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a  b  s  t  r  a  c  t

Ammonia  is  the  most  necessitate  and  second  largely  produces  chemical  reagent  worldwide  to  address
the  need  of  the  fertilizer  industry,  as  a precursor  for many  value-added  chemicals  and  a  competing
source  (17.6  wt%  H2) for  the  blooming  hydrogen  economy.  Although  N2 constitutes  78.09  %  of  the  earth’s
atmosphere,  however,  its  conversion  to  ammonia  is strenuous  because  of  its non-polar  and  triple  bond
character.  To address  the  burgeoning  demand,  ammonia  is typically  synthesized  via the conventional
energy  and  capital  intensive  Haber-Bosch  technique  utilizing  natural  gas  and  releasing  tons  of  (CO2) to  the
environment.  On this  basis,  cost-effective  photon-driven  dinitrogen  reduction  reaction  (NRR)  is aroused
thriving  attention  as a sustainable  and  eco-friendly  process  for ammonia  production  under  ambient
conditions.  Yet,  the  photocatalytic  ammonia  production  is  not  up  to the  mark  for  industrial  application
due  to low  conversion  rate,  less  catalytic  selectivity,  ambiguous  mechanism,  and  limited  faradic  or  solar-
to-chemical  efficiency.  Further,  the NRR  activity  of  a catalyst  essentially  depends  upon  its  electronic  and
surface texture;  hence  the fabrication  of advanced  materials  is of  paramount  interest  to  enhance  the
performance.  The  present  review  covers  the  underlying  mechanism  of N2 photoreduction,  prevailing

theories,  different  catalytic  engineering  techniques,  various  detection  methods,  and  critical  challenges
encountered  in  the  theme  of  photofixation  of  dinitrogen  to ammonia.  Additionally,  the  overarching  goal
of this  review  is to  bestow  an  outline  of recent  research  articles  in  earmarking  high-caliber  photocatalytic
systems  and  hence  planting  a  strong  foundation  to ensure  the  succeeding  improvement  in  this  promising
and  hastily  stretching  field  of  dinitrogen  photofixation  research.
© 2021  Elsevier  B.V.  All rights  reserved.
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1. Introduction

Undoubtedly, nitrogen (N) is an indispensable element in the
periodic table which in the form of N2 constitutes 78 % of the blue
planet atmosphere and more importantly lay the foundation for
the development of different bio-macromolecules (proteins and
nucleic acids) and nitrogenated compounds from industries bridg-
ing agriculture and food cycle [1–4]. But is of no direct use due to its
energetically non-polar strong N N triple bond which is arduous
to break and hydrogenate to produces some essential organic and
inorganic compounds [5–8]. Therefore, the entire community of liv-

ing organisms including plant, animal, and microbial realms relies
on the substantial form of N2 molecules like ammonia and nitrate
for fulfilling their requirements [2,7–9]. Henceforth, the conversion
of nitrogen to its complete hydrogenated form i.e. ammonia and
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ther nitrate-based products, has gained much more importance
nd attention from the scientific forum. In addition to its agricul-
ural application towards the preparation of nitrogenous fertilizer
o satisfy the food requirement of the booming population, ammo-
ia is considered as one of the most important assets in the aspect of
he economy and carbon-free fuel like H2 (18 % H2 and easily lique-
ed at 10 atm and ambient temperature), that drives the world to a
ew age of prosperity and sustainability [10–13]. Because of its high
nergy potential (15.3 MJ/L), easy handling, transportation, and
torage facility, ammonia can be regarded as a promising renewable
eplacement of non-renewable fuels to meet the energy demand of
he future civilized society [14,15]. Natural nitrogen fixation was
rought about by biological (nitrogenase enzyme) and geochemi-
al process (lightning flash) but the conversion ratio is very less and
o unable to satisfy the requirements of the human community to
plift the crop production [2,16,17]. In short, Scheme 1 displays the
itrogen cycle and various processes by which dinitrogen fixation

s brought about. However, the discovery of the energy-intensive
uman-led Haber-Bosch (HB) process for ammonia synthesis in the
9th century brings out a revolution in the agricultural sector by
ultiplying the crop yield many times along with the world econ-

my  [11,12,13,17,18]. Further, the development of the HB process
akes the commercialization of ammonia possible which con-

ributes about 150 ton of NH3 per year out of which 80 % is in
gricultural production and even have the potential to meet the
emand of the booming population [11,15,19]. To date, industrial-
cale production or the global market of ammonia is mainly steered
y the traditionally Haber-Bosch process. And ammonia synthe-
is is a reversible and exothermic process, hence, the process will
e more favorable under the low-temperature condition as per Le
hatelier’s principle but surprisingly in a practical manner, the rate
f production is extremely slow that challenge industrial require-
ent [11,20,21]. However, in the HB process ultra-pure streams

f nitrogen and hydrogen are allowed to react with each other
t high temperature (400−500 ◦C) and pressure (100−200 atm)
ver iron (i.e., Fe3O4 (94.3 %), K2O (0.8 %), Al2O3 (2.3 %), CaO (1.7
)) or ruthenium-based catalysts that generate nearly 97 % by
ecycling the preparation method multiple times [11,13,22]. But
ore importantly, the amount of hydrogen utilized to produce

ne ton of ammonia in the HB process is largely obtained from
he steamed reforming of natural gas from fossils, which releases
bout 1.87 ton of heat trappers (CO2) into the earth’s atmosphere
hich triggers greenhouse effect leading to serious environmen-

al catastrophes. Apart from air pollution, the HB process also
ccounts for 1–2 % of global annual energy consumption. Statis-
ically, 3–5% of the world’s natural gas and 1–3% of global electrical
nergy are utilized to run the Haber– Bosch process [11,13,21,23].
ven knowing that the process largely relies on fossil fuel (non-
enewable) and its adverse effect on the environment and living
ommunity, still this HB pathway is the dominant or widely used
ethod towards ammonia preparation. Therefore, it is very much

ssential and emboldens to develop a green, sustainable, and cost-
ffective stratagem for ammonia production to meet the growing
emand, which is quite a challenging task for the scientific commu-
ity. In this direction, various tactics were contrived that include
lectrocatalysis, bio-catalysis, photocatalysis, and photo (electro)
atalysis but are confined to laboratory scale production only and
re not able to match the global need [11,20–22]. Further, it is com-
only known that around 3.5 × 104–5 × 104 J of energy is utilized

or 1 g of ammonia formation via the industrial process and at the
ost of environmental safety. Similarly, if we can achieve a Faradic
fficiency over 50 % via electrocatalytic and solar to the chemi-

al conversion efficiency of 10 % through photocatalytic, then the
nergy consumption for a gram of NH3 formation using water will
e 1.9 × 105 J and 2 × 105 J respectively without hampering the
cosystem [24]. Yet these methods run far behind in ammonia pro-

https://kmparidaimmt.weebly.com/
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https://kmparidaimmt.weebly.com/
https://kmparidaimmt.weebly.com/


S. Mansingh, K.K. Das, S. Sultana et al. Journal of Photochemistry and Photobiology C: Photochemistry Reviews 47 (2021) 100402

or am

a
C
b
[
S
S
a
t
t
v
1
o
v
d
l
r
(
b
t
N
m
p
r
r
B
o
e
C
d
a
d
b
[
p
o
u
N
p

Scheme 1. The nitrogen cycle, different methods f

duction efficiency as per published literature to meet the industrial
specification, but the hunt is on to reach the target and, in this
respect, many catalyst modification strategies were implemented
both in photocatalytic and electrocatalytic N2 fixation technique
[24].

Naturally, the nitrogenase enzyme (FeCo, FeFe, or FeV co-factor)
present in azotobacter carries out ammonia production via ship-
ment of multiple protons and electrons in the presence of an energy
transporter (ATP) [11,25].

N2+16ATP + 8H++8e−−→ 2NH3+H2

+16ADP + 16Pi(�G0= −248 kJ/molatpH7.0and310 K)

Enlightened by this beautiful concept from the natural
phenomenon, photocatalytic reduction of nitrogen using an
electron-proton coupled mechanism has a great potential for
CO2 free ammonia synthesis at ambient conditions under renew-
able sources (solar and water). In the photocatalytic N2 fixation,
nitrogen molecules from the atmosphere are used as nitrogen
sources while water is the source for proton, and hence nitro-
gen fixation takes place in normal conditions and hence termed
as green synthesis [17,21,22]. This process is a highly promising
method for achieving clean, carbon-free, and sustainable ammo-
nia from dinitrogen reduction but formed NH3 may  get oxidized
to its corresponding nitrate form and results in low yield [12].
The photocatalytic ammonia synthesis in a sustainable way has
begun several decades ago [26]. In this regard, catalysts such as
biomimetic, inorganic hybrids/semiconductors, black silicon, and
hydrogenated diamond are used to drive photocatalytic N2 conver-
sion to NH3 under normal conditions [15]. History speaks that, in
the 1970′s Schrauzer and Guth successfully performed di-nitrogen
molecules photo-reduction to NH3 using water molecules and UV
light source over TiO2 (containing both rutile and anatase phase)
catalyst and found that rutile is responsible for this reduction
[15,17,26]. Likewise, Augugliaro et al. reported that TiO2 cus-
tomized Fe metal that plays a crucial role in the HB method can
also be utilized as a propitious photocatalyst towards ammonia

production [15]. In this domain, a good number of NRR pho-
tocatalysts were investigated and further modified by various
advanced techniques to exhibit remarkably robust catalytic activ-
ity. Here are few budding/propitious NRR catalytic systems such

4
‘
d
a

3

monia synthesis, and various applications of NH3.

s FeTiO3 [27], TiO2 [28] CdS:MoFe protein biohybrid [29], g-
3N4 [30], CdS [31], ZnO [32,33], GaP [33], black platinum [33]
lack phosphorus [34], Ga2O3-DBD/g-C3N4 [35], BiOCl [36], MoS2
37], FeOOH [38], Mo2Fe6S8–Sn2S6(FeMoS) [39], Ru@n-GaN [40],
m2O3·nH2O/V2O3·nH2O [41], Sb/TiO2 [42] Au/(BiO)2CO3 [43], 2D
b nanosheets [44], Fe@3Dgraphene [45], Au–Ag2O nanocages [46]
nd SiW12/K-C3N4 [47] have been successfully fabricated and found
o display robust photocatalytic NRR activity under ambient condi-
ion. In brief, Ye et al. induced oxygen vacancy in Bi5O7Br nanotube
ia light irradiation and report an ammonia production rate of
380 �mol/g/h which is 13 times higher than chemically created
xygen vacancy oriented BiOBr prepared by Li and coworker under
isible light irradiation [48,49]. Zhang and team doped Mo  to
efect rich W18O49 ultrathin nanowire forming a Mo-W bimetal-

ic center that polarizes N2 and induce multi-synergetic effect
esulting and AQE of 0.33 % at 400 nm and solar-to-ammonia
STA) efficiency of 0.028 % [50]. Sun and group fabricated car-
on modified tungstic acid (C-WO3-H2O) where carbon supports
he migration and separation of excitons leading to an enhanced
H3 yield of 205 �mol/g/h [51]. Shen et al. made further advance-
ents by employing a few layers of black phosphorus nanosheet for

hotocatalytic nitrogen reduction under ambient conditions and
eported improved results. In another case, Goddard III and partner
eported a notable dinitrogen photoconversion to ammonia over
iO quantum dot (1226 �mol/g/h) by stimulated solar light with-
ut the assistance of any co-catalyst and sacrificial agent [52]. Lui
t al. prepared visible light absorbing MXene derived TiO2@C/g-
3N4 heterojunction based photocatalyst with effective surface
efects and charge carrier separation efficiency that results in an
mmonia production velocity of 250.6 �mol/g/h [53]. Likewise,
esigned conducting polymer/TiO2 heterojunction (P3MeT/TiO2)
y Hoshino et al. depicts encouraging NRR photocatalytic behavior
54]. Additionally, Zhang and his colleagues showed visible driven
hotocatalytic dinitrogen reduction in absence of sacrificial reagent
ver disorder structured and strain framed defective CuCr LDH
ltrathin sheet [55]. Further, the Haung research group synthesized
i2P decorated Cd0.5Zn0.5S photocatalyst and showed an ammonia
roduction of 253.8 �mol/g/h and quantum efficiency of 4.32 % at

