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- Porous Ni
- IPA:Water (9:1 v/v) 10mM H2SO4

(IPA: isopropyl alcohol) 
- Ammonia production rate 
(rNH3-N): 1.54x10-11 mol s-1 cm-2 

- Faradic efficiency (FE): 0.8 %

- Tetrahexahedral Au nanorods 
- 0.1 M KOH, 2 compartment cell
- rNH3-N: 1.648 μg h-1 cm-2

- FE: 4.0 % 

- Porous Ni
- Anodic compartment : 0.05 M H2SO4

- Cathodic compartment: 0.1 M 
LiCl/Ethylenediamine (EDA) 

- rNH3-N: 3.58x10-11 mol s-1 cm-2

- FE: 17.2 %

J. Electrochem. Soc. 2016, 163 (7) F610

Adv. Mater. 2017, 29 (3), 1604799

N2+ 6H+

+6e-

→ 2NH3

J. Electrochem. Soc. 2016, 163 (14) F1523

Ammonia Production using Water and N2 under RT and 1atm
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Possible Strategies to Improve Selectivity

A. Singh et al., ACS Catalysis, 2017, 7, 706

• Limit the proton transfer rate by
Reducing the conc. of protons
in the bulk solution

Increasing the barrier for proton 
transfer to the surface

• Limit the electron transfer rate by
requiring electrons to tunnel 
through a thin insulator, 

using photoabsorbers to supply a slow s
tream of electrons
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Generic Mechanisms for N2 Reduction to NH3

Catal. Today 2016

• Dissociative mechanism : NΞN bond is broken before any hydrogenation take place.
→ Haber Bosch process operates through a dissociative mechanism.

• Associative alternating pathway : Hydrogenation events in each of the two nitrogen centres
→ One nitrogen is converted into NH3 and the NΞN bond is broken.

• Associative distal pathway : Hydrogenation occurs on the furthest away from the surface 
→ The release of one equivalent of NH3 → metal nitrido (MΞN) unit will be hydrogenated to give 2nd NH3
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Volcano Plot for Ammonia Production by DFT

Phys. Chem. Chem. Phys., 2012, 14, 1235–1245

• The most active surfaces are Mo, Fe, Rh, and Ru, but hydrogen gas formation will be a 
competing reaction reducing the faradaic efficiency for ammonia production.

• Sc, Y, Ti, and Zr bind N-adatoms more strongly than H-adatoms.

N2 dissocation



Ammonia Production by Metal Nitride

(a)Langmuir-Hinshelwood
mechanism
Both reactants first adsorb onto
the surface (reaction 1 and 2),
before a reaction takes place.

(B) Eley-Rideal mechanism
Only one of the reactants adsorbs
onto the surface (reaction 1).

(c) Mars-van Krevelen mechanism
The surface itself is an active part
in the reaction: one reactant forms
a chemical bond with the catalytic
surface (reaction 1a), forming a
thin surface layer of Metal-
Reactant.

• Metal nitrides can further enhance the catalytic 
property by way of a Mars-van Krevelen mechanism. 

• The vacancy is likely refilled by N and thus the catalytic 
cycle may continue to form the second NH3. 

ACS Catal. 2016, 6, 635−646

a b c
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▪ Nonpolar N2 molecules are 
adsorbed to the Ro-Co center of the 
Ro-CoS catalyst.

▪ N2 is polarized by electrons 
asymmetrically supplied at the 
center of Ru-Co.

▪ Ru-CoSx with S-vacancy catalysts 
form a Schottky barrier between Ru-
Co and the plasmonic effect 
resulting from the nanoscale.

▪ Therefore, N bonded to Ru- first 
undergoes hydrogenation.

Polarization by Asymmetrical Electron Donation

Enhanced Polarization, Activation, and Cleavage

Adv. Funct. Mater. 2019, 1906983 https://doi.org/10.1002/adfm.201906983

https://doi.org/10.1002/adfm.201906983


▪ Nonpolar N2 molecules are 
adsorbed to the Ro-Co bimetal 
center of the Ro-CoS with S-
vacancy catalyst.

▪ Asymmetrical electron donation 
from Ru-Co atoms serves to N2 
adsorbate highly polarized triple N 
bond. 

▪ Plasmonic metals(Ru- nanoparticle) 
donate energetic electrons to N2 
adsorbates.

▪ Plasmonic Ru/CoS interface 
enhances light absorption to 
produce energetic charge-carriers, 
accelerates charge separation and 
transfer, and thus kineticaaly
facilitates N2 fixation.

Polarization by Asymmetrical Electron Donation

Proposed pathway on Ru-Vs-CoS/CN

1.

2.3.4.

Adv. Funct. Mater. 2019, 1906983 https://doi.org/10.1002/adfm.201906983

https://doi.org/10.1002/adfm.201906983


Polarization by Asymmetrical Electron Donation

DFT calculations

▪ (a) shows adsorption energies of 
N2 on single sith of Ru, Co (or S-
vacancy) in CoSx, and on Ru-Co 
center at Ru/CoSx interface.

▪ (b) show differential charge 
density of Ru/CoSx interface

▪ (c ) show free energy of HERs on 
Ru and Co (or S) in CoSx. The HER 
was limited by *H adsorption on 
the Co of CoSx and by *H 
desorption on the S of CoSx

▪ (d) show N–N distances of free N2 
and intermediates during 
hydrogenation starting from the N 
on Ru or Co

Adv. Funct. Mater. 2019, 1906983 https://doi.org/10.1002/adfm.201906983

https://doi.org/10.1002/adfm.201906983


▪ Calculatedd N2RR pathway on Ru(001)/CoSx(101) interface.

Polarization by Asymmetrical Electron Donation

DFT calculations

Adv. Funct. Mater. 2019, 1906983 https://doi.org/10.1002/adfm.201906983

https://doi.org/10.1002/adfm.201906983


Polarization by Asymmetrical Electron Donation

TEM analysis

Adv. Funct. Mater. 2019, 1906983 https://doi.org/10.1002/adfm.201906983

https://doi.org/10.1002/adfm.201906983


▪ Fourier transform infrared (FT-IR) spectra reflect the characteristic features of g-C3N4.

▪ The C–N peak slightly shifts from 813.2 cm−1 for CN to 812 cm−1 for Vs-CoS/CN and Ru-Vs-CoS/CN. 

▪ It indicate a decreasing electron cloud density of N due to the coordination of lone pair electrons of sp3-N 
with the unoccupied d orbitals of Co or Ru.

FT-IR analysis

Polarization by Asymmetrical Electron Donation

Adv. Funct. Mater. 2019, 1906983 https://doi.org/10.1002/adfm.201906983
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Polarization by Asymmetrical Electron Donation

UV-vis-NIR absorption and FDTD-simulation

Adv. Funct. Mater. 2019, 1906983 https://doi.org/10.1002/adfm.201906983
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Polarization by Asymmetrical Electron Donation
Photocatalytic results

Adv. Funct. Mater. 2019, 1906983 https://doi.org/10.1002/adfm.201906983
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Theoretical Strategies to Overcome ENRR

https://doi.org/10.1002/aenm.201902319


Theoretical Strategies to Overcome ENRR
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