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S1. Experiment section

1.1. NH4
+ Quantification

The concentration of produced NH3 was determined by the indophenol blue method1. First, 

the post-reaction electrolyte was diluted to some extent within the detection range of 

standard curves. Then, 2 mL of diluted sample was mixed with 2 mL of 1 M NaOH aqueous 

solution containing 5 wt% sodium citrate and 5 wt% salicylic acid. Next,1 mL of 0.05 M 

NaClO and 0.2 mL of 1 wt% sodium nitroferricyanide were introduced and the solution 

was mixed entirely. After standing for 2 h to complete the colour reaction, the absorption 

spectrum was then measured using an ultraviolet-visible spectrophotometer (UV-2600) in 

the wavelength range from 550 nm to 750 nm, recording the absorption intensity at a 

wavelength of 655 nm. A series of different concentrations of NH4Cl solutions were 

measured to make calibration curves on the purpose of quantify ammonia.

1.2. NO2
− Quantification

The post-reaction electrolyte was diluted to some extent within the detection range of 

standard curves. 5 mL of diluted solution was mixed with 0.1 mL of 1M HCl aqueous 

solution consisting of 0.5 g sulfonamide. After standing for 10 min, another 0.1 mL 

solution prepared by 20 mL ultra-pure water and 0.02 g N-(1-naphthyl) ethylenediamine 

dihydrochloride were introduced5. Then the mixture was shaken well and placed in dark 

for 20 min. The absorption spectrum was measured using an ultraviolet-visible 

spectrophotometer (UV-2600) in the wavelength range of 450-650 nm, recording the 

absorption intensity at 540 nm. A series of different concentrations of KNO2 solutions were 

measured to make calibration curves on the purpose of quantify nitrite.

1.3. NO3
− Quantification



Dilute the post-electrolysis electrolyte to an appropriate concentration. Then take out 5 mL 

of the diluted sample, add 0.10 mL of 2.0 M HCl solution, shake and mix them entirely, 

and stand for 5 minutes. The absorption spectrum was then measured using an ultraviolet-

visible spectrophotometer (UV-2600) in the wavelength range of 200 to 300 nm, recording 

the absorption intensities at 220 and 275 nm. The final absorbance was calculated by the 

formula A = A220 nm - 2A275 nm. A series of standard KNO3 solutions were used to make a 

standard concentration-absorbance calibration curve to quantify nitrate.

1.4. Electrochemical active surface area (ECSA) determination

The ECSA is calculated as follows:

𝐸𝐶𝑆𝐴 = 𝐶𝑑𝑙/𝐶𝑠

where Cdl is the double layer capacitance and Cs is the specific capacitance of the sample. 

A general specific capacitance of Cs = 0.040 mF cm-2 was used in this study and Cdl is the 

slop of half the current difference between anode and cathode versus scan rate at a certain 

potential. The Cdl determination was measured in a potential window from -0.06 V to 0.04 

V vs. RHE at different scan rates of 10, 20, 40, 60, 80, 100 mV s-1.

1.5. Reaction order calculation

The calculation of reaction order is based on the formula as follows2:

𝑁𝑂 ‒
3 + 2𝐻2𝑂→𝑁𝐻3 + 𝑂𝐻 ‒    𝑐 = 𝑘[𝑁𝑂 ‒

3 ]𝛼[𝐻2𝑂]𝛽 

where, c is the reaction rate of nitrate, k is the reaction rate constant, α, β is the reaction 

order for nitrate and water, respectively. [H2O]β can be seemed as a constant, due to [H2O] 

 [NO3
-]. Since the current density j is linear dependent to the reaction rate c (j = nFc), ≫

the above equation can be rewritten as:

𝑙𝑛 𝑗 = 𝐾 + 𝛼 𝑙𝑛 [𝑁𝑂 ‒
3 ]



The reaction order α can be obtained by linearly fit ln j with ln [NO3
-].

1.6. Electron transfer number calculation

The electron transfer number is calculated according to the Koutecky–Levich equation3:

1
𝑖

=
1
𝑖𝑘

+
1

0.62𝑛𝐹𝐴𝐷2/3
0 𝜔1/2𝑣 ‒ 1/6𝐶0

where i is the current (A), ik refers to the limiting current (A), n is the electron transfer 

number, F is the Faraday constant (96,485 C mol-1), A is the specific area of the RDE 

(0.19625 cm2), D0 is the diffusion coefficient of the nitrate (1.80 × 10-5 cm2 s-1)4, ω is the 

rotation rate (rpm × 2 π/60, s-1), ν is the kinematic viscosity (0.0118 cm2 s-1)5,6, and C0 is 

the bulk concentration of NO3
- (10 × 10-6 mol cm-3). The inverse of current i (A) is 

proportional to the inverse of the square root of the rotation rate (ω-1/2). The electron 

transfer number can be calculated through the slope of the fitted plot.