20 nm under visible photon agitation [56]. Based on the concept of

working in tandem’ of nitrogenase, Yang et al. developed an oxygen
efective Au-TiO2 dinitrogen photo-reducing catalyst that exhibits
n ammonia formation of 130.5 mmol/g/h and an AQE of 0.82 % at
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550 nm [57]. Interestingly, amorphous engineered defective SmOCl
NSs prepared by Wang and the team display impressive dinitro-
gen photoreduction to ammonia i.e. 426 �mol  h−1 g−1and AQE of
0.32 % at 420 nm [58]. Viswanathan et al. and Rao group separately
investigated the aftereffect of noble metal and metal loading over
TiO2 toward photocatalytic N2 reduction [59,60]. Making a strong
literature survey on this topic, our research team have also made
tremendous advancement by employing several semiconducting
materials like 2D-CeO2, non-metals doped TiO2, and 1T-MoS2 as
photocatalyst for the reduction of dinitrogen to ammonia under vis-
ible light without the assistance of any co-catalyst or precious metal
and achieved remarkable activity [61–64]. However, the yield and
efficiency of ammonia synthesis is unsatisfactory and is far away
from replacing the industrial based HB process. The weak adsorp-
tion, difficulty in N2 activation on the catalyst surface, hydrogen
evolution (HER), the involvement of high-energy intermediates,
and complicated electron transfer pathway are some of the lacu-
nas responsible for insufficient nitrogen reduction reaction in these
heterogeneous photocatalysts [2,15]. In addition to, side reactions
like oxidation of NH3, quick recombination of photo-generated
electron-hole pairs are an important parameter for low photocat-
alytic reduction efficiency [12]. Hence, the urgency towards the
fabrication of efficient, cost-effective, and durable photocatalyst is
of top priority to surmount the above-highlighted shortcomings. In
this subject, the current review projects the fundamentals of NRR,
various proposed mechanistic pathways towards dinitrogen photo-
fixation, different experimental detection/quantification methods,
associated shortcoming, adopted modification techniques to tune
the catalyst efficiency, and an outline of advanced materials exam-
ined in the context of photo-NRR. In brief, this review will furnish
the trendy breakthrough in the experimental procedure and basic
understanding or mechanism of photocatalytic ammonia synthesis
with smart materials. The text also narrates the important out-
comes of performed computation calculations made on various
NRR catalysts. Lastly, the conclusion describes upcoming scientific
master plans towards the construction of promising NRR photocat-
alysts which will encourage and pave new routes for academia and
industry working in this research stream to make photon driven
dinitrogen reduction reaction (NRR) commercialization a reality.

2. Fundamental and mechanistic aspects of N2 fixation to
NH3

Dinitrogen fixation is thermodynamically feasible but under the
ambient condition not spontaneous or in other words ammonia
formation from atmospheric N2 is chemically an uphill process.
This is because of (i) short (109 pm)  and sturdy N N, (ii) high bond
energy (945.33 kJ/mole), (iii) high ionization value (15.85 eV), (iv)
low proton affinity (1.90 eV), (v) absence of dipole moment or non-
polarity character,(vi) negative electron affinity (-1.8 eV) and wide
HOMO(�g2p)-LUMO(* g2p) gap (22.9 eV) [1,2,12,24].

N2(g) + 3H2(g) → 2NH3(g),  �H0= -92.22 kJ/mole, �S0

= -99 J/mole ∗ K (1)

N2(g) + 6e−+6H+→ 2NH3, E0= -0.148 VvsRHE (2)

Equation-1 is the general thermodynamic equation and Eqn-
2 represents the ionic equation of NH3 formation in an aqueous
medium. Additionally, the formation of these high energy interme-
diates like diazene (�Hf

◦ = +212.9 kJ/mole) and hydrazine (�Hf
◦ =
+95.35 kJ/mole) in a water medium further restrict the NRR process.
Again, the bond dissociation entropy of N2 is nearly the same as that
of acetylene. As we know, N2 is inert which can be further explained
by considering the first dissociation energy of N N i.e. 410 kJ/mole
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hereas that of HC CH is about 222 kJ/mole. The large forbidden
one/energy gap between HOMO and LUMO makes the electron
ransfer process sluggish/arduous. Again, the hydrogenation of N2
s very tough compared to CO2, HC CH, and CH4 reduction under
mbient conditions in an acidic medium [1,24]. N2 fixation involves
he following stages, (i) adsorption of nitrogen on the catalytic sur-
ace, (ii) hydrogenation followed by cleavage or cleavage followed
y hydrogenation/vice-versa, and (iii) desorption of formed NH3
rom catalyst horizon [24]. In short, chemisorptions of N2 on the
eactive site followed by activation by gaining electrons from the
atalyst are taken as the proviso stages towards N2 reduction to
H3. And in this respect, transition metal-based catalysts are con-

idered to commanding due to their empty and filled d-orbital that
elps in the strong bind of nitrogen and metal center [1,13,15].

n this process, the vacant orbital of metal receives lone-pair elec-
rons of N2 and donates its electrons to the �-antibonding orbital of
itrogen known as � back-donation resulting in enfeebling of triple
ond of dinitrogen [12,21]. However, this back-donation concept is
ery knotty for main group compounds but quite advantageous in
he case of p-block sp2 and sp3 compounds (as shown in Fig. 1) [12].

Further, the computation study provides ideas for experimental
nvestigation while practical outcomes portray the standardiza-
ion of the reaction process and design of the theoretical model.
dditionally, a computational calculation helps in filtering out

he potential catalytic systems with high efficiency, high selectiv-
ty, and budget-friendly features. This computational tool needs a
upercomputer, upgraded simulation software, and a skilled pro-
rammer. DFT study commonly gives information regarding the
haracteristic of samples and also the job of different constituents in
he reaction mechanism, besides theoretical stimulation describes
he whole catalysis process in a structural manner both on the

esoscopic and microscopic state [65,66]. Hence, these compu-
ational studies work as a handy guide for the experimentalists in
eveloping top-quality nitrogen-fixing catalysts and it also super-
ises in elaborating the NRR mechanism over the catalyst surface
2,67,68]. NRR is generally a proton-coupled electron transfer pro-
ess, where the adsorbed N2 gets hydrogenated by gaining a proton
rom the reaction medium and get reduced by absorbing one photo-
xcited electron from the conduction band of the photocatalyst to
roduce N=NH-catalyst and get transfer to NH3 which finally get
esorbed from the catalyst surface [11–13,17]. As per the DFT study
ade by Azofra and group, 5 proton-coupled electron transfer path-
ays were proposed (shown in Fig. 2), from which two  are the most

ollowed and verified mechanistic route towards N2 reduction to
H3 [17,69].

These are classified as dissociative and associative mechanisms
s shown in the Scheme 2, via the dissociative route, the break-
ng of the N N bond occurs first on the catalyst surface followed by
ndependent hydrogenation before NH3 formation [20,68]. The 100
ears old industrial Haber-Bosch NH3 synthesis goes via this dis-
ociative mechanism which is still a topic of controversy [2,11,70].
owever, a general dissociative mechanistic pathway is there for

his thermocatalytic N2 reduction reaction (HB process) which is
quated as follow (Eqn.3–8):
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Fig. 1. Represents the molecular orbital diagram N2 along with transition metal and dinitrogen orbital interaction via the back donation concept. Reproduced with permission
from  reference [12].

Fig. 2. The possible pathway of dinitrogen conversion to ammonia. Reproduced with permission from reference [69].

ouple

t
m

Scheme 2. Dissociative and associative proton-electron c

Moreover, in this dissociative pathway, N2 adsorption over the
catalyst surface is the rate-determining step and the cleavage of the

N2 and H2 bond is achieved by the donation of electrons from the
metal side to the anti-bonding molecular orbital of the adsorbed
molecule. Further, this electron transfer process is modulated by

s
p
E

5

d mechanistic pathway towards N2 fixation to ammonia.

he presence of alkali and alkaline earth metal/metal oxide pro-
oters, which ultimately increases the thermocatalytic ammonia
ynthesis rate. To figure out the best catalytic material with desired
roperties for effective N2 hydrogenation: volcano plot, Bronsted-
vans-Polanyi (BEP) relationship, and d-band theory are frequently
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Scheme 3. Schematic representation of Mars-van Krevelen reaction mechanism for
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out the redox process, (iv) desorption of formed products from
N2 reduction over transition metal nitrides (TMN) surface (* A: the surface of TMN
reduced to ammonia and B: Regeneration of the vacancy by gaseous N2).

followed [11]. Whereas in the associative path the dinitrogen gets
adsorbed on the catalyst surface by ‘end-on’ or ‘side-on’ fashion
i.e. via end-on mode, one N-atom of N2 binds on the catalyst hori-
zon. Further, based on the protonation sequence of N2, it is divided
as an alternative and distal. In the distal or asymmetric pathway,
the remote or farthest N-atom is hydrogenated first resulting in
NH3 release, and then the process continues to generate the next
ammonia molecule [2,20,24]. Adding more to this, the alternative
or symmetric route as observed in case of natural nitrogen fixa-
tion by nitrogenase enzyme, where both the nitrogen atoms get
hydrogenated synchronously or in other words protonation of both
N-atoms occurs in a single step reaction and the formed NH3 get
detached from the material surface successively [20,22]. Again, in
the ‘side-on’ mode both nitrogen atoms get co-ordinated to the cat-
alyst site followed by hydrogenation of both the N-atom with the
dissociation of N N resulting NH3 molecule [20].

In addition to the above-narrated mechanism towards NH3
generation, Mars-van Krevelen (Mvk) N2 reduction pathway over
transition metal nitride (TMN) is another highly acceptable mech-
anistic route towards NH3 generation (depicted in Scheme 3) [11].
In this case, the nitrogen atom of TMN  gets reduces to NH3 and the
N-vacancy at once gets refilled by the supplied N2 gas to restore the
catalyst [71]. As per computational calculation, the Mvk  pathway
for N2 fixation over TMNs is more feasible than the stereotypical
associative and dissociative pathway because (i) N2 isolation from
TMNs catalyst surface via dissociative route is quite frustrating
because of large activation energy barrier and endothermic nature,
and (ii) high overpotential value for N2 reduction in the associative
mechanism [15,72]. Li. et al. reported Mvk  type mechanism for N2
reduction over KOH etched g-C3N4 [11].

Further, by performing SEIRS (surface-enhanced infrared
absorption spectroscopy) characterization, Yao and the team pro-
posed the associative pathway towards di-nitrogen reduction over
the Au surface. In detail, the N2Hy species formed during NRR
shows trademark IR bands at wavenumber 1453 cm−1, 1298 cm−1,
and 1109 cm−1 corresponding to N H bending, -NH2 wagging, and
N N stretching vibration respectively which indicates the above
associative route [73]. Further, in situ FTIR is another handy charac-
terization technique frequently used to understand the adsorption,
activation, and reaction pathway of dinitrogen reduction (when
the reaction is carried out in presence of N2 gas and water
vapor). In brief, the IR band visualized at 1655 cm−1 is ascribed
to chemisorbed N2, and with an increase in time, this peak inten-
sity gradually increases. When the system is irradiated with light,

two strong and intense IR peaks are observed at wavenumber 1460
and 1740 cm−1 which corresponds to the H-N-H bending mode
of vibration indicating the generation of ammonia or ammonium

t
e
r
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on. The asymmetric deformation vibrational band of NH4
+ is visu-

lized at 1648 cm−1 and the two  asymmetric stretching modes
f the N H bond are observed at 3246 and 3555 cm−1 respec-
ively [11,13,15]. Also low-temperature Fourier-transform infrared
pectroscopy technique is utilized to find out the adsorption mech-
nism of N2 over catalyst surface [50]. Additionally, in situ diffuse
eflectance, infrared Fourier-transform spectroscopy (DRIFTS) is
nother sensitive analysis method used to figure out the N2 pho-
oreduction mechanism. As we know, NH3 formation involves a

ultistep proton-coupled electron migration process, so several
ntermediates with N H bonds such as N2Hy and NHz may  appear
n the DRIFTS spectra. The peaks located at 3205 or 3164 and
412 cm−1 represent N H stretching vibration of intermediates
nd NH3 molecule respectively. Whereas the bending mode of
ibration is seen within the 1200−1800 cm−1 range i.e. the peaks
bserved about 1457, 1554, and 1620 cm−1 are ascribed to N H
ending motion of intermediates and NH3 species. The wagging
ode of -NH2 is represented by the band seen at 1268 cm−1, all

hese peaks in the DRIFTS spectra ascertain the N2 fixation reaction
50]. Adding more to the text, quasi in situ XPS, XAS, in situ XRD,
nd high-resolution electron energy loss spectroscopy (HREELS)
re few other operando characterization techniques employed to
onitor the formed intermediates and hence gather more informa-

ion and deep understanding about the NRR mechanism [2,12,17].
oreover, the pH of the reaction medium plays an inherent part in

egulating the catalytic execution of the material towards N2 fix-
tion. From the conducted investigation it was surmised that NH3
roduction is usually high in low pH or acidic medium compared
o neutral solution. The report by Wang et al. manifests that the
H3 generation rate at pH = 3.5 is 6 fold higher than observed in
eutral solution and a similar trend is also noticed by Goddard III
t al. over BiO quantum dots [37,52]. This increment in the rate of
H3 generation is accredited to a plethora of H+ ions near the cata-

yst surrounding to drive the protonation of adsorbate (N2) and also
educes the kinetic energy hump of nitrogen reduction. However
ometimes this acidic medium work in the wrong direction and
ecrease the ammonia yield because several unstable catalysts are
here, which crumbles swiftly in the acidic medium [2]. A surprising
bservation was  reported by Bian and the team, where the group
ound a 2.5 times more dinitrogen reduction rate at pH 9 over a

xene derived photocatalytic system. The cause of such anomalous
emark accompanies to increase in negative charge of catalyst sur-
ace which draws more number of photoinduced holes and speeds
p the rate-limiting oxidation half-reaction [74].

