and corresponding element mappings of Cu NPs.
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Fig. S11 The surface survey XPS spectra of (a) PtCu HPs, (b) PtCu NPs and (c) Cu NPs.
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Fig. S12 (a-c) UV-Vis absorption spectra of various NH4
+-N concentrations for three repeated 

experiments. (d) Calibration curve used for estimation of NH4
+-N concentration.
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Fig. S13 (a-c) UV-Vis absorption spectra of the various concentrations of N2H4·H2O for three 
replicated tests. (d) The calibration curve used for calculation of N2H4·H2O concentration.
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Fig. S14 UV-Vis absorption spectra of NH4
+-N concentration at different applied potentials. 
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Fig. S15 UV-Vis absorption spectra of collected samples obtained at different applied 
potentials for N2H4·H2O detection. 
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Fig. S16 Chronoamperometry curves in plasma treated 1.0 M KOH for 2 h of eNO2
-RR at 

different applied potentials.
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Fig. S19 TEM image of the PtCu HPs catalyst after long-time stability test.
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Fig. S21 UV-Vis absorption spectra of collected samples under different control conditions 
for NH3 detection.
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Tab. S1 Comparison results of our work with recently reported works for plasma generated 
NOx

-.

Plasma
Feeding 

gas

Gas flowing 

rate

Absorption 

liquid
NOx

- yield rate Ref.

Gliding arc and 

microwave tandem 

plasma

Air 45 L min-1
1.0 M KOH

(200 mL)
98.16 mmol h-1

This 

work

Nanosecond

pulsed spark plasma
N2+O2 40 mL min-1

0.1 M KOH

(100 mL)
1.35 mmol h-1 1

Pulsed high

voltage discharge plasma
N2+O2 30 mL min-1

0.1 M KOH

(30 mL)
0.468mmol h-1 2

Spark discharge plasma Air 50 mL min-1
0.1 M KOH

(30 mL)

0.045 mmol h-1

(NO2
-)

3

Double reactor glow and 

spark discharge plasma
Air 2 L min-1

10 mM H2SO4

(100 mL)
2.97 mmol h-1 4

Rotating gliding arc 

plasma jet
Air 7 L min-1

0.1 M KOH

(100 mL)
9.06 mmol h-1 5

Jet-type plasma with Ti 

bubbler
Air 25 L min-1

1.0 M NaOH

(500 mL)
55.29 mmol h-1 6

Gliding

arc plasma
Air 9 L min−1

0.1 M KOH

(100 mL)

28 mmol h−1

(NO2
-)

7
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Tab. S2 The comparable results of our work and other recently reported eNO3
-RR, eNO2

-RR 
and eNRR electrocatalysts.

Catalysts Conditions NH3 Yield Rate FE (%) Ref.

