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Supplementary note 1: Calculation of equilibrium potentials of relevant 
ammonia oxidation reactions

The calculation of equilibrium potentials with respect to the Reversible 
Hydrogen Electrode (RHE) in an alkaline electrolyte at pH 14 can be done by 
calculating the cell potentials ERHE of a cell with the RHE as counter electrode. 
RHE itself at pH 14 has the half reaction:

 2𝐻2𝑂 + 2e-  ⇌ H2 + 2𝑂𝐻−                             E0 = 0 V vs RHE @ pH 14
(0)

Equations (1)-(3) are given below again for convenience, while (4) is given for 
completion:

𝑁𝐻3(𝑎𝑞) + 3𝑂𝐻− ⇌ ½𝑁2+ 3𝐻2𝑂 + 3𝑒−           
(1)

𝑁𝐻3(𝑎𝑞) + 7𝑂𝐻− ⇌ 𝑁𝑂2
−+ 5𝐻2𝑂 + 6𝑒−         

(2)

𝑁𝐻3(𝑎𝑞) + 9𝑂𝐻− ⇌ 𝑁𝑂3
−+ 6𝐻2𝑂 + 8𝑒−         

(3)

𝑁2(g) + 12 𝑂𝐻− ⇌ 2𝑁𝑂3
− + 6 𝐻2𝑂 + 10 𝑒−       

(4)

The potential difference with the RHE electrode can be determined by 
calculating ΔG and the cell potential for the two balanced equations (0) and 
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(1), (0) and (2), and (0) and (3), taking the number z of electrons involved into 
account.

The potential of (1) vs RHE can be determined from the difference between (0) 
and (1):

2𝑁𝐻3(𝑎𝑞) ⇌ 𝑁2 + 3𝐻2           

ΔG = G(N2) + G(H2) – G(NH3(Aq)) = 0 + 0 –(-26.57x2) = 53.1 kJ/mol

ERHE = - ΔG/zF = -53.1e3/(6x96485)= -0.091 V  with the negative sign stemming 
from the applied potential having the opposite direction of electron flow. The 
potential of the positive electrode where (1) runs is then +0.091V higher than 
where (0) runs. The potential of (1) at pH 14 versus SHE becomes: 

(1) E0 = -0.0592x14 –(-0.091) = -0.74 V vs SHE @ pH 14

The potential of (2) vs RHE can be determined from the difference between (0) 
and (2):

𝑁𝐻3(𝑎𝑞)+ 𝑂𝐻− + H2O ⇌ 𝑁𝑂2
− + 3 𝐻2

ΔG = G(NO2
-(aq)) + G(3H2) – ( G(NH3(aq))+G(OH-) + G(H2O) )=

= -34.31 + 0 – (-26.57 – 157.32 – 237.2)  = +386.8 kJ/mol 

ERHE = - ΔG/zF = -386.8e3 /(6x96485) = -0.67 V

The potential versus SHE, when (3) is at pH 14 then becomes: 

(2) E0= -0.0592x14 –(-0.67) = -0.16 V vs SHE @ pH 14

The potential of (3) vs RHE can be determined from the difference between (0) 
and (3):

𝑁𝐻3(𝑎𝑞) + 𝑂𝐻− + 2H2O ⇌ 𝑁𝑂3
− + 4 𝐻2

ΔG = G(NO3
-(aq)) + G(4H2) – ( G(NH3(aq))+G(OH-) + G(2H2O) )=

= -110.46 + 0 – (-26.57– 157.32 – 237.2x2) = 547.8  kJ/mol 

ERHE = - ΔG/zF = -547.8e3 /(8x96485) = -0.71 V

The potential versus SHE, when (3) is at pH 14 then becomes: 

(3) E0= -0.0592x14 –(-0.71) = -0.12 V vs SHE @ pH 14
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The potential of (4) vs RHE can be determined from the difference between (0) 
and (4):

𝑁2(g) + 2 𝑂𝐻− + 4 𝐻2𝑂 ⇌ 2𝑁𝑂3
− + 5H2

ΔG = 2G(NO3
-(aq)) + 5 G(H2) – (G(N2) + 2G(OH-) + 4G(2H2O)) = 

= -110.46x2 + 0 –(0 – 157.3x2 - 237.2x4) = 1042.48 kJ/mol 

ERHE = - ΔG/zF = -1042.48 e3 /(10x96485) = -1.08 V 

The potential versus SHE, when (4) is at pH 14 then becomes: 

(4) E0= -0.0592x14 –(-1.08) = +0.25 V vs SHE @ pH 14

Although one may expect to observe (4) at similar potentials as the AOR 
reactions, in practice the direct di-nitrogen electrochemical oxidation has 
proven to be difficulties to be observed in any proposed catalytic system yet. 
For further information see [19].