.1. Mechanism of photocatalytic N2 to NH3

The pioneering work of Schrauzer and Guth over TiO2 (the classi-
al photocatalyst) led to the foundation of N2 photo-fixation which
ater on taken further by Bourgeois el at.,  Augugliaro-team, Zhao
t al., and many other eminent research groups [26,75–78]. How-
ver, photocatalytic N2 fixation in the aqueous medium is very
edious due to the requirement of 6 electrons and 6 protons to
educe N2 to NH3 addition to the adsorption of inert N2 to the
atalytic site and selectivity between N2 reduction and proton
eduction reaction issue [15,17,20]. The symmetric and asymmetric
roton-electron couple transfer mechanism is the most commonly
ncountered reaction pathway towards photocatalytic NRR. Fun-
amentally, the photocatalytic NRR involves the following steps,
i) absorption of an irradiated photon with energy ≥ bandgap, (ii)
eneration and separation of exciton pairs (e− - h+), (iii) diffusion
f photo-excited electron-hole pairs from bulk to surface to carry
he catalyst surface and (v) recombination of some charge carri-
rs either at the bulk or surface releasing energy that reduces the
eaction turnover [2,12]. So, a promising NRR catalyst is the one that
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Scheme 4. Typical hydrogenation reactions related to the reduction of N2 to NH3

with corresponding standard reduction potential vs. NHE scale at pH 0 (* a vs. NHE
at  pH 7 and b vs. RHE scale) [17].

possesses a wide light absorption range, a large number of active
sites, and surface effective excitons separation. Adding more to it,
adsorption of N2 (adsorbate) on the reactive center and its succes-
sive photoreduction on the catalyst platform are the primary stages
in the photocatalytic nitrogen fixation process. But the non-polar
nature of N2 makes the former step onerous i.e. the adsorption step.
As a substitute, the ‘solvated electron’ chemistry by Zhu et al. and
Bandy co-worker over hydrogen-terminated diamond is proved to
be a very fascinating science towards photocatalytic NRR [79,80]. In
this process, the emitted electrons from the H-terminated diamond
interacts with the solvent resulting in the generation of solvated
electrons that directly reacts with N2 molecules and brought about
the reduction process i.e. N2 to NH3. Interestingly the whole reac-
tion does not require the adsorption of nitrogen on the catalyst
surface and this concept is also applicable to various other tradi-
tional/popular photocatalytic reactions. Further, headway in this
NRR via solvent electron mechanism made by the Christianson
group suggests that proton addition is the first step followed by
successive reduction and protonation [81]. The below given ther-
modynamic equation in Scheme 4 with their respective standard
reduction potential, further clarifies why the reduction of N2 to NH3
is a challenging task [17].

Therefore, the photoexcited electrons in the CB of the semi-
conductor need to be highly negative compared to the reduction
potential required for N2 reduction (0.092 V vs NHE) to successfully
carry out the reaction. Similarly, the holes in the VB should be either
more positive for water oxidation or oxidation of used sacrificial
agents [17]. Further, it was found from the theoretical calculation
that the reduction potential of N2 to NH3 is nearly comparable
to that of the hydrogen reduction reaction. Thermodynamically,
NRR is more feasible but from a kinetic perspective, HER gets the
advantage, as the latter requires only two electrons compared to
the former which proceeds via six electrons [11,82]. HER somehow
becomes an integral part of artificial NRR as water is used from
a proton source. Again, proton gets easily attached to the catalyst
surface and blocks the active sites for N2 adsorption and hence,
hinders the NRR process. The detailed dinitrogen photofixation to
ammonia with associated side reaction is depicted in scheme 5 .

Even in nature, HER competes with the NRR process i.e. for
enzyme-catalyzed dinitrogen fixation selectivity is a big challenge
[21]. Further, an experiment by Schubert et al. over nitrogenase

reveals that 40–60 % electron moves from the enzyme to nitro-
gen to carry out the NRR process while the rest is used for proton
reduction [83]. Additionally, because of the large activation energy
hump, the energy loss of the photoelectrons, overpotential, and
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 electron-coupled reactions, the nitrogen reduction practically
ccurs at higher –ve potential (N2(solvated) + e− → − N2, −4.2 V
s. NHE) compared to hydrogen [2,12]. These observations suggest
hat NRR is a kinetically sluggish type process. Sometimes noble

etals (Pt, Rh, Ru, and Pd) are loaded over catalysts to improve the
ctivity of the material but in the case of NRR these noble metal co-
atalysts act differently and decreased the efficiency (supports HER
esponse). The rate of NH3 formation is directly related to the bond
otential between H-atom and metal. Co-catalyst generally acts as
n electron sink and hence boost the catalytic performance, but Ru
tabilizes the metal adsorbed hydrogen and enhances the ammo-
ia production velocity as reported by Ranjit et al. [59]. Adding
ore to the survey, to achieve a better yield of NH3 holes scav-

nger are used otherwise, these holes in the VB will react with the
ydroxyl ion and get converted to hydroxyl radical which will oxi-
ize NH3 and decrease the production amount or lowers the AQY.
dditionally, the N2 sometimes reacts with hole and water to form
O with further oxidized to −NO3 by chemically interacting with
olecular oxygen and H2O [12]. Hence, it is very much demanding

o tune the properties of the photocatalyst to achieve benchmark
mmonia yield or high QY. The above requirements can be meant
ia modulating optical bandgap, crystal structure, morphology, and
urface texture. In this context of boosting the catalytic efficiency
f the material, various strategies were adopted that include dop-
ng, defect/vacancy creation, co-catalyst loading, facet engineering,
orming a composite with carbonaceous materials, hybrid materi-
ls mimicking natural nitrogenase, and formation of heterojunction
ased catalytic systems [2,12,13,24]. Adding something extra to the
urvey, photocatalytic N2 oxidation is another aspect that is gain-
ng tremendous attention nowadays (as presented in Scheme 6).
n this process, N2 gets photo-oxidized to NO with the help of

ater and holes, while O2 gets reduced to H2O with the photo-
xcited electrons. Then ultimately, NO further oxidized to nitrate
−NO3) by reacting with water and molecular oxygen. Addition-
lly, a new research trend is gathering full attention where the
roduced nitrate is photocatalytically reduced to ammonia with
xcellent selectivity in the presence of an electron donor (e.g.
COOH) [12,84–88].

. Quantification/detection of NH3 through various
ethods

Detection and quantification of NH3 produced from N2 fixa-
ion in an accurate and reproducible manner is a challenging and
ssential task due to (i) low catalytic efficiency of catalyst, (ii) low
pm/ppb level of NH3 formation rate, and (iii) interferant effect
12,18,89]. In this direction, various international standardized
rganization (APHA, ASTM, and US-EPA) approved testing meth-
ds are widely followed that includes (i) colorimetric (i.e. Nessler’s
eagent, phenolate, Kruse and Mellon colorimetric method, Trichlo-
amine method, Salicylate-hypochlorite method and Indo-phenol
lue method(IB)), (ii) Ion chromatography (IC)/ HPCL, (iii) Ion-
elective electrode (ISE), (iv) titration technique, (v) fluorescence
nd (vi) H1 NMR  spectroscopy [3,5,12,18,89]. These methods as
hown in Scheme 7 are technically sound and show a good precise
esult for ammonia in water type systems.

Nevertheless, the presence of certain ions, the chemical compo-
ition of the material, pH of the medium, nature of the sacrificial
gent, and solvent in use play a vital part in the detection accuracy
r precision of the followed method. This is because NH3 production
ia N2 photo-fixation process is of nano/micromolar level [89,90].

herefore, it is indeed very essential to repeat or adopt other testing
ethods to get the concordant result or negligible error in data. As

n example, NHx-containing photocatalyst and sacrificial agent or
heir secondary products interact with the formed NH3 that leads
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Scheme 5. Represents the photofixation of N2 to NH3 with associated side reaction.

Scheme 6. Mechanism of N2 oxidatio
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of 52 Hz whereas N isotope shows a doublet in the same ppm
Scheme 7. Different ammonia detection methods followed.
to an erroneous result, hence these parameters should be taken
care of to get accurate data [18,89]. In detail, sacrificial reagents
(hole scavengers like methanol, humic acid, ascorbic acid, ethanol,
isopropanol, etc) or its oxidized product are used to boost the pro-
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n via a photocatalytic pathway.

uction rate sometimes makes a complex with so formed ammonia
nd results in erratic data [90]. Further, the N-atom containing
hemical species (HMT, oleyl amine, TAA, etc) used in the synthesis
f photocatalysts may  leach out or decompose into the experiment-
ng solution and this impairs the quantification result, therefore a
ontrol experiment is done in presence of Ar or 15N2 to avoid the
rror [18,89,91]. Additionally, the certain catalyst itself is composed
f N-atom (g-C3N4, Boron nitride, etc) or catalyst functionalized
ith nitrogen (ammine/nitro functionalized MOF, etc) when exam-

ned for N2-fixation depicts inaccuracy in NH3 yield/concentration.
gain, the solvents used during the fixation experiment if contain

 trace of NH3 from any other source viz. NH3 readily dissolves
n water so atmospheric ammonia may  contaminate the aqueous

edium in which the N2 photoreduction is taking place and this
eads to an overestimation of NH3 concentration during analysis
89]. Further, isotopic leveling i.e. N15 testing method is another
lternative for confirmation of NH3 formation through N2 photo-
xation and the product (15NH3) is analyzed via H1-NMR or MS
echnique, also via enzymatic analysis ammonia formation can be
scertained and hence the error in quantification or detection can
e avoided. In brief, 14NH4

+ generated from 14N shows a triplet
ithin 6.8–7.05 ppm range of H1-NMR spectra with a J-coupling

15
ange but having a J-coupling of 73 Hz. For the 15N isotope level-
ng market available (15NH4)2SO4 reagent is used to perform the
xperiment and NMR  analysis. However, in the H1-NMR spectra,
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both 14N and 15N signals will be seen but the intensity of the 15N
isotope is more compared to 14N [46,89,92,93]. It is very difficult to
find the best quantification/testing method for NH3 concentration
at ppm and ppb standard including the effect of interferants. This
problem is due to less database/information available about the
interfering factors that affect NH3 detection at nano/micromolar
concentration. This section provides a short description of the
frequently followed NH3 detection/quantification techniques like
Nessler’s reagent method, the indophenol blue method, ISE, and
ion chromatography method taking into account the effect of pH,
ion presence, sacrificial agents, solvent used, and N-atom contain-
ing catalyst. Compared to spectroscopic methods i.e. Nessler’s and
Indo-phenol blue method, the IC technique is more reproducible
and advantageous but is quite costlier and a bit complex from the
instrumentation point of view [18,89]. However, the colorimetric
pathway is cost-effective and facile. Yet, the IC method is far more
superior because of the following features (i) durable/compatible,
(ii) high selectivity/sensitivity,(iii) more reliable, and (iv) high effi-
ciency/assured [18,22,94]. In details, Nessler’s reagent (solution
of K2HgI4 and KOH) method, NH3 forms a reddish-brown col-
ored complex with iodine and mercury under alkaline medium (in
absence of interferants, Eqn-9) which shows optical absorbance at
about 420 nm and the intensity of absorbance is directly propor-
tional to the concentration of ammonia in the solution. Rochelle
salt is sometimes added to the reagent during testing to reduce the
effect of interfering ions [89,95].