1.7. Reaction rate constant calculation

Reaction rate constant (k) is analyzed through the formula as follows:

𝐶 = 𝐶0 × 𝑒 ‒ 𝑘𝑡

Where C is related to real-time concentration of NO3
- or NO2

-, C0 is the initial 

concentration, k refers to reaction rate constant, and t is the reaction time. On purpose of 

acquire a deeper insight of the NO3RR mechanism, we calculate k1 (NO3
- to NO2

-) and k2 

(NO2
- to NH3), respectively.

1.8. Calculation of FE, partial current density and NH3 yield rate

The faraday efficiency (FE) is calculated as follows:

𝐹𝐸𝑁𝐻3
 =

(8 × 𝐹 × 𝐶𝑁𝐻3
× 𝑉)

𝑗 × 𝐴 × 𝑡



𝐹𝐸
𝑁𝑂 ‒

2
 = (

2 × 𝐹 × 𝐶
𝑁𝑂 ‒

2
× 𝑉

𝑗 × 𝐴 × 𝑡 )
The yield rate of NH3 (YNH3) is calculated as follows:

𝑌𝑁𝐻3
 =

(𝐶𝑁𝐻3
× 𝑉)

(𝐴 × 𝑡)

Where F is the Faraday constant (96,485 mol-1), CNH3 is the molar concentration of NH3 in 

post-reaction electrolyte, CNO2- is the molar concentration of NO2
- in post-reaction 

electrolyte, V is the volume of the cathodic electrolyte, j is the total current density, A is 

the electrode geometric area, and t is the reaction time.

The partial current density of NH3 is calculated as follows:

𝑗𝑁𝐻3 = 𝑗 × 𝐹𝐸𝑁𝐻3

1.9. Electrochemical online DEMS test

A certain amount of 1 M KOH and 0.1 M KNO3 as electrolyte was added into a customized 

electrochemical cell. Catalysts coated on breathable film with gold plating layer, Ag/AgCl 

electrodes, Pt wire were treated as the working electrode, reference electrode and counter 

electrode, respectively. Then, a constant potential at 0 V vs. RHE was applied for 60 s and 

the corresponding mass signals can be detected. After the electrochemical test is completed 

and the signal returns to the baseline, repeat this procedure another three times.

1.10.Electrochemical in situ ATR-FTIR spectroscopy

In situ ATR-FTIR spectroscopy was obtained with the BRUKER TENSOR. The catalyst 

ink was prepared by dispersing 6 mg of catalysts in 1 mL of isopropanol solution and then 

ultrasonicating for 30 min. The NO3RR was performed in a custom-made H-cell, in which 

the Hg/HgO and Pt wire were used as reference electrodes and counter electrode, 



respectively. Working electrode was fabricated by dropping 50 μL catalyst ink onto the 

surface of a wedge-shaped silicon coated with a gold layer, with a certain amount of 1 M 

KOH and 0.1 M KNO3 as electrolyte. The infrared spectra were measured at different 

potentials after deducting the background at open-circuit voltage.
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Figure S1. Zeta potentials of CB modified with PDDA, Cu7/Ag3 and Ru modified with 

citrate.
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Figure S2. The XRD patterns of Ru/C, Cu7-Ru3/C, Cu/C, Ag/C, Ag7-Ru3/C, (Cu7/Ag3)/C, 

and (Cu7/Ag3)7-Ru3/C.
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Figure S3. SEM image of (Cu7/Ag3)7-Ru3/C.
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Figure S4. TEM images of Cu/C, Ag/C, Ru/C and (Cu7/Ag3)/C.
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Figure S5. The concentration-absorbance UV-vis calibration curve of NH3 using different 

concentration of NH4Cl solutions as standards. (a) UV-vis curves of indophenol assays 

with NH4
+ ions and (b) linear fitting results of the calibration curve.
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Figure S6. The concentration-absorbance UV-vis calibration curve of NO2
− using different 

concentration of KNO2 solutions as standards. (a) UV-vis curves of assays with NO2
− ions 

and (b) linear fitting results of the calibration curve.
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Figure S7. The concentration-absorbance UV-vis calibration curve of NO3
− using different 

concentration of KNO3 solutions as standards. (a) UV-vis curves of assays with NO3
− ions 

and (b) linear fitting results of the calibration curve.
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Figure S8. LSV curves of (Cu7/Ag3)7-Ru3/C, Cu7-Ru3/C, (Cu7/Ag3)/C, Ag7-Ru3/C, Cu/C, 

Ag/C and Ru/C.
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Figure S9. NO2
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applied potentials.
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Figure S11. FEs of (a) NH3, (b) NO2
− and (c) the yield rates of NH3 for (Cu7/Ag3)9-Ru1/C, 
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Figure S12. Short-term cycling stability testing of (Cu7/Ag3)7-Ru3/C.