Table S1. The performance of various electrocatalyst towards selective and high Faradaic efficient electrochemical ammonia 
oxidation. Underlined potential and current density are the applied values. Where applicable the FE is calculated from the 
reported product concentrations in the references and the (estimated average) current applied.

AOR 
Catalyst

Mem-
brane

Coun-
ter 
Electro
de

Electrol
yte

Ammo
nia

Potent
ial

(V)

Curren
t 

Densit
y

(mA/c
m2)

𝐹𝐸𝑁2
(%)

𝐹𝐸
𝑁𝑂 ‒

2
(%)

𝐹𝐸
𝑁𝑂 ‒

3
(%)

Re
f.

IrO2 — Ti 0.1 M 
Na2SO4, 
pH 7

0.5 M 
(NH4)2S
O4

80 4 [1]

IrO2 Nafion
® 424

Ti 0.1 M 
Na2SO4, 
pH 7

0.5 M 
(NH4)2S
O4

80 12 [1]

IrO2 — Ti 0.1 M 
Na2SO4, 
pH 7

1 M 
NH4Cl

80 38 [1]

IrO2 Nafion
® 424

Ti 0.1 M 
Na2SO4, 
pH 7

1 M 
NH4Cl

80 57 [1]

IrO2 — Ti 0.1 M 
Na2SO4, 
pH 12

0.5 M 
(NH4)2S
O4

80 35 [1]

IrO2 Nafion
® 424

Ti 0.1 M 
Na2SO4, 
pH 12

0.5 M 
(NH4)2S
O4

80 67 [1]

IrO2 — Ti 0.1 M 
Na2SO4, 
pH 12

1 M 
NH4Cl

80 42 [1]

IrO2 Nafion
® 424

Ti 0.1 M 
Na2SO4, 
pH 12

1 M 
NH4Cl

80 85 [1]

Pt-Ir-Rh — Pt-Ir-
Rh

0.2 M 
KOH

21.5 
mM 
NH4OH

<1 Cell 25 92 [2]

NiCu — Pt/C 1 M 
NaOH, 
pH 12

29 mM 
NH4Cl

1.0 
Cell

93 [3]

NiCu — Pt/C 1 M 
NaOH, 
pH 12

29 mM 
NH4Cl

1.1 
Cell

81 [3]

Ni foam — IrO2/Ti 
plate

0.1 M 
Na2SO4, 
pH 11

0.6 
mM 
(NH4)2S
O4

0.8 vs. 
Hg/Hg
O

3 0 19 [4]

NiCuFeOO
H

— Pt foil 0.5 
NaOH, 
pH 13.6

55 mM 
NH4Cl

0.4 vs. 
SCE

41 [5]

NiCuFeOO
H

— Pt foil 0.5 
NaOH, 

55 mM 
NH4Cl

0.55 
vs. SCE

15 [5]



pH 13.6
Cu Glass 

frit
Pt wire 0.01 M 

KOH
0.1 M 
NH4OH

1.8 vs. 
RHE

2 85 0 [6]

Cu Glass 
frit

Pt wire 0.01 M 
KOH

0.1 M 
NH4OH

1.7 vs. 
RHE

5-40 9 44 [6]

Cu Glass 
frit

Pt wire 0.11 M 
KOH

0.1 M 
NH4OH

1.7 vs. 
RHE

2 86 0 [6]

Cu Glass 
frit

Pt wire 0.11 M 
KOH

0.1 M 
NH4OH

1.8 vs. 
RHE

4 62 5 [6]

Cu Glass 
frit

Pt wire 0.11 M 
KOH

0.1 M 
NH4OH

2.0 vs. 
RHE

25-40 36 29 [6]

Cu Glass 
frit

Pt wire 1.1 M 
KOH

0.1 M 
NH4OH

1.7 vs. 
RHE

55 0 [6]

Cu Glass 
frit

Pt wire 1.1 M 
KOH

0.1 M 
NH4OH

1.8 vs. 
RHE

4 27 9 [6]

Vo-rich 
CuOa

— Carbon 
rod

1 M 
KOH

1 M 
NH4OH

0.6 vs. 
Hg/Hg
O

63 34 0 [7]