2[HgI4]2−+NH3+3OH- → Hg2ONH2I + 7I- + 2H2O. . ..  . . (9)

However, certain points are there which need to be taken care
of while going for NH3 detection (i) Nessler’s agent can be stored
for only three weeks, so should be used before time, (ii) Ultrapure
water or NH3 free solvent should be used for reagent preparation,
(iii) The reagent should be handled with utmost safety as it contains
toxic Hg and (iv) the analysis should be made within 10−30 min
after the mixing of NH3 containing solution and Nessler’s chemi-
cal to get accurate data [89]. Further, side product/intermediates
of N2 fixation (urea, hydrazine, glycine, amine, etc) or the pres-
ence of certain ion that increases the turbidity of the medium may
affect the detect process [96–98]. In the case of the Indophenol
blue method ammonia forms a blue color compound in an alkaline
medium by interacting with phenol and hypochlorite as shown in
Eqn-10 (Bethelot reaction) [95].

Here, sodium nitroprusside is used as a color intensifying agent
and citrate buffer as a pH stabilizer. As reported by Zhang et al.
IC, indophenol and Nessler’s reagent detection method gives an
accurate and acceptable result at lower NH3 concentration i.e.
within 0−500 �g/L whereas above this range IC and Nessler’s
methods are reliable and effective however indophenol process
fails to provide the accurate result or in other words, gives erro-
neous/overestimated NH3 concentration [89]. Further, a change in
pH also affects the detection process and gives the wrong result.
Nessler’s method works over a wide range of pH i.e. from acid
to alkaline via neutral with an error of 11 % (in acidic medium).
That because, of the nature of the interaction between ammo-
nia, iodine, and mercury in an acidic medium. Whereas via the
indophenol blue method, the solution color changes from yellow
(in neutral) to green (in acidic) with pH change which affects the
quantification process. So, this method gives an erroneous concen-

tration of ammonia in the acidic solution due to the instability of
sodium hypochlorite. Hence, indophenol blue methods show the
viable result in alkaline and neutral medium only with low error
percentage but Nessler’s reagent depicts accurate NH3 concentra-
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(10)

ion in all three mediums [89]. Further, the presence of certain ions
lso impacts the detect methods, let us discuss Nessler’s process,
ons which show their absorbance around 420 nm and chemically
eacts with the reagent displays interference effect and there-
ore the obtained result shows error [22,89]. Likewise, sacrificial
gents used in photocatalytic N2 fixation and the oxidized prod-
ct formed during the reaction along with their percentage in
olution produces inaccuracy in concentration measure via the col-
rimetric method. Normal ammonia solution is yellow, but the
resence of these agents (methanol, ethanol, DMF, DMSO, acetone,
tc) and intermediates (formaldehyde, formic acid, etc) changes
he color of solution e.g. through indophenol blue technique, in
resence of formaldehyde the color appears to be pink while in
ormic acid it turns light yellow. Hence, the concentration obtained
hrough Nessler’s or indophenol blue method shows wrong or over-
stimated concentration. Hence, both the spectroscopic analysis
echniques are not perfect for ammonia quantification in presence
f organic sacrificial reagents; however, if measurements are done
hen under control condition and in sacrificial agent condition, the
C method is more preferred (as shown in Fig. 3) [89].

Additionally, the ISE detection technique is another widely
dopted method due to its broad detection limit i.e. 30 ppb to
000 ppm with high selectivity and more importantly less affected
y interfering agents [22,95]. However, it operates at a very slow
ace at ultra-low concentration and the operational condition is
uite complex with instrumental drift. Further, the main primacies
f ISE over colorimetric methods are (i) turbidity and color do not
ffect ammonia estimation, and (ii) it operates in a wide detection
ange (0.03–1400 NH3-N mg L−1) [16,99]. In summary, the chro-
atography method is a more reliable or assured technique as the

omponents of the substrate get separated by column and IC is the
ost recommended one by the various international organization

nd scientific groups towards NH3 quantification. Again, atomiza-
ion of instruments with the attachment of the cation-exchange
olumn and conductive detector widens up the range of NH3 esti-
ation and reduces the analysis time giving reproducible, precise,

nd accurate results [18,89]. Scheme 8 displays a suitable method
or ammonia detection under specific conditions.

. The strategy adopted to magnify the catalytic
erformance and overcome the connected limitations

To short-out, the associated deterrent with semiconduc-
ors/photocatalysts (as discussed in the previous section)
hat impede the industrial-scale production of NH3 via light-
riven dinitrogen fixation, the research institution across the
lobe used all their skill and potential towards designing
arious photocatalyst/material modification techniques that
nclude, doping (metal/non-metal or both), noble-metal load-
ng (semiconductor-metal), hetero/homo-junction formation
semiconductor-semiconductor), double or Z/S-scheme charge
ransfer dynamics, defect/vacancy chemistry, facet/edge engi-
eering, amorphous engineering and tuning via carbon-allotropes
graphene, C-dot, CNT, etc) (semiconductor-carbons) to subside
he associated bottlenecks with photon drove NRR (scheme.). In
etail, vacancy or defect chemistry i.e. oxygen vacancies (OVs),
itrogen vacancies (NVs), and sulfur vacancies (SVs) are found
o be promising techniques in the process of uplifting the NRR

atalytic efficiency of the materials (as depicted in Scheme 9)
2–5]. The presence of different types of vacancies tunes the
ntrinsic features of the catalyst like adsorption, charge separation

 migration, electronic structure, number of active site availability,
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Fig. 3. (a) Photographs of ammonia solutions and corresponding concentrations o
concentrations determined by Nessler’s reagent method and the indophenol blue m
reference [89].

and more importantly minimizes the activation energy hump
that allows the smooth flow of the reaction [5–7]. These defect
sites trap the photoexcited electron-hole pairs and hence reduce
the recombination process. Further, N2 gets adsorbed in these
vacancies and through the back-donation concept, the strong triple
bond in N2 gets weakened and so the cleavage and protonation
process becomes easier [3]. In another approach, doping of foreign
or heteroatoms into the lattice framework of the catalyst results in
altering the surface texture, electronic properties, chemical com-
position, adsorption/desorption behavior, and optical response.
Doping of metal (transition elements) or non-metal (S, C, O, P, etc)
leads to the formation of and impurity or sub energy band within
the bandgap of the material that widens the light absorption range
(redshift or decrease in the bandgap) and increases the charge
transfer process [3,12,99,100]. Additionally, edge engineering
is another method by which the catalytic performance of 2D
based photocatalytic materials can be tuned up as it provides
heterogeneity to edge site, electronic configuration, and func-

tionalities of the specimen. It was observed that edge carbon
atoms of graphene are catalytically more active than basal plane
C-atoms as this region offers more active sites with high energy
density, similar types of edge chemistry are also observed for 2D

F
f
[
r

10
onia detected using each method, and (b) picture of NH3 solutions and solution
 in the presence of different oxidizing reagents. Reproduced with permission from

etal chalcogenides (eg.MoS2) [3,13,4,101]. The computational
tudy on MXene suggests that metal-containing terminal sites are
ore capable of activating N2 and so depicts high NRR activity

ompared to the oxygen-functional group (directly linked to metal
toms) composing the terminal surface. Further, the basal plane
hows low nitrogen reduction efficiency due to weak N2 binding
bility [14,102]. The Single-atom catalyst is also an interesting
eterogeneous catalysis method where the cause of enhanced
ctivity corresponds to the maximum availability of atomic sites.
ere the metal atoms are bound to a support material resulting in
nique physio-chemical features [3,103–105]. Facet engineering
f crystals is drawing huge attention, as by this technique it
s possible to introduce a specific facet or crystal plane at the
tomic level (i.e. ordering of atoms on different lattice planes)
hat elevates the catalytic behavior of the material. Computa-
ional studies reveal that intermediates formed during NRR get
trongly attached to step atoms than terrace ones because they
rovide more active sites for adsorption and activation [4,106].

or example, (001) plane of BiOCl NSs, (411) facet of Pt, (111)
acets of octahedral Pd NPs, etc depict encouraging performance
107–109]. Extending the information, carbon derivatives like CNT,
GO, graphene, activated carbon, and carbon dots are frequently
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Scheme 8. Scheme representing a suitable method for ammonia detection.

f diffe
Scheme 9. Schematic representation o
used to build carbon-semiconductor based photocatalytic systems
that display high catalytic activity. Carbon is taken as a component
in the heterojunction because of the following advantages (i) acts

a
(
a

11
rent catalyst modification techniques.
s an electron sink i.e. accepts and channelizes charge carriers,
ii) as support, (iii) prevent agglomeration of nanoparticles, (iv)
dsorption of substrate for better interaction, (v) as a mediator
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and (vii) also helps in tailoring the morphology of the material
during preparation that brought about a change in adsorption and
light absorption ability [13,18]. Bio-memetic nitrogenase type of
catalytic systems i.e. cluster catalyst is also a fascinating strategy
towards magnifying NRR performance [4,5,110]. Technically,
cocatalyst (reduction, oxidation, and plasmonic type) loading over
photocatalyst results in magnifying the catalytic response of the
material many times compared to its neat part. This type of tactic
is frequently used to increase the efficiency of semiconducting
photocatalyst towards water splitting, CO2 reduction, and N2
fixation. Cocatalyst usually reduces the activation energy barrier,
prohibits excitons recombination, and prevents photo-corrosion
of the materials. These highlighting features make the cocatalyst
special and hence its presence increases the catalytic potential
of the system [7,111–113]. Adding more to it, constructing a
semiconductor-semiconductor heterojunction (binary or mul-
tijunction) based photocatalytic system is another promising
and feasible strategy to upgrade the catalytic efficiency of the
photocatalysts towards NRR and other photocatalytic reactions. As
we know, light absorption and charge carrier separation ability are
the two most demanding properties for the photocatalyst and this
can be best achieved by integrating two or more semiconducting
material, where at the interface or junction point an internal
electric field is generated that retards the recombination process
and increases the charge carrier densities. The mechanism that
operates within the heterojunction system resulting in superior
catalytic efficiency may  be classified as (i) double charge transfer
(type 1 or 2) or (ii) Z-scheme (with or without mediator). In the
former type, photoexcited electrons jump from the conduction
band (CB) of one semiconductor(A) with more negative potential
to the CB of other semiconductor(B) having less negative potential,
at the same time holes migrates from the valency band (VB) of a
semiconductor having the higher positive potential to the VB of
other semiconductor with lower potential. Whereas in the case
of Z or S scheme type charge migration pathway, electrons from
the CB of one photocatalyst combines with the holes from the VB
of other semiconductors via a mediator or without a mediator,
therefore the photogenerated electrons are available in the CB of
one catalyst to carry out reduction and holes in the VB of other to
brought about oxidation [7,114,115]. Photoexcited electron-hole
pairs were formed upon suitable light irradiation and due to
strong interfacial contact and junction formation, charge carrier
recombination is hindered leading to a longer lifespan of excitons
and so the catalytic system shows improved catalysis. Another
interesting modification technique that is gathering huge attention
in NRR and other catalytic applications under ambient conditions
is amorphous nanocatalyst. Such nanomaterials with irregular
atomic ordering exhibit tremendous catalytic properties because
of high concentration active center or in other words unsaturated
coordination sites relating to dangling bonds in this phase [3,116].
The above-discussed modification techniques or methods are
widely followed to develop an efficient NRR photocatalytic system
that can reach the set benchmark and make the photon irradiated
N2 conversion to NH3 reaction a commercial or industrial process.