0.1 -0.1 -0.3 -0.5 -0.7 -0.9

0

20

40

60

80

100

0.0

0.5

1.0

1.5

2.0

N
H

3 y
ie

ld
 ra

te
 (m

m
ol

 c
m

-2
 h

-1
)

0.05 M

FE
 (%

)

Potential (V vs.RHE)

 NH3

 NO2
-

0.1 -0.1 -0.3 -0.5 -0.7 -0.9

0

20

40

60

80

100

0

1

2

3

4

N
H

3 y
ie

ld
 ra

te
 (m

m
ol

 c
m

-2
 h

-1
)

FE
 (%

)

Potential (V vs.RHE)

 NH3

 NO2
-

0.1 M

0.1 -0.1 -0.3 -0.5 -0.7 -0.9
0

20

40

60

80

100

0

3

6

9

12

15

N
H

3 y
ie

ld
 ra

te
 (m

m
ol

 c
m

-2
 h

-1
)

FE
 (%

)

Potential (V vs.RHE)

 NH3

 NO2
-

0.5 M

0.1 -0.1 -0.3 -0.5 -0.7 -0.9
0

20

40

60

80

100

0

4

8

12

16

N
H

3 y
ie

ld
 ra

te
 (m

m
ol

 c
m

-2
 h

-1
)

FE
 (%

)

Potential (V vs.RHE)

 NH3

 NO2
-

1 M

a b c

d e f

0.1 -0.1 -0.3 -0.5 -0.7 -0.9
0

20

40

60

80

100

0

4

8

12

16

N
H

3 y
ie

ld
 ra

te
 (m

m
ol

 c
m

-2
 h

-1
)

FE
 (%

)

Potential (V vs.RHE)

 NH3

 NO2
-

Simulated electroplating wastewater

2800 ppm  SO4
2-

2400 ppm  Cl-

14000 ppm  N-NO3
-

 NH3

 NO2
-

0.1 -0.1 -0.3 -0.5 -0.7 -0.9

0

20

40

60

80

100

0.0

0.1

0.2

0.3

0.4

N
H

3 y
ie

ld
 ra

te
 (m

m
ol

 c
m

-2
 h

-1
)

FE
 (%

)

Potential (V vs.RHE)

0.01 M

Figure S13. (a-e) FEs of NH3 and NO2
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Figure S16. (a-c) LSV curves under different rotation rates of (Cu7/Ag3)7-Ru3/C, 

(Cu7/Ag3)/C, and Ru/C. (d-f) The data fitting of electron transfer number estimation.



-5 -4 -3 -2 -1
-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

ln
 | 

j |
 (A

 c
m

-2
)

ln c (mol L-1)

 0.15 V  0.1 V
 0.05 V  0 V
 -0.05 V  -0.1 V
 -0.15

slop=0.211

slop=0.182

slop=0.164

slop=0.152
slop=0.147
slop=0.140

slop=0.146

-5 -4 -3 -2 -1

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

slop=0.262

 0.2 V  0.15 V
 0.1 V  0.05 V
 0 V  -0.05 V
 -0.1 V

ln
 | 

j |
 (A

 c
m

-2
)

ln c (mol L-1)

slop=0.399

slop=0.355

slop=0.295

slop=0.248

slop=0.233

slop=0.238

a b

c d
-0.4 -0.2 0.0 0.2 0.4 0.6

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

C
ur

re
nt

 d
en

si
ty

 (A
 c

m
-2

)

Potential (V vs.RHE)

 0.01 M
 0.05 M
 0.1 M
 0.3 M
 0.5 M

1 M KOH+x M KNO3

-0.4 -0.2 0.0 0.2 0.4 0.6
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

C
ur

re
nt

 d
en

si
ty

 (A
 c

m
-2

)

Potential (V vs.RHE)

 0.01 M
 0.05 M
 0.1 M
 0.3 M
 0.5 M

1 M KOH+x M KNO2

Figure S17. (a,b) LSV curves of (Cu7/Ag3)7-Ru3/C in different concentrations of nitrate or 

nitrite under a stirring of 800 rpm. (c,d) Linear fit of ln[ j] against ln[c] to obtain the reaction 

rate order.
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Figure S18. CV curves of (a) (Cu7/Ag3)7-Ru3/C, (b) Ru/C and (c) (Cu7/Ag3)/C in 0.1 M 