PtCu HPs
Plasma treated 1.0 M 

KOH

166.02 μg h-1 mg-1

(0 V vs. RHE)
84.37

This 

work

Ni3B@NiB2.74

0.10 M KOH + 100 

mM NO2
-

198.3 mmol h-1 cm-2

(-0.3V vs. RHE)
~100 1

Cu NWs
Plasma treated 10 mM 

H2SO4

45 nmol s-1 cm-2

(-0.5V vs. RHE)
~100 4

Co SAs/N-C
Plasma treated 0.1 M 

KOH

~3.0 mg h-1 cm-2

(-0.63V vs. RHE)
~62 5

Ru-Cu NW/CF
0.1 M PBS + 500 ppm 

NO2
-

211.73 mg h-1 cm-2

(-0.6 V vs. RHE)
94.1 8

Pd/CuO NOs
0.1 M K2SO4 + 0.01 M 

KNO2

906.4 μg h-1 mg-1

(-1.5 V vs. SCE)
91.8 9

MnO2 NA/TM
0.1 M NaOH + 0.1 M 

NaNO2

6300 μg h-1 mg-1

(-0.8 V vs. RHE)
65.4 10

Ni2P nanosheet 

array

0.1 M PBS+200 ppm 

NO2
-

2692.2 ± 92.1 μg h-1 cm-2

(-0.3 V vs. RHE)
90.2 ± 3.0 11

CoB@TiO2/TP
0.1 M Na2SO4+200 

ppm NaNO2-N

233.1 μmol h-1 cm-2

(-0.7 V vs. RHE)
95.2 12

NiFe 

LDH/Vulcan

0.5 M Na2SO4+ 50 mM 

NaNO2

351 μg h-1 mg-1

(-1.0 V vs. RHE)
85 13

PdCu/Cu2O
0.5 M Na2SO4+100 

ppm NO3
--N

0.19 mmol h-1 cm-2

(-0.4 V vs. RHE)
94.32 14

Cu-N-C (SAC)
0.05 M K2SO4 +50 

ppm NO3
-

1.15 μg h-1 mg-1

(-0.95 V vs. RHE)
19.5 15

Fe-N-C (SAC)
0.1 M K2SO4 + 0.5 M 

NO3
-

5245 μg h-1 mg-1

(-0.66 V vs. RHE)
75 16

PTCDA/O-Cu
0.1 M PBS +500 ppm 

NO3
-

33.54 μg h-1 mg-1

(-0.40 V vs. RHE)
77 17

Cu (111) 

nanosheets

0.1 M KOH + 10 mM 

KNO3

390.1 μg h-1 mg-1

(-0.15 V vs. RHE)
99.7 18

Strained Ru 1 M KOH + 1.0 M 5.56 mol g-1 h-1 ~100% 19
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nanoclusters KNO3 (-0.2 V vs. RHE)

Cu@C
1 M KOH + 1×10−3 M 

NO3
-

469.5 µg h-1 cm-2

(-0.9 V vs. RHE)
72 20

RuNi-MOF
0.5 M Na2SO4+50 ppm 

NO3
--N

274 mg h-1 mg-1

(-1.6 V vs. Ag/AgCl)
73 21

NiCo2O4/CC
0.1 M NaOH + 0.1 M 

NaNO3

973.2 μmol h-1 cm-2

(-0.6 V vs. RHE)

99

(-0.3 V vs RHE)
22

BiFeO3

0.1 M KOH + 0.1 M 

KNO3

90.45 mg h-1 mg-1

(-0.6 V vs. RHE)
96.85 23

Cu/Cu2O NWAs
0.5 M Na2SO4+200 

ppm NO3
--N

0.245 mmol h-1 cm-2

(-0.85 V vs. RHE)

95.8

(-0.2 V vs RHE)
24

Pd3Cu1 1.0 M KOH + N2

39.9 μg h-1 mg-1

(-0.25 V vs. RHE)

1.56

(-0.05 V vs RHE)
25

BiNi Alloy 0.1 M Na2SO4 + N2

17.5 μg h-1 mg-1

(-0.3 V vs. RHE)
13.8 26

FeSA-NO-C-900 0.1 M HCl + N2

31.9 μg h-1 mg-1

(-0.4 V vs. RHE)
11.8 27

NiFe-MOF 0.1 M NaHCO3 + N2

9.3 μg h-1 mg-1

(-0.345 V vs. RHE)
11.5 28

Mo2C/C
0.5 M Li2SO4 + N2

(pH =2)

11.3 μg h-1 mg-1
Mo2C

(-0.3 V vs. RHE)
7.8 29

MoS2 QDs 0.5 M LiClO4 + N2

39.6 μg h-1 mg-1

(-0.3 V vs. RHE)
12.9 30

CoS2@NC 0.1 M HCl + N2

17.45 μg h-1 mg-1

(-0.15 V vs. RHE)
4.6 31

PdRu 0.1 M HCl + N2

34.2 µg h-1 mg−1

(-0.2 V vs. RHE)
2.4 32
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Tab. S3 The comparable results of reported NH3 production rate, energy requirements and 
CO2 emissions for the proposed method with H-B technology and other competing emerging 
technologies.

Nitrogen fixation 

method

NH3 production 

rate (mg/h)

Energy requirement 

(kWh/kgNH3)

CO2 emissions 

(tCO2/tNH3)
Ref.

plasma-electrocatalysis 

integrated strategy
0.166 551.76 ~0

This 

work

Plasma electrolytic 0.05 560000 ~0
33

Packed-bed DBD 0.0081 340 ~0 34

DBD jet electrolytic 0.44 2270 ~0 35

Li-intermediary NRR 0.013 1731 ~0 36

Li-intermediary NRR 0.48 1380000 ~0 37

eNRR 0.00135 37 ~0 38

eNRR 0.0083 5.5 ~0 39

eNRR 0.0063 32 ~0 40

eNRR 0.00264 29.92 ~0 41

Fe–cat. (KM1) a 

(Haber-Bosch process)
642.6 10~13 ~1.5 42

a. Cat. = 0.2 g, H2:N2= 3:1, WHSV= 60 000 mL g−1 h−1, T= 400 ℃, P= 10 MPa.
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