5. Advance materials or photocatalytic systems were
examined for photocatalytic NRR and their respective
catalytic efficiency

From the literature survey made on this specific topic of light-
oriented dinitrogen reduction to ammonia and the relationship

between reported NRR activity and physio-chemical features, the
following are few collected photocatalytic systems developed by
different research groups around the planet with their correspond-
ing catalytic efficiency.
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.1. Defect and doping engineering

The defects (oxygen, sulfur, and nitrogen) introduction into
he photocatalyst is seen as a better approach for the fixation of
initrogen as discussed above. To start with, Mi  et al. fabricated
xygen vacancy (OVs) optimized TiO2 by a solid phase reduction
ethod in presence of NaBH4 and the defect concentration is mod-

lated by varying the reduction temperature between 310−360
C. Controlled quantity of vacancy presence magnifying the activ-
ty by reducing the recombination process and when present in a
arge quantity, no doubt increases the adsorption of N2 molecules
ut at the same time decreases the lifetime of charge carriers by
cting as recombination center and so the net ammonia produc-
ion pace declines greatly. The obtained IPCE measurement data
t 300 nm shows that samples prepared at 340 ◦C (R-340) have
igh conversion efficiency i.e. 10.9 % whereas that of R-360 is 1.9 %
nly. These results suggest that OVs are optimized in R-340 sam-
le which is nicely supported by the high ammonia production
ate of 324.86 �mol/g/h and AQY of 1.1 % at 365 nm over R-340
atalyst compared to other prepared samples. Further, surface pho-
ovoltage and steady-state photoluminescence (PL) spectroscopy
ustified the effective charge separation in the case of R-340 cat-
lyst. Based on the N2-TDP analysis plot it can be concluded that
he chemi-adsorbed N2 molecules at the vacancy site get polarised
y the transfer of an electron from these vacancy points of TiO2
containing electron-rich Ti3+) to the anti-bonding orbital of N2
hat weaken the bond strength and increases the rate of conver-
ion. Additionally, DFT calculation was also carried out to find the
ffect of oxygen vacancy presence and absence on the activation
f dinitrogen on the (101) facet of prepared TiO2 and the outcome
ndicates that OVs are highly essential in this activation process.
urther, N2-TPD analysis was carried out to investigate the details
f the N2 adsorption and activation process which is very essen-
ial in nitrogen fixation reaction. TiO2 usually possesses a certain
mount of OVs because of its low formation energy, high sur-
ace energy, and large exposed surface sites of TiO2. The N2-TPD
ata shows two N2 desorption humps at 130 and 365 ◦C respec-
ively corresponding to physisorbed and chemisorbed N2 molecule.
nterestingly, with an increase in OVs, the adsorption and acti-
ation process becomes more pronounced which indicates the
mportant role of OVs in the performed N2 photoreduction reac-
ion. R-340 depicts good durability with almost no downfall in
he N2 reduction rate even after 360 min  [117]. Through amine
ssisted hydrothermal method, J. Wang and the group synthesized
ydrogen-treated defect-controlled tubular TiO2 (TiO2-H2) from
arious amine precursor-like urea, dicyandiamide, and cyanamide
espectively (as depicted in Fig. 4). However, dicyanamide-derived
iO2-H2 (TiO2-H2-DA) exhibits excellent stability with a very lit-
le decrease in the photocatalytic activity even after 7 continuous
ycles. Further, TiO2-H2-DA shows a remarkable N2 reduction rate
f 1.2 �mol/L/h which is attributed to the optimal amount of Ti3+ or
xygen vacancies that aid the electron-hole separation process and
lso facilitates N2 polarization. The presence of rectifying defects
ue to decomposition of the organic precursor is well character-

zed by XRD, Raman, XPS, and EPR analysis whereas low charge
arrier recombination is comprehensively measured by TRPL, tran-
ient current, and impedance spectra [118].

Interesting work was  performed by Shiraishi and team on
urface oxygen vacancies optimized BiOCl (BiOCl-OVs) toward pho-
ocatalytic N2 fixation in presence of chloride ion-containing water
nd sea-water (as shown in Fig. 5). The noble-metal free photo-
atalyst with oxygen vacancy (BiOCl-OVs) was  prepared by the

acile solvothermal method. Usually, BiOX with [Bi2O2]2+ tetrag-
nal matlockite layers intercalated by halogen anions double-layer
ndergoes self-degradation when irradiated in presence of water
nd becomes dysfunctional. This is due to its characteristic band
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Fig. 4. (a) Represents the photocatalytic mechanism of N2 fixation under different conditions. (b, c) TEM and HRTEM image of tubular TiO2 with an amorphous layer of
TiO2-H2 respectively. (d) Photocatalytic N2 fixation by TiO2, TiO2-H2, and TiO2-H2-DA, and (e) N2 recycle test with TiO2-H2-DA. Reproduced with permission from reference
[118].

Fig. 5. (a) Proposed photocatalytic pathway for N2 fixation over BiOCl-OVs in acidic medium, (b) Overall conversion of N2 and H2O to NH3 and O2 by BiOCl-OVs catalyst, and
(c)  Represents the crystal and surface structures of BiOX-OVs. Reproduced with permission from reference [119].

13



Jour

p
p
t
t
e

i
m
a
8
d
s
o
N
b
B
F
b
b
B
l
i
b
b
l
b
c
a
r
a
a
i
2
t
t
s
t
a
d
w
F
5
f
b
t
b
i
1
a
t
a
o
N
a
e
t

n
(
b
i
c

S. Mansingh, K.K. Das, S. Sultana et al. 

arrangement where the valance band that is mainly made of Cl 3p
orbital specifically oxidizes intercalated Cl− ions over water result-
ing in self-oxidation and self-reduction of lattice Bi3+. But in this
case, used hypochloric acid undergoes decomposition to produces
chloride ions which refills the leach out interlayer Cl- anions and
regenerates the catalytic activity. Further, the presence of oxygen
defects stimulates the N2 adsorption and activation process. In this
reduction, process water acts as the electron donor and the BiOCl-
OVs show a benchmark solar-to-chemical conversion efficiency of
0.05 % in artificial seawater under-stimulated solar light which is
comparable to the average efficiency of natural photosynthesis of
plant [119].

Further, the work of Zhang group i.e. sulfur vacancy consti-
tuted In2S3 hallow nanotube prepared from MIL-68 (In) precursor
by self-templating and calcination method depicts a significant N2
photoreduction activity of 52.49 mmol/h/g. Interestingly, the long
hexagonal prism type morphology of the MIL-68 is retained in
the formed hollow tubular In2S3 during the followed sulphidiza-
tion process. The S-vacancies (characterized through EPR and XPS)
play a major part in the process of chemisorption and polariza-
tion of N2 towards a higher rate of NH3 formation. Additionally,
because of these vacancies, the material captures a wide range
of photon and fosters the electron-hole separation ability [120].
The nitrogen-vacancy containing g-C3N4 fabricated by Wang et al.
illustrates its spontaneity towards photocatalytic nitrogen fixa-
tion under various sacrificial electron donors (methanol) and is
observed to display robust conversion efficiency. Methanol not only
acts as a hole scavenger but also possessed a high solubility of N2
and hence supplies proton for dinitrogen fixation, which ultimately
contributes to an improved NH3 evolution velocity of 3.632 mmol
h−1 g−1 with a notable AQE of 21.5 % (∼420 nm)  on the K+ grafted
g-C3N4 [121]. In another investigation, electron-rich Cuı+ and oxy-
gen vacancy equipped ZnCr LDH nanosheets were prepared by
Zhang and team through a simple co-precipitation method, shows
a molecular nitrogen photoreduction of 110 �mol/g/h with excel-
lent selectivity (92 %) and durability (8 cycles) without the support
of co-catalyst and sacrificial agent. The electronegative difference
between bonded atoms Cu(1.90), Zn(1.65), and Al(1.61) leads to
the formation of electron-dense Cuı+ in the LDH sheets. Further,
the light to chemical conversion (LCC) efficiency of 5% Cu-ZnCr-
LDH was found to be 0.0042 % under Xe lamp and 0.014 % for AM
1.5 G simulated solar light illumination. DFT, EPR, and XPS stud-
ies indicate that Cu introduction to LDH results in the formation of
oxygen defect and electron-rich unsaturated Cuı+ species within
the nanosheets that readily favor the charge separation and trans-
fer process, stimulating activation and multi-electron reduction of
N2 to NH3 [122]. Recently, both the theoretical and experimental
results of NRR have been made at ambient conditions by defect
engineering of doping. It is found that heteroatom doping not only
increases the vacancy states in the system but also constructively
accelerates the dinitrogen long lifetime activation and correspond-
ing reduction over the vacancy generated doped catalytic systems.
Further, Fu et al. adopted the defect-dopant tactic and reported
visible light-responsive hallow porous g-C3N4 with N-vacancy and
oxygen doping from dicyan diamine via a two steps strategy i.e.
low temperature hydrothermal followed by calcination method.
The so-formed hollow-porous graphitic carbon nitride with spongy
walls and a specific surface area of 220.16 m2 g−1 depicts a high
NH3 production rate of 118.8 mg/L/h/gcat when irradiated under
a 500 W Xe lamp source. This enhanced activity is attributed to
(i) hollow-loose porous structure, (ii) N-vacancy, and oxygen dop-
ing that effectively separates charge carriers and supports nitrogen

activation via donor-acceptor chemistry, and (iii) More negative
conduction band [123]. Similarly, Liang and co-workers prepared
boron-doped g-C3N4 with N-defect (BNUCNx) via thermal decom-
position of melamine and NaBH4 (Fig. 6). The obtained visible
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hoton active BNUCNx exhibits an improved ammonia generation
ace i.e. 435.28 �mol/g/h under 300 W Xe light which is due to
he presence of defects and doping that activates N2 and prolongs
he lifetime of electron-hole pairs. The above observation is well
xplained through the DFT study and catalytic results [124].

In another case, Yu et al. doped Fe into BiOBr lattice and
ntroduced oxygen vacancies to the crystal by the solvothermal

ethod. The author reports that Fe-BiOBr nanosheet produces NH3
t the rate of 382.68 �mol/g/h (under 300 W Xe lamp), which is

 times higher than neat BiOBr without any sacrificial agent. Fe
oping produces electron-rich O-vacancies and the reduced Fe
pecies transfers its 3d electrons to the �* orbital (anti-bonding)
f N2 resulting in activation of adsorbed dinitrogen for enhanced
H3 formation. The oxygen vacancy presence is well illustrated
y theoretical calculation, EPR, and XPS measurements [125].
esides, Zhang et al. doped Fe to SrTiO3 crystal framework forming
exSr1-xTiO3 solid solution (0 ≤ x ≤ 0.20) by hydrothermal followed
y calcination at 700 ◦C and found that when Fe contained lies
etween 0.03 and 0.20, the catalyst depicts notable N2 fixation.
ut among the doped FexSr1-xTiO3 samples, Fe0.10Sr0.90TiO3 cata-

yst gives the result i.e. 30.1 �mol  g−1 h−1 of NH3 formation which
s 3.2 fold higher than neat SrTiO3. When Fe concentration goes
eyond 0.10, the doped FexSr1-xTiO3 material gets converted to a
inary composite of Fe doped SrTiO3 and �-Fe2O3 which exhibits

ow catalytic activity as the haematite part supports charge recom-
ination. Further, experiments disclose that surface Fe(III) doped
enter assist interfacial charge migration from doped catalyst to
dsorbed dinitrogen promoting elementary N2 reduction by a 6e−

eduction pathway. Further, to figure out N2 chemisorption and
ctivation mechanism over the designed photocatalysts, N2-TPD
nalysis is carried out. The parent catalyst i.e. SrTiO3 shows an
ntense N2 desorption band at 79 ◦C without any TCD signal after
00 ◦C indicating loose binding of N2 via physisorption. Whereas in
he case of FexSr1-xTiO3 catalysts (X = 0.05 to 0.10) a strong desorp-
ion peak is observed about 90 −95 ◦C along with two  low intense
ignals at ∼380 and ∼450 ◦C which suggest different chemisorp-
ion of N2 molecule. However, the Fe0.10Sr0.90TiO3 sample depicts
dditional signals at 300 and 680 ◦C suggesting that surface Fe3+

oped sites facilitate N2 chemisorption and successive activation
hich encourage the N2 photofixation process. Adding more to this,

e0.10Sr0.90TiO3 shows extraordinary stability up to 3 recycles of
 h each without any significant change in activity and structural
ramework as confirmed by XRD and XPS pattern of the sample
efore and after 15 h catalytic run [126]. Extending the research in
he direction of vacancy chemistry, Xiao research group introduced
oth Fe and oxygen vacancy to BiOCl nanosheet lattice (as depicted

n Fig. 7) and observed a great lift in ammonia production speed i.e.
.022 mmol·g−1 h−1 with a TOF of 0.863 h-1 and AQY equal to 1.8 %
t 420 nm for 5% Fe doped BiOCl system. The team found a volcanic
ype performance of the catalyst between NH3 formation and the
mount of Fe doped to BiOCl crystal. From XPS analysis the author
bserved that electron flows from Fe to Bi and N2-TPD suggest that
2 reduction occurs in the vacancy site. The group found that no
ppreciable change in activity and morphology of the best catalyst
ven after 5 conjunctive runs which reflects the ultra-stability of
he photocatalyst [127].