V0-Poor 
CuOa

— Carbon 
rod

1 M 
KOH

1 M 
NH4OH

0.6 vs. 
Hg/Hg
O

26 72 0 [7]

Pt — Ti plate 0.1 M 
Na2SO4

1.5 
mM 
(NH4)2S
O4

1 5 0 0 [8]

Ni — Ti plate 0.1 M 
Na2SO4

1.5 
mM 
(NH4)2S
O4

1 4 8 50 [8]

Cu — Ti plate 0.1 M 
Na2SO4

1.5 
mM 
(NH4)2S
O4

1 6 0 54 [8]

PtNi — Ti plate 0.1 M 
Na2SO4

1.5 
mM 
(NH4)2S
O4

1 5 13 25 [8]

PtCu — Ti plate 0.1 M 
Na2SO4

1.5 
mM 
(NH4)2S
O4

1 31 1 38 [8]

PtCuNi — Ti plate 0.1 M 
Na2SO4

1.5 
mM 
(NH4)2S
O4

1 5 17 22 [8]

PtCu — Ti plate 0.1 M 
Na2SO4

1.5 
mM 
(NH4)2S
O4

2 1 7 44 [8]

PtCu — Ti plate 0.1 M 
Na2SO4

5 mM 
(NH4)2S

1 5 28 48 [8]



O4

Cu P4 
Ceram
ic frit

Pt/Ti 
mesh

0.1 M 
KOH

0.1 M 
NH4OH

2.0 vs. 
RHE

0 18 [9]

Ni P4 
Ceram
ic frit

Pt/Ti 
mesh

0.1 M 
KOH

0.1 M 
NH4OH

2.0 vs. 
RHE

8 19 [9]

Ni(OH)2 Fumas
ep 
FAB-
PK-
130

Ni 
foam

0.1 M 
Na2SO4

0.2 M 
NH4OH

1.6 vs. 
RHE

6 53 28 18 [10]

Ni(OH)2 Fumas
ep 
FAB-
PK-
130

Ni 
foam

0.1 M 
Na2SO4

0.2 M 
NH4OH

1.9 vs. 
RHE

18 89 9 42 [10]

Ni(OH)2 Fumas
ep 
FAB-
PK-
130

Ni 
foam

0.1 M 
Na2SO4, 
pH 12.8

0.2 M 
NH4OH

1.9 vs. 
RHE

39 9 [10]

Ni(OH)2 Fumas
ep 
FAB-
PK-
130

Ni 
foam

0.1 M 
NaOH

0.2 M 
NH4OH

1.6 vs. 
RHE

10 34 58 1 [10]

Ni(OH)2 Fumas
ep 
FAB-
PK-
130

Ni 
foam

0.1 M 
NaOH

0.2 M 
NH4OH

1.9 vs. 
RHE

28 20 39 9 [10]

SnO2 — Pt Foil 0.5 M 
K2SO4, 
pH 11

5 mM 
(NH4)2S
O4

1.45 
vs. 
RHE

1 84 7 3 [11]

SnO2 — Pt Foil 0.5 M 
K2SO4, 
pH 11

5 mM 
(NH4)2S
O4

1.75 
vs. 
RHE

1 25 4 16 [11]

Ni(OH)2/S
nO2

— Pt Foil 0.5 M 
K2SO4, 
pH 11

5 mM 
(NH4)2S
O4

1.45 
vs. 
RHE

1 90 1 0 [11]

Ni(OH)2/S
nO2

— Pt Foil 0.5 M 
K2SO4, 
pH 11

5 mM 
(NH4)2S
O4

1.75 
vs. 
RHE

2 43 0 31 [11]

Ni(OH)2 — Pt Foil 0.5 M 
K2SO4, 
pH 11

5 mM 
(NH4)2S
O4

1.45 
vs. 
RHE

1 93 9 1 [11]

Ni(OH)2 — Pt Foil 0.5 M 
K2SO4, 
pH 11

5 mM 
(NH4)2S
O4

1.75 
vs. 
RHE

1 24 4 1 [11]

Ni P4 Pt/Ti 0.1 M 0.5 M 1.0 vs. 14 5 [12]



glass 
frit

Mesh K2HPO4 NH4OH SHE

β-NiOOH P4 
glass 
frit

Pt/Ti 
Mesh

0.1 M 
K2HPO4

0.5 M 
NH4OH

1.0 vs. 
SHE

13 16 [12]

