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Abstract : The reduction of nitrogen to produce ammonia has been attracting much attention as
a renewable energy technology. Ammonia is the basis for many fertilizers and is also considered
an energy carrier that can power internal combustion engines, diesel engines, gas turbines, and
fuel cells. Traditionally, ammonia has been produced through the Haber-Bosch process, in which
atmospheric nitrogen combines with hydrogen at high temperature (350-550°C) and high pressure
(150-300 bar). This process consumes 1-2% of current global energy production and relies on
fossil fuels as an energy source. Reducing the energy input required for this process will reduce
CO, emissions and the corresponding environmental impact. For this reason, developing electro-
chemical ammonia-production methods under ambient temperature and pressure conditions should
significantly reduce the energy input required to produce ammonia. In this review, we introduce
the electrochemical nitrogen reduction reaction at ambient condition. Numerical studies on the
electrochemical nitrogen reduction mechanism have been carried out through the computation of
density function theory. Electrodes such as nanowires and porous electrodes have been also
actively studied for further participation in electrochemical reactions.
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Table 1. The list of catalyst of nitrogen reduction reaction at ambient condition

Catalyst Electrolyte Condition ~ Ammonia formation rate Faradaic Efficiency year
Fe-phthalocyanine 1.0M KOH 25°C 4.2x10" mol" min™' 0.34% at -47.8mA cm?  1989°%
% at -
ZnS 25°C 4.26x10* mol” min’" 0‘963;’]33]30'1\’
1.0M KOH 1 29% at 0.1V 1990°9
0 8 -1 .1 . o at -U.
ZnSe 25°C 4.85%10° mol™" min vs RHE
Ti 8.20% at 2.0V
i Cell Volt:
0.2 M LiCIO4/0.18 M 25°C N/A (Cell Voltage) 199437
c ethanol in THF 5.30% at 2.0V
u (Cell Voltage)
0, -
20°C 021 pg h! om? 0.28% at-1.10V
vs Ag/AgCl 38)
Ru/C 2.0M KOH 2000°
90°C 0.25 pg h'!' em™ 0.92% -0.96V
o Ke vs Ag/AgCl
% at -
Polyaniline methanol/LiCiO4/H,S0,  25°C 14 umol' L' 2.00% at-0.12V 2006
vs RHE
5 0.50% at 1.6V
0 -5 -2 40)
30 wt% Pt/C 0.50M H,SO, RT 1.14x10° mol s” m (Cell Voltage) 2013
H/Li*/NH;" mixed 6 | 0.83% at 1.2V /
) 0 - -1 -2 )
30 wt% Pt/C electrolyte 80°C 9.37x10°mol s~ m (Cell Voltage) 2013
Ru/Ti 1.2x10"mol s' cm™ N/A at-0.15v
vs NHE 0
0.50M H,SO, 30°C N/A at -0.171V 2014%
i -11 -1 2 at -0.
RW/Ti 1.5x107"" mol s~ cm vs NHE
.o 0.050M H,S04/0.1M 1 q o 17.20% 1.8V 30)
Ni wire LiCl, EDA RT 3.58x10" 'mol s~ cm (Cell Voltage) 2016
Porous Ni 2-propanol/H,SO, RT 1.54x10" mol s' em?®  0.89% at 0.5mA cm? 2016
% at -
Mo nanofilm 0.010M H,SO, RT 3.09x10"" mol s' cm™ 0.72% at -0.29V 2017*
vs RHE
0,
0.10M KOH 43.75 nmol ' em? 1.96%at OV
vs RHE 28
v-Fe,0; 65°C 0.044% at 1.6V 2017%
-1 2 . oat 1.
0.50M KOH 55.96 nmol h™ cm (Cell Voltage)
02 4.00% at -0.2V 26)
Au nanorods 0.10M KOH RT 1.648 pgh™ cm vs RHE 2017
. B a1 8.11% at -0.2V 15)
Au/TiO2 0.10M HCI RT 21.4 pg h™ mgey vs RHE 2017
10.10% at -0.2V
) -1 -1 46)
Au-CeOx/RGO 0.10M KOH RT 8.3 ug h' mg.y vs RHE 2017
2 0.16% at -2.0V
o o 12 -1 2 47)
30 wt% Fe,05-CNT 0.50M KOH RT 6.74x10""mol s cm vs Ag/AgCl 2017
% at -
PEBCD 250C 1.58 g h' em 2.85% at -0.5V
(poly N-ethyl-benzene- . vs RHE 18)
. 0.50M Li,SO, 2017
1,2,4,5-tetracarboxylic 40°C 433 ue bl em? 4.87% at -0.5V
diimide)/C =2 Hghem vs RHE
MOF(Fe) N
(Metal-organic- 2.0M KOH 90°C 2.12x10"mol s cm™ 1.43% at 1.2V 2017%)
(Cell Voltage)
frameworks)
0.15% at -1.0V
. 3 12 29)
Fe,05-CNT 2.0M NaHCO; RT 2x10°gh"' m vs Ag/AgCl 2017
Fe on stainless T 0o 30% at -0.8V 50)
steel mesh Tonic liquid RT 14mgh ' m vs NHE 2017
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Table 1. Continued.