In another work, Xiong et al. prepared a series of Bi5O7Br
anostructured NRR catalysts by low-temperature thermal method
20−100 ◦C). The 40 ◦C treated tubular Bi5O7Br sample shows the
est nitrogen fixation rate among other prepared photocatalysts

.e. 12.27 mM·g−1 h−1 which corresponds to the low bandgap, high
oncentration of oxygen vacancies, better diffusion of charge carri-

rs, and low charge transfer resistance. The effective adsorption and
olarization of dinitrogen are further promoted by the presence of
xygen vacancies which is the vital step in nitrogen fixation reac-
ion. This is well monitored by in situ infrared spectroscopy and
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Fig. 6. (a) Synthesis protocol of BNUCNx. (b) TEM pictures of CN and BNUCNx sam
Reproduced with permission from reference [124].

DFT study (Fig. 8). Further, the scavenger test suggests that oxygen
vacancy and superoxide radicals play a primary part in nitrogen
photoreduction reaction [128]. With the idea that refining defect
states by doping technique are an effective tactic towards solving
the associated problems with dinitrogen fixation i.e. polarization of
strong triple bond and successful protonation, Xiong research team
prepared Mo  doped W18O49 ultrathin nanowires by solvothermal
method. The low valence Mo  doped W18O49 nanowires in which
coordinatively unsaturated metal atoms (CUS) equipped with oxy-
gen defect sites encourage polarization of attached N2 via fast
electron migration from CUS to dinitrogen (due to metal-oxygen
covalency) resulting in easier N N bond fission by a proton cou-
pling mechanism. The deep insight of the above concept is vividly
described by the DFT study. Because of this Mo  doping, the defect
states move towards the Fermi level making the photoelectrons
more powerful to successfully carry out the N2 reduction process.
Among the prepared photocatalysts 1% Mo  doped W18O49 sample
depicts the best performance of 195.5 �mol  h−1 g−1 with an AQY
of 0.33 % at 400 nm and solar-to-ammonia efficiency of 0.028 %
under-stimulated AM 1.5 G light illumination [50].

Adding more to the survey, the author’s group has also explored
the benefits of doping chemistry on nitrogen fixation, in which
the team developed boron and sulfur-doped carbon modified TiO2
(CT) catalyst by a facile one-pot method. Doping of non-metal (B
or S-atoms) to the anatase TiO2 lattice drives UV-TiO2 to Vis-TiO2
with oxygen vacancies as assisted by UV–vis spectroscopy and XPS
analysis. Among the doped TiO2 samples, B doped CT shows the
best activity of 32.38 �mol  L−1 and an ACE equal to 0.076 % in 10
% methanol solution at low pH conditions. The observed boost in
performance is attributed to oxygen defect and porous structure
[64].

5.2. Nanostructure engineering
In the context of nanostructure engineering, crystallographic
modification, amorphization technique, functionalization, devel-
opment of particular crystal structures and exposed facets in metal
oxides type of systems results in the creation of a large number

o
b
t
o

15
d (c) Plausible mechanism for photocatalytic NH3 generation by BNUCNx catalyst.

f defect centers (due to extend of distortion in the atomic array)
nd dangling bonds (unsatisfied or uncoordinated atoms) in the
atalyst which successfully captures inert or non-polar molecules
ike N2 and reduces the activation barrier. Thinking of the promis-
ng outcomes of amorphization engineering, Chen and partner
eported an amorphous-crystalline heterophase-oriented spheri-
al CeO2 catalyst with a controlled quantity of oxygen vacancy
ia reversing abnormal Ce (III) pyrolysis method from cerium
ased oxide-carbonate precursor at high temperature in an inert
tmosphere. HRTEM image demonstrates the presence of both
morphous and crystalline character within the same material,
hereas XPS and EPR analysis confirm the occurrence of oxygen
efect. The observed high N2 photoreduction ability of the A-CeOX-4
ample (i.e. NH3 production rate of 109 �mol  h−1 g−1 and AQY of
.23 % at 425 nm)  is attributed to the presence of oxygen vacan-
ies that traps the photoelectrons and increases the concentration
t the catalyst surface (supported by TRPL and transient current
lot) which later get utilized in polarising and reducing the triple
ond order of adsorbed nitrogen for protonation. From the tem-
erature and pressure experiment, it was  concluded that with an

ncrease in temperature and pressure the rate of NH3 formation
ncreases. Reserving Ce (III) ions strategy by carbonates pyroly-
is at inert condition is responsible for amorphization and oxygen
acancy in the CeO2 matrix [129]. Additionally, facet-oriented
aterials are of great interest nowadays in N2 reduction chem-

stry, based on the above idea Zhang et al. developed (001) facet
ngineered BiOBr nanosheet model catalyst with optimized oxy-
en vacancies and localized � electrons by solvothermal method.
he characteristic (001) plane of the BiOBr sheet terminating with
xygen atoms of high density enables oxygen vacancy formation
n normal conditions. The prepared UV–vis-photon-sensitive cat-
lyst (BOB-001-OV) displays a high ammonia production rate of
23.3 �mol  h−1 g−1 (UV–vis light) and 104.2 �mol  h−1 g−1 (visible

ight) with an external quantum yield of 0.23 % at 420 nm with-

ut any scavenger and cocatalyst. The coordinated N2 is activated
y the back donation concept where d-electrons or the charge on
he vacancy site (Ov) is transferred to the � antibonding orbital
f N2 causing elongation of the triple bond and hence easing the
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Fig. 7. (a) Represents a schematic model for photocatalytic N2 fixation, and (b and c
reference [127].

bond-breaking process. Usually, the conduction band potential of
BiOBr is not at the right position for direct reduction N2 or form
solvated electrons but the presence of oxygen defect makes the pro-
cess feasible as justified by computational study. The catalyst shows
long-term stability of 8 consecutive cycles without any significant
loss of catalytic activity. Further, to verify the N2 fixation reaction at
Ov site of (001) facet, N2-TPD, and in situ diffuse reflectance, Fourier
transform infrared analysis is carried out while the effective charge
carrier separation dynamic induced by Ov is characterized with
TRPL and room temperature steady-state and transient photocur-
rent measurements. Additionally, N2 fixation is also associated with
lots of by-product like N2H4, −NO2, and −NO3 but interestingly in
the present investigation very negligible amount (2.4 % for N2H4,
and 1.9 % for -NO3) of such residual chemical species is reported
which is due to the end-on type mechanism and less NH3 oxidation
possibility [48]. Again, Chen and the team designed a cyano-group
modified g-C3N4 catalyst (detail shown in Fig. 9) by heating pre-
pared g-C3N4, melamine, and LiCl/KCl salt together at 550

◦
C in

an alumina boat. The formed CG CN photocatalyst shows an NH3
production rate of 442.92 �g/h/gcat in absence of sacrificial chem-

ical and noble metal-based co-catalyst. The introduction of cyano
group by molten salt calcination method is found to be effective
as it helps in reducing the charge recombination process and also
promotes the activation of adsorbed dinitrogen due to its electron-
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 and HAADF-STEM pictures of 5% Fe-BiOCl NSs. Reproduced with permission from

ithdrawing effect, which was confirmed through in situ Fourier
ransform infrared and Nitrogen temperature-programmed des-
rption analysis (N2-TPD). To justify that ammonia is generated
rom the supplied N2 and water without destroying the catalyst, IC
nd Proton-NMR measurements are performed. Theoretical study
eveals that N-atom directly bonds to cyano moiety have higher
ewis acidic character (lower charge density) compared to C N
roup (higher charge density), which further suggests that the
yano group increases the activation of N2 towards NH3. Addition-
lly, the best photocatalyst shows tremendous durability with no
bvious change in catalytic performance even after 4 consecutive
ycles [130].

.3. Inorganic-organic molecular catalyst type

On the theme of the molecular catalyst concept, the Haung
esearch team fabricated a series of functionalized Ti-MOF (NH2-
IL-125, CH3-MIL-125, and OH-MIL-125) hydrothermally by

igand substitution method in MIL-125 (Ti) and then subjected to
hotoreduction of N2 to NH3 under an ambient condition in absence

f sacrificial reagent. It was  reported that out of all, NH2-MIL-125
isplays the best NH3 yield of 12.3 �mol/g/h, and AQY of 0.26 % is
ttributed to the creation of Ti3+ species via electron transfer from
igand to metal charge (LMCT) mechanism. The Ti8 defect sites con-
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Fig. 8. (a) Structural models of anoxic Bi5O7Br-O, pristine Bi5O7Br, and oxygen-enriched Bi5O7Br Bi5O7Br + O along with defect and rich oxygen (b) Reaction energy diagram
of  nitrogen fixation catalyzed by Bi5O7Br-O, Bi5O7Br, and Bi5O7Br + O. (c) Illustration of nitrogen fixation pathway, and (d) Nitrogen adsorption energy (eV) on the surfaces
of  Bi5O7Br-O, Bi5O7Br, and Bi5O7Br + O. Reproduced with permission from reference [128].

Fig. 9. (a) N2-TPD of CN and CG-CN-3, (b-d) In situ FT-IR spectra on CG-CN-3, (e) Charge density difference of CG-CN-3, (f) Nitrogen fixation rate of CN and CG-CN-3,(g)
Absorbance spectra of the solution containing NH3 and indophenol indicator, (h) Cycling experimental performance of CG-CN-3 and (i) Photofixation of N2 in different
condition. Reproduced with permission from reference [130].
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Fig. 10. (a) Scheme representing different visible active MOFs for N2 photofixatio
formation over different prepared MIL-125 catalyst, (d) Rate of NH3 yield over differe
Reproduced with permission from reference [131].

taining Ti(III) bring about the activation of attached N2 by donating
an electron to the antibonding orbital of nitrogen molecule result-
ing in weakening of the triple bond and itself transferring back to
Ti4+ that makes the reduction of adsorbed N2 to ammonia easier.
This electron migration from Ti3+ to N2 is well confirmed through
the TRPL study (Fig. 10) [131].

In another work, to improve the aqueous phase dinitrogen
photo-fixation to ammonia under an ambient condition in absence
of sacrificial agents, Zhong et al. reported highly stable single-atom
anchored ultrathin co-valent triazine framework nanosheets (CTF)
with Pt-N3 as the active sites (Pt-SACs/CTF) by photo-deposition
technique (Fig. 11). The deposition of Pt over the surface of
2D-CTF-PDDA-TPDH is diagnosed by XPS and HADDF-STEM char-
acterization whereas the partial charge transfer from Pt to CTF is
analyzed via DFT and XANES study. The fitting EXAFS curves sug-
gest that Pt is bonded to three N-atom of CFT sheets which is again
supported by the DFT study. Further, the computational calculation
data implies an alternative reaction pathway for N2 photoreduc-
tion over the Pt-N3 site of Pt-SACs/CTF catalyst. The empty sp3

hybrid orbital of Pt in the Pt-N3 framework interacts with nitrogen
molecules and activates it for reduction to NH3. Again, Pt loading to
the stable 2D-CTF-PDDA-TPDH nanosheets encourages separation
of photogenerated electron-hole pairs resulting in an increment in
NH3 production rate i.e. 171.40 �mol/g/h and an AQY of 1.4 % under
monochromatic light irradiation [132].

Yang-Guang Li and group prepared inorganic polynuclear
metal-oxygen cluster (polyoxometalates: POMs) i.e. a Keggin
type highly stable zeolitic imidazolate framework-67(ZIF-67) cat-
alyst with self-healing property. POMs integrated composites are
regarded as highly efficient photoelectric N2 reduction specimens

because of the following properties associated with the polyox-
ometalates, (i) POMs retains their structure even after cascade
multielectron and reversible N2 reduction reaction where redox

a
t
t
A

18
chematic picture of ammine functionalized MIL-125(Ti), (c) Amount of ammonia
otocatalyst for 15 h and (d) Proposed mechanism of NH3 production by MIL-125(Ti).

ites exist simultaneously, (ii) certain POMs absorbs a broad range
f light via d-d inter-valency transition and are electron surplus
pecies helping the transfer and storage of electrons, (iii) POMs
et reduces by LMCT mechanism in presence of light and sacrifi-
ial agents and hence provides sufficient amount of photoelectrons
or N2 fixation,(iv) decreases the recombination process resulting
ow charge transfer impedance and (v) the reduced POMs retrieves
o its original form through oxidation, generating a recyclable N2
hoto-fixation catalytic system. Further, the porous structure of
IF-67 adds more advantages to the developed ZIF-67@POMs cat-
lyst. The so-formed ZIF-67@K11[PMo4V8O40] displays dinitrogen
xation velocity of 149 �mol/L/h with solar to ammonia (STA)
fficiency and TOF of 0.032 % and 94 mmol  M−1 h-1 respectively
as shown in Fig. 12). Additionally, the best photocatalyst (ZIF-
7@POMs) shows appreciable durability up to 5 cycles with a small
ecrease in performance i.e. 10 % and this extraordinary stability

s well supported by XRD and IR analysis of the sample after the
eusability test [133].