CoOxHy/
β-NiOOH

P4 
glass 
frit

Pt/Ti 
Mesh

0.1 M 
K2HPO4

0.5 M 
NH4OH

1.0 vs. 
SHE

2 38 41 [12]

Cu — Pt foil 0.5 M 
K2SO4, 
pH 11

5 mM 
(NH4)2S
O4

1.65 
vs. 
RHE

42 2 49 [13]

Cu2Co1 — Pt foil 0.5 M 
K2SO4, 
pH 11

5 mM 
(NH4)2S
O4

1.65 
vs. 
RHE

73 1 26 [13]

Cu1Co4 — Pt foil 0.5 M 
K2SO4, 
pH 11

5 mM 
(NH4)2S
O4

1.65 
vs. 
RHE

60 0 40 [13]

Co — Pt foil 0.5 M 
K2SO4, 
pH 11

5 mM 
(NH4)2S
O4

1.55 
vs. 
RHE

65 3 32 [13]

CuCo — Pt foil 0.5 M 
K2SO4, 
pH 11

5 mM 
(NH4)2S
O4

1.65 
vs. 
RHE

77 1 23 [13]

Ni — IrO2 0.1 M 
Na2SO4

1.5 
mM 
(NH4)2S
O4

2 3 2 8 [14]

Ni400 °C
b — IrO2 0.1 M 

Na2SO4

1.5 
mM 
(NH4)2S
O4

2 10 4 22 [14]

Ag/Ni400 

°C
b

— IrO2 0.1 M 
Na2SO4

1.5 
mM 
(NH4)2S
O4

1.8V 
vs. 
RHE

2 32 5 19 [14]

Ni foam — DSAc 10 mM 
Na2SO4, 
pH 11

2 mM 
(NH4)2S
O4

0.7 vs. 
Hg/Hg
O

5 64 14 [15]

Ni foam — DSAc 10 mM 
Na2SO4, 
pH 11

2 mM 
(NH4)2S
O4

1.0 vs. 
Hg/Hg
O

1 3 47 [15]

Cu/NF — DSAc 10 mM 
Na2SO4, 
pH 11

2 mM 
(NH4)2S
O4

0.7 vs. 
Hg/Hg
O

15 59 28 [15]

Cu/NF — DSAc 10 mM 
Na2SO4, 
pH 11

2 mM 
(NH4)2S
O4

1.0 vs. 
Hg/Hg
O

5 2 81 [15]

Ni(OH)2-
Cu(OH)2 / 
C

— Pt 0.1 M 
NaOH

50 mM 
NH4Cl 

0.55 
vs. 
Ag/Ag
Cl

9-2 0 9 [16]



Cu8Ni2 — Pt 0.5 M 
KOH

55 mM 
NH4Cl

1.6V 
vs RHE

53 67 [17]

CuNi-              
‘L@(−196)
’ 

— Pt 0.5 M 
KOH

55 mM 
NH4Cl

1.7V 
vs RHE

106-28 5 [18]

a Oxygen vacancies; b Annealed at 400 °C; c Dimensionally stable anode

Figure S1. EDS and SEM of an unused NiCu0.2 electrode, showing the particle distribution within the electrode. High porosity 
is achieved through the phase inversion method. Reduction in K2SO4 contamination is visualized with EDS of S. Both 
secondary electron detector (SED) and backscatter electron detector (BED) modes of SEM are applied to show topography 
and composition, respectively.



Figure S2. Cyclic voltammetry of a) Ni(OH)2 and b) NiCu0.2 in 1 M KOH with and without NH4OH at both 1 mV/s and 5 mV/s 
Scan rate.

Figure S3. chronopotentiometry at 10 mA/cm2 in 1 M KOH divided by a nafion 117 membrane. when the potential peaked, 
the cell was shut-off. at that moment Ir was 1000 ohm and pH of 8. Cell recovers slowly over time due to concentration 
gradient resulting in transport back. Cell was turned on again after 24 hours and spliced after the initial shutdown.



Figure S4. a) Nitrite and nitrate concentration related to chronopotentiometry in 1M KOH with 1 M KNO2 at 10 mA/cm2. b) 
Potential measured during the chronopotentiometric measurement in 2x50 mL Nafion 117 membrane cell.

 

Figure S5. Chronopotentiometry of Ni(OH)2 and NiCu0.2 in 6 M KOH with 1 M NH3 at 2.5 mA/cm2with 2x50 mL 117 Nafion 
cell. a) measured nitrite concentration and b) potential during the chronopotentiometry. Showing the increased production 
rate on Ni(OH)2 due to the increased potential.
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