KOH solution with a 5 mV s-1 sweeping speed.
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Figure S19. Infrared signals in the range of 3000-4000 cm-1 over (a) (Cu7/Ag3)7-Ru3/C, (b) 

Ru/C, and (c) (Cu7/Ag3)/C in 1 M KOH + 0.1 M KNO3.



a b

1800 1600 1400 1200

Wavenumber (cm-1)

 OCP
 +0.6 V
 +0.5 V
 +0.4 V
 +0.3 V
 +0.2 V
 +0.1 V
 -0.1 V
 -0.3 V
 -0.5 V
 -0.7 V

N
-O

(a
to

p)

δH
2O

 a
sN

O
2

N
-O

-H

N
H

2

 s
N

O
3

 s
N

O
2

S
i-O

Ab
so

rb
an

ce
 (a

.u
.)

Ru/C

1800 1600 1400 1200

 OCP
 +0.6 V
 +0.5 V
 +0.4 V
 +0.3 V
 +0.2 V
 +0.1 V
 -0.1 V
 -0.3 V
 -0.5 V
 -0.7 V

Wavenumber (cm-1)

N
-O

(a
to

p)

δH
2O

N
-O

(b
rid

ge
)

N
O

2 S
i-O

Ab
so

rb
an

ce
 (a

.u
.)

(Cu7Ag3)/C

 s
N

O
2

 a
sN

O
2

Figure S20. Infrared signals in the range of 1800 to 1200 cm-1 over (a) Ru/C and (b) 

(Cu7/Ag3)/C, in 1 M KOH + 0.1 M KNO2.



Figure S21. The different configuration of NO formed on the surface of Ru in (a) NO2RR 

and (b) NO3RR.
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Figure S22. XRD patterns of (Cu7/Ag3)7-Ru3/C before and after 60-hour stability test and 

carbon paper.



a b

30 nm

Ru Cu         

Ag Overlap

Figure S23. (a) The TEM and (b) EDX mapping images of (Cu7/Ag3)7-Ru3/C after 60-hour 

stability test.
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Figure S24. The XPS spectra of (a) Cu 2p, (b) Ag 3d, and (c) Ru 3p before and after 60-

hour stability test.



Table S1. The NO3RR performance comparisons between the (Cu7/Ag3)7-Ru3/C with other 

reported catalysts.

Catalyst Electrolyte FE (%)
NH3 yield rate 

(mmol·h-1 cm-2)
NH3 yield rate 
(mol·h-1 gcat

-1)
Ref.

(Cu7/Ag3)7-
Ru3/C

1 M KOH +
0.1 M KNO3

92.42
@-0.3 V

1.31 0.873
This 
work

(Cu7/Ag3)7-
Ru3/C

1 M KOH +
0.1 M KNO3

94.93
@-0.9 V

3.45 2.30
This 
work

Ru/Cu2O
1 M KOH +
1 M KNO3

~100
@-0.2 V

2.18 - 7

Cu/Cu2O
NWAs

1 M KOH +
200 ppm NO3

-

95.8
@-0.85 V

0.2449 - 8

Ru1Cu10/rGO
1 M KOH +
0.1 M KNO3

98
@-0.05 V

0.38 0.38 9

Cu-NBs-100
1 M KOH +
0.1 M KNO3

95
@-0.15 V

1.3 0.655 10

Strained Ru
nanoclusters

1 M KOH +
1 M KNO3

45
@-0.8 V

1.17 5.56 11

Rh/Cu
nanowires

0.1 M Na2SO4+
0.1 M NO3

-

70
@-0.4 V

1.27 - 12

NiMoO4/CuO 
NW/CF

1 M KOH +
0.05 M KNO3

98.8
@-0.2 V

0.8221 - 13

Ru15Co85 HNDs
1 M KOH +
0.1 M KNO3

97
@0 V

1.926 3.21 14

Ag/Co3O4/CoO
OH NWs

1 M KOH +
0.1 M KNO3

94.3
@-0.25 V

0.2537 - 15

Ag9 NCs
0.5 M K2SO4+
50 ppm N-NO3

-

80.2
@-0.95 V

- - 16

AuCu@Ag 
NWs

1 M KOH +
50 ppm N-NO3

-

96.9
@-0.2 V

- 0.057 17

Cu/Cu2O
0.1 M PB +
0.1 M KNO3

93.9
@-0.9 V

0.2198 - 18
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