.4. Co-catalyst and composite/heterojunction construction

Adding more to the text, plasmonic Bi-metal deposited InVO4
anosheets with mesoporous framework synthesized (hydrother-
ally) by Zheng and group observed that 5% Bi/InVO4 shows an

mmonia generation of 626 �mol/g/h. The cause of such improved
ctivity corresponds to the surface plasmonic effect produced by
i-metal and the developed Schottky barrier at the interface of
etallic Bi and InVO4 leading to better separation charge carriers

134]. The developed Au nanocrystal loaded TiO2 nanotube with

 porous framework by Xu et al. via electrospun-photoreduction
echnique (Au@TiO2) completely outperform commercial P25 in
he performed N2 photofixation reaction (Fig. 13). The decorated
u nanocrystals improve the electron-hole separation process in
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Fig. 11. (a) Represents the band energy diagram of CTF-PDDA-TPDH and the Pt-SA
and  (c, d) Schematic representation with energy profiles of distal and alternating m
Reproduced with permission from reference [132].

the porous TiO2 NT by an amplified near-field electromagnetic
field and resonant photon scattering mechanism. Further, the light
absorption range is shifted to the visible region due to the plasmon
effect of Au in Au@TiO2 NT. Additionally, the increase in oxygen
vacancy concentration in TiO2 NT during Au loaded is attributed
to an increase of donor levels of TiO2 during Au deposition because
donors are in equilibrium with formed vacancies or increase in oxy-
gen vacancy in TiO2 is because of charge compensation chemistry.
The presence of oxygen vacancies is well characterized by Raman
and EPR scans and the delay recombination process through TRPL,
LSV, and Pl measurements. Again, oxygen vacancy contained in
Au@TiO2 NT facilitates productive N2 chemisorption and activa-
tion capacity resulting in an AQY of 0.101 % under-stimulated light
irradiation (at 350 ± 20 nm). The reusability plot confirms the pho-
tostability of the material with a little decrease in activity even after
3 cycles of 5 h each [135].

Further, extending the chemistry of plasmonic catalysis, Wang
et al. fabricated a cost-effective porous CuFe plasmon-assisted NRR
catalyst from Cu21Fe79 powders by sulphuric acid (1.83 M)  etch-
ing method. In this Cu-based photocatalyst, N2 gets adsorbed and
polarised at the Fe site whereas Cu end generates hot-electron
via surface plasmon resonance (SPR) mechanism that ultimately
reduces the attached dinitrogen to ammonia. Benefiting from the
porous framework and SPR effect, the Cu96Fe4 sample displays dis-
tinct ammonia generation velocity of 342 �mol  h−1 g−1 and an STA
efficiency of 0.055 % under 250 mW cm−2 Xe lamp and retains a

100 % catalytic activity even after ten consecutive cycles. Also, the
DFT study indicates an increase in valance state and coordination of
Fe atom in Cu96Fe4 plasmonic material during the reaction, which

f
t
9

19
F catalysts. (b) Photocatalytic mechanism of N2 fixation over Pt-SACs/CTF catalyst
isms for the nitrogen reduction process on the Pt-SACs/CTF catalyst respectively.

mplies the formation of the nitrogen-based complex at the surface
nd efficacious activation of N2 over Fe atoms by distal pathway.
esides hot electrons (525 nm), the d-to-s inter-band electronic
xcitation (365 nm and 420 nm)  in the Cu nanocrystal plays a
ritical part in triggering the catalytic performance of the porous
imetallic NRR catalyst [136]. Extending the surface plasmon con-
ept further, Xiong and the group prepared AuRu core-antenna
anostructure N2 reducing photocatalyst with benchmark activity
nder mild reaction conditions without the assistance of any sac-
ificial agent (as shown in Fig. 14). In this study, the team reported
hat in the bimetallic alloy, Ru acts as the N2 reducing site whereas
u supplies necessary electrons to Ru via a plasmon mechanism

o carry out the N2 fixation process. Further, the obtained catalytic
esults are highlighted in Table 1 [137].

Additionally, He and the group fabricated Ag/KNbO3 nanocom-
osite via a combination of hydrothermal and photodeposition
echnique. Highly crystalline KNbO3 nanorods are prepared from
b2O5 precursor in low KOH concentration under a high hydrother-
al  temperature of 260 ◦C, whereas Ag nanoparticles are loaded

ver the nanorods by photodeposition method. The high crys-
allinity of KNbO3 NRs speeds up the bulk charge separation
hile deposited Ag particles trap these excited electrons and

mprove the surface charge carrier separation efficiency in the
g/KNbO3 composite. Further, due to the SPR effect of Ag nanopar-

icles, the metal-semiconductor photocatalyst shows visible light
apturing ability. Because of all the above mentioned beneficial

eatures, the composite displays a remarkable N2 photoreduc-
ion rate of 385 �mol  L−1 h−1 g−1 under-stimulated solar light,
5.3 �mol  L−1 h−1 g−1 in visible light, and 526 �mol  L−1 h−1 g−1
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Fig. 12. (a) Schematic representation for the synthesis of ZIF-67 and POMs composite, and (b, c, d, e) SEM and TEM pictures of ZIF-67 and ZIF-67@PMo4V8O40 respectively,
and  (f) Mechanism of N2 fixation over ZIF-67@PMo4V8O40. Reproduced with permission from reference [133].

Fig. 13. (a and b) FESEM images of Au nanocrystal decorated TiO2 nanotube,(c) Photocatalytic ammonia generation over different wt % Au loaded TiO2 catalysts, and (d)
Reusability test of 10 % wt  Au@TiO2. Reproduced with permission from reference [135].
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Table 1
Summary of reported photocatalysts for photo-fixation of N2 to NH3 under ambient conditions.

Sl.No. Sample
Notation

Conditions Sacrificial
Reagent and
Co-catalyst

Irradiation source
(wavelength)

Catalytic
efficiency

Rate of NH3

formation
Durability Estimation

technique
ReferenceNo.

1 F-Vo-TiO2 0.5 g catalyst +
500 mL of DI water

Both Absent 300 W Xe lamp AQE = 0.38 % at
420 nm

206 �mol
h−1 g−1

25 h Ion chromatography [7]

2  Edge-rich black
phosphorus
nanoflakes (eBP
NFs)

0.5 mg catalyst+
ultrapure water
saturated with N2

Na2SO3

no co-catalyst
420 nm LED
lamp

Data not available 2.37 mmol/g/h 8 h Nessler’s reagent
method

[34]

3  CdS:nitrogenase
MoFe protein
biohybrid

0.5 mg mL−1 catalyst +
500 mM HEPES (aq)

500 mM HEPES
(aq), no
co-catalyst

405 nm
(∼3.5 mW cm−2)

QY  = 3.3 %
TOF=75 min–1

315 ± 55 nmol
(mg MoFe
protein)−1 min−1

Data not
available

colorimetric
ammonia assay kit
(BioVision)

[39]

4  Sb >3.0k CF 1mg catalyst +
5 mL of water
containing 20 %
methanol

methanol, no
co-catalyst

300 W Xenon lamp TOF = 0.16 h–1 388.5
�gNH3 h−1gcat−1

5 h Indophenol blue
method/ Ion
chromatograms

[44]

5  2D MXene-derived
Nb2O5/C/Nb2C/g-
C3N4

heterojunctions

50 mg  catalyst +
50 mL  of
methanol-double
distilled water solution
(20 %, v/v)

Methanol, no
co-catalyst

300
W Xe lamp

Data not available 0.365 mmol/h
/g (neutral) and
0.927 mmol/h
/g (pH 9)

10 h Nessler’s reagent
method

[74]

6  AuRu core antenna
Nanostructures
(shown in Fig. 14)

0.2 mg catalyst +
3 mL of DI water

Both Absent 300 W Xe lamp
400 mW cm−2

AQY = 0.21 %
(350 nm)  and 0.17
% at 550 nm

101.4 �mol g−1

h−1
24 h Ion chromatography [137]

7  Co0.5Fe0.5In2S4

ultrathin
nanoflowers

40 mg  catalyst +100 mL
N2 saturated aqueous
solution

Both Absent Xe lamp with an
AM 1.5 Filter
(100 mW cm−2)

AQY = 1.65 % at
350 nm,1.09 % at
400 nm and 0.12 %
at 450 nm

85.8 �mol/g/h 12 h Indophenol blue
method and Nessler’s
reagent method

[149]

8  Alkali etched
ZnCr-LDH
nanosheets

30 mg  catalyst +150 mL
N2 saturated ultrapure
water

Both Absent 300 W Xe
lamp(5.0 W/cm2)

QE  = 0.95 % at 380,
0.34 % at 420 and
0.11 % at 550 nm

33.19 �mol/g/h 5 h Ion chromatography [150]

9  Au@In2O3 HS 50 mg  catalyst +90 mL
N2 saturated aqueous
solution

No scavenger
but Au as
co-catalyst

500 W Hg lamp Data not available 0.605 mol/g/h
(normalized)

6 h Indophenol blue
method and Ion
chromatography

[151]

10  N-MoS2

microsphere
30 mg  catalyst +45 mL
water +5 mL methanol
saturated with N2

Methanol, no
co-catalyst

300 W Xe lamp Data not available 101.2 �
mol/g(cat)/h

20  h Nessler’s reagent
method

[152]

11  g-C3N4

nanosheets/Bi2MoO6

photocatalysts

40 mg  catalyst +2 mL
water +40 mL
ethanol(0.789 g/L)
saturated with N2

Ethanol, no
co-catalyst

500 W Xe lamp
(100 W/cm2)

Data not available 3271 mmol/L /g 4 h Nessler’s reagent
method

[153]

12  Defective Bi2O2CO3

(BOC − X)
30 mg  catalyst +
50 mL  of
methanol-water
solution
(5%, v/v)

Methanol, no
co-catalyst

UV light (<365 nm,
42.51 mW cm−2),
visible-near
infrared light
(>420 nm,
13.25 mW cm−2)
and simulated
sunlight
(14.73 mW cm−2)

AQY = 1.02 % at
420 nm

957 �mol  L−1 20 h Nessler’s reagent
method

[154]

13  1.5% BPNS/CdS 60 mg  catalyst +
250 mL  of
methanol-water
solution
(1%, v/v)

Methanol, no
co-catalyst

300
W Xe lamp

Data not available 240.17 �mol g−1·
h−1

16 h Nessler’s reagent
method

[155]
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Table 1 (Continued)

Sl.No. Sample
Notation

Conditions Sacrificial
Reagent and
Co-catalyst

Irradiation source
(wavelength)

Catalytic
efficiency

Rate of NH3

formation
Durability Estimation

technique
ReferenceNo.

14 Au nanoparticle-
embedded hollow
mesoporous
carbon nitride
spheres
(HCNSs)-NV

50 mg  catalyst +
80 mL  of
methanol-water
solution

Methanol, Au
co-catalyst

300-W Xe
lamp

Solar-to-ammonia
conversion
efficiency of 0.032
% and AQY of 0.64 %
at 550 nm

783.4 �mol h–1

gcat–1
4 h Nessler’s reagent

method
[156]

15  Ti3C2 MXenes–P25 50 mg  catalyst +
70 mL  of
methanol-water
solution

Methanol, no
co-catalyst

300 W Xe lamp Data not available 43.44 �mol/g 3 h Para-
(dimethylamino)
benzaldehyde
method

[157]

16  In-built bionic
“MoFe-cofactor” in
Fe-doped
two-dimensional
MoTe2 nanosheets
(Fe-doped MoTe2)

10 mg  catalyst +
80 mL  of Milli Q water

Both Absent 300 W Xe lamp
(400 nm W cm−2)

Data not available 129.08
�molg−1 h−1

8 h Nessler’s reagent
method

[158]

17  B-doping in g-C3N4

nanosheets (BCN)
20 mg  +40 mL
N2-saturated
1.0 × 10−3 M Na2SO3

solution

Na2SO3, no
co-catalyst

250 W Xe lamp
(0.5 W cm−2)

QE = 0.64 % at
420 nm.