Catalyst Electrolyte Condition ~ Ammonia formation rate Faradaic Efficiency year
o 1.42% at -0.9V 5
N-doped carbon 0.05M H,SO, RT 1.4 nmol h™ g vs RHE 2018
0.217% at -0.2V
-1 -1 1)
Ru nanosheets 0.10M KOH RT 23.88 pg h™ mggy vs RHE 2018
X R 4.50% at -0.3V »
Mo;,N nanorod 0.1M HC1 25°C 78.4 ng h” mg, vs RHE 2018
% at -
VN nanowire array 0.1IM HCI 25°C 2.48x10""mol s cm? 3.58% at 0.3V 2018°"
vs RHE
0,
Pt 30°C 404910 mol 5" cm? O'(()Clgféo"l‘:aof)v
6M KOH/polymer gel 0.108% ot ng oy 2018
Ir 60°C  2.763x10" mol s cm? e/l
(Cell Voltage)
. 10.16% at -0.2V 3
BisV,0,/CeOx HCI, PH=1 RT 2321 pg h' mge,”! . ‘;{LE 2018
Pore-Size-Controlled o
Hollow Gold 0.1M LiOH RT 3.74 pgh'' em™ 35'9?}?;;[34\/ 2018
Nanocatalysts
Hollow gold . 12 30.20% at -0.4V 27)
nanocages 0.5M LiClO, RT 39 pugh cm~at-0.5V vs RHE 2018
% at -
MoN Nanosheets 0.IM HCI RT 3.01 mol s cm? 1.15% at 0.3V 2018
vs RHE
N-doped carbon . 12 11.56+0.85%at-1.19V 55)
nanospikes 0.25M LiClO,4 RT 97.18+7.13 pgh™ cm vs RHE 2018
Vanadium Nitride 10 1 5.95% at-0.1V 32)
Nanoparticles 3M KOH RT 3.31x10""mol s~ cm vs RHE 2018
. o o
Chromium Oxynitride Solution(5% wt) RT 8.9x10"" mol s cm™ 6.70% at 2.0V 2018%9
nanoparticles (Cell Voltage)
1.17% at -0.5V 5
-11 12 57)
MoS, 0.1M Na,SO, RT 8.08x10" ' mol s cmi vs RHE 2018
o fgo] FistEe AL & 4 Aok gEiet 4 @) (b)
‘ 350
AES 2321 pg hlmg,'olom, o] g8 o
0.2V versus RHESIA 10.16%2 7|28t} 5 w0
AT FE, I E 7S A AE 2
ohugich, AABANS) FoiH e, Faelrle] A o
TE O eduAE Qskon, A2 Az BA @
ROl AT ABE oIds) Be Aok AAE S N oo
7 9t} olRe AFL AL 7t Eo] §& su,?alfifz;;lﬁ\ g o 3 2
hv E €
o oM $98 Helx A, Az I HshEol
[110] E LK)
Ee GEUol AHES Holw Ut dsjde F
KOHS} H,80,8 AHgaivl, 8559} #7820l % \
0 2; 4 6

ot Hald S AHRE 7 ol B&c] W
A FL2 AL Y 5 JoH Table 1914 2, A

ele] grRriol 44 ’

(R
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Fig 8. (a) Schematic diagram of the cell. (b) Yield of
ammonia over 24h obtained on different substrates: (i) P-
type silicon, (ii) bSi, (iii) GNP/bSi, (iv) GNP/bSi/Cr and (v)
Au/Si/Cr after illumination with two suns and (vi) GNP/bSi/
Cr in dark(Ref.58) (c) Proposed Photocatalytic Cycle for N,
Fixation on the Rutile TiO, (110) Surface (d) Change in the
amount of NH3 formed and the SCC efficiency under
simulated AM1.5G sunlight irradiation (1-sun)(Ref.59)



A7 3)ekE)A], A 224, A 13, 2019 9

Excited BiOBr as electron-donator ‘Oxygen vacancies as catalytic activation center
o0

a © Bi

(w )lbm light N, g L & NH
‘»‘ B o° N ) ® Br
'»’«' w P
o OVs-induced - ] o1
X ') defect states % o N
0 © Oxygen
vacancy
(b) H,0 (c) 60

BOB-001-H, Ar
-o-BOB-001-H, N,
-o-BOB-001-OV, Ar
-o-BOB-001-OV, N,

0 15 30 45 60
Time (min)

Fig 9. (a) Scheme of BiOBr nanosheet for nitrogen
reduction photocatalyst (b) Schematic illustration of the
photocatalytic N, fixation model in which water serves as
both the solvent and proton source. (¢) Quantitative
determination of the generated NH; under visible light (A
> 420 nm) (Ref. 61)
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