313.9 �molg−1

h−1
5 h Nessler’s reagent

method
[159]

18  MoS2 nano-flowers
stacked by
ultrathin sheets
were in situ
grown on oxygen
self-doped porous
biochar
(MoS2/OPC)

20 mg  catalyst +
100 mL  of DI water

Both Absent 300 W Xe lamp Data not available 37.878 �mol g−1·h−1 20 h Indophenol blue
Method/ Nessler’s
reagent

[160]

19  MOF-76(Ce) 50 mg  catalyst +
100 mL  of DI water

Both Absent 300 W
full-spectrum light
source

Data not available 34 �mol• g−1·h−1 8 h Indophenol blue
Method

[161]

20  Plasmonic MoO3-x

nanosheets
50 mg  catalyst +
100 mL  of pure water

Both Absent 300-W Xe lamp AQY = 0.31 %
(808 nm) and 0.22
% at 905 nm

251.1 �M g−1 h-1

(� > 580 nm)
328 �M g−1 h−1

(full spectrum)

4 h run under
different
condition.

Ion chromatography
and Nessler’s reagent
method

[162]

21  Fe1/C − PPh3/NaI 10 mg  catalyst +
10 mL  pure water
+10 mL  acetonitrile

Both Absent Xe lamp of
full-spectrum
(250 mW cm−2)

AQY = 0.05 % at 490
nm

98 �mol• g−1·h−1 100 %
production rate
for 4h

Ion chromatography [163]

22  SL g-
C3N4/ZnFe2O4

composited

100 mg  catalyst +
200 mL  of water

Both Absent Data not available 122.3 �mol/L
within 120 min

700 min Nessler’s reagent
method

[164]

23  Ultralow-
temperature
synthesis of small
Ag doped carbon
nitride

0.1 g catalyst +
200 mL  of water
containing 5% alcohol

5% Ethanol, Au
co-catalyst

300 W Xe lamp Data not available 1.45 mmol/L/h/gcat 16 h Nessler’s reagent
method

[165]
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Fig. 14. (a-b) NH3 production rate of different prepared catalysts, durability test, am
and  calculated AQY over AuRu0.31 under broad light irradiation, and (e) TEM image 

permission from reference [137].

under UV–vis photon irradiation along with a long term catalytic
stability of 30 h without any noticeable change of production rate.
Interestingly, the electron tapping type charge separation mecha-
nism is followed over the photosensitized type under-stimulated
solar by Ag nanoparticles. Furthermore, the productive excitons
separation in 0.5 % Ag/KNbO3 sample that leads to exceptional
photocatalytic reduction pace is well confirmed by the observed
low overpotential (-0.23 V) and small Tafel slope (144 mV/dec)
[138]. To resolve the issues encountered in the above Ag/KNbO3
catalytic system (i.e. cost and performance), Xing et al. modified
KNbO3 nanorods with cost-effective NiO co-catalyst forming a
NiO/KnbO3 p-n heterojunction composite by simple photodepo-
sition method. The optimum composite (NiO/KNbO3-30) shows
an NH3 production speed of 469.5 �mol  L−1 h−1 g−1 which fur-
ther increases to 603.8 �mol  L−1 h−1 g−1 with more bubbling of N2
gas under-stimulated sunlight. The reason behind such excellent
activity is attributed to (i) effective charge carrier separation via
double charge transfer mechanism due to built-in electric field at
the interface (supported by impedance and transient current), (ii)
low overpotential (-0.26 V), and (iii) minimum Tafel slope value
(153 mV/dec) respectively [139]. Combining the characteristic fea-
tures of MoO2 (i.e. high conductivity, durability, and electron sink)

and BiOCl (i.e. -back donation, oxygen defect, and empty 6d
orbital), Wang and partner synthesized MoO2/BiOCl sheet-plate
nanocomposite via mechanical mixing procedure which produces
ammonia at the rate of 35 �mol/g/h upon Xe lamp irradiation

c
o
f
t

23
a production rate by AuRu0.31 catalyst in the first 2 h under different light intensity
u0.31 sample and color EDX mapping image of AuRu0.31 catalyst. Reproduced with

intensity=500 mW cm−2) in pure water and absence of hole trap-
ing reagents. The high surface electron density and a large number
f active site availability on MoO2 co-catalyst in the compos-
te facilitate effective charge carrier migration and increase the
dsorption-activation process of N2. The formed Mo-O-Bi bond at
he junction operates as a mediator and promotes excitons transfer
nd polarization of N2. Further, computational and experimen-
al studies confirm that N2 activation takes place over the Mo
orizon in binary-hybrid [140]. In the context of composite and
eterojunction system for dinitrogen fixation, extensive research
ork has been carried out by combining defect oriented single

omponent with the binary or ternary composites. For example,
a  and co-worker reported an elementary NRR catalyst i.e. an

n situ carbon modified nano-sized crystalline red phosphorous
hrough sublimation-deposition method using SiO2 nanospheres
s a template. The designed photocatalyst (SiO2/C RP) shows an
H3 formation velocity of 0.73 �mol  h−1 (4.4 times higher than
ulk red phosphorous (BP)) under a Xe lamp source of intensity 320
Wcm−2 without scavenger and co-catalyst. The reason behind

uch substantially increased activity is credited to the large active
urface area, broad-spectrum absorption (Vis-NIR), good water dis-
ersibility, and better charge carrier separation. The low water

◦

ontact angle value ca 30 for SiO2/C RP suggest that the surface
f the material is more hydrophilic in nature compare to bulk RP,
avoring effective mass transfer, and wide photon absorption. Fur-
her, the obtained transient photocurrent and Nyquist plot confirm
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Fig. 15. (a) Schematic representation of the synthesis of 1T-MoS2/CdS photocata
Photocatalytic NH4

+ production rates by different samples and light irradiation. Rep

a low recombination rate. The catalyst also shows tremendous pho-
tostability i.e. up to 4 cycles (2 h run each) with a little decrease in
ammonia production rate (13 %) [141]. Z-scheme-oriented photo-
catalytic systems are gathering huge attention because in a single
component we can have the benefit of both the combining compo-
nent. So, the Z or S-scheme oriented (particle-sheet) AgBr/Bi4O5Br2
nanocomposite developed by He et al. following hydrothermal
and ion exchange technique reports a notable dinitrogen fixation
rate of 174.4 �mol/L/h under-stimulated solar light and a photo-
stability of 25 h. The formed heterojunction (i.e. AgBr/Bi4O5Br2)
exists as Ag/AgBr/Bi4O5Br2 (a ternary type hybrid), where metal-
lic nano-silver is formed by the in-situ decomposition of AgBr.
Importantly, XPS analysis ascertains that an ion-exchange mech-
anism operates within Ag+ and Bi4O5Br2 which results in the
formation of a ternary hybrid i.e. presence of metallic Ag in the
AgBr/Bi4O5Br2 composite (surface-enhanced Raman scattering).
Further, the metallic Ag nanoparticle plays a pivotal role in magni-
fying the catalytic molecular nitrogen photoreduction process due
to (i) acts as a mediator or bridge between AgBr and Bi4O5Br2 caus-
ing effective charge carrier separation via the Z-scheme pathway
and (ii) through surface plasmon effect broaden the light absorption
range. Better excitons separation shows a good correlation with
LSV, EIS, and transient current measurements. The heterojunction-
based catalyst (AgBr/Bi4O5Br2) shows a faster rate of N2 reduction
compared to neat samples which is better explained through low
overpotential (-0.55 V) and smaller Tafel slope (134 mV/dec) value.
The performed scavenger test using isopropyl alcohol and benzo-

quinone clarifies the detrimental effect of O2 in dinitrogen fixation
reaction [142]. As we know, low solubility and lazy diffusion rate
of dinitrogen in water are the reason behind the observed low
catalytic conversion efficiency of N2 to NH3.To address these draw-

t
p
f
M

24
omposites. (b) SEM images of SV-1T-MoS2, 1T-MoS2, and CdS nanorods and (c)
ed with permission from reference [144].

acks, Tan et al. performed molecular nitrogen photo-fixation in an
queous medium over a catalyst having water-attracting-repelling
ype morphology with triphase (gas-liquid-solid) reaction inter-
ace mechanism. The so-formed binary composite (Bi4O5Br2/ZIF-8),
i4O5Br2 acts as the hydrophilic part, and ZIF-8 as the hydrophobic
nd. The water-repelling MOF  unit (ZIF-8) catches the surround-
ng air when comes in touch with the liquid phase resulting in
he formation of gas-liquid-solid triphase at the micro or nano
ange. The hydrophobic and hydrophilic nature of the combining
nits is fully characterized by contact angle measurements. In this
riphase type reaction, the supplied nitrogen gas directly interacts
ith the catalyst interface without going through the liquid phase

riggering systematic and productive absorption of photogenerated
lectrons, thereupon accelerating the photoinduced activation and
eduction process. The binary photocatalyst (Bi4O5Br2/ZIF-8(30
)) with excellent triphase contact displays an elevated ammo-
ia formation velocity of 327.338 �mol  L−1 h−1 g−1 which is nearly
.6-fold higher than neat Bi4O5Br2 [143]. The prepared ultra-stable
ulfur vacancy concentrated oxygen doped 1T-MoS2 nanosheet
ecorated with CdS nanorods by Tian et al. (30 wt% SV-1T-MoS2-
dS composites) manifest benchmark N2 photoreduction ability
f 8220.83 �mol  L−1 h−1 g−1 and AQY of 4.42 % under-stimulated
olar light (Fig. 15). CdS and SV-1T-MoS2 were synthesized via the
ydrothermal method and later mixed and evaporated to give the
nal product i.e. SV-1T-MoS2-CdS composites. The concentration
f S-vacancies and phase ratio within the sample is maintained by
ontrolling the number of Mo  and S precursors. Excess thiourea

hat is attached to the primary crystallites, preventing directional or
articular plane-oriented nucleation of crystals results in S-vacancy
ormation. SV-1T-MoS2 acts as a co-catalyst in the binary SV-1T-

oS2-CdS composites and surpasses the activity of Pt co-catalyst
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Fig. 16. Represents the theoretical calculations (a) Adsorption energy of N2 on sin
density  in Ru/CoSx interface, (c) Free energy of HERs on Ru and Co in CoSx, (d) N–N
(001)/CoSx(101) interface and (f) Mechanism of N2 fixation over Ru/CoSx surface. R

towards photocatalytic nitrogen reduction. Further, deposited SV-
1T-MoS2 not only magnifies the catalytic efficiency of CdS but also
protects CdS from photocorrosion which is an interesting finding.
The S-vacancy in the SV-1T-MoS2-CdS composite is responsible for
effective charge carrier separation and activation of adsorbed N2
molecule. The presence of vacancy in the prepared sample was
examined by the author XPS and EPR analysis whereas the life-
time of the charge carrier is monitored by TRPL and steady-state PL
spectra [144].

The prepared p-n heterojunction based photocatalytic system
(TiO2/ZnFe2O4) by Wu et al. integrating p-type ZnFe2O4 and n-
type mesoporous TiO2 sphere through a solvothermal-calcination
procedure endows improved N2 photofixation ability compared to
few reported materials and the neat combining entity. The meso-
porous structure of TiO2 and intimate contact between TiO2 and
ZnFe2O4 resulting in Z-scheme-oriented p-n composite (MT/ZFO)
is due to the varying calcination temperature. The obtained binary
hybrid (MT/ZFO) at 400

◦
C shows an optimum ammonia gener-

ation velocity of 1.48 �mol  L−1 min−1 in the ambient atmosphere
and sustains the same rate up to 600 min  justifying the extraor-
dinary photostability of the material. The high negative reduction
potential value of ZFO conduction band electrons in the composite
hastens the N2 reduction to NH3 under 250 W Xe lamp illumina-
tions. Further, the observed impressive catalytic performance of the
p-n hybrid corresponds to restricted electron-hole recombination
via the proposed mediator free all-solid-state Z-scheme type charge
shuttling mechanism and mesoporous framework [145]. To realize
sustainable N2 fixation under mild condition, Jin and team prepared
a p-n heterojunction based photocatalyst (Bi2MoO6/OV-BiOBr) by
solution-phase method, in which Bi2MoO6 nanorods behaves like
n-type semiconductor and oxygen vacancy dense BiOBr nanosheets
as p-type material respectively. The generated p-n junction due

to proper band alignment at the interface of Bi2MoO6 and OV-
BiOBr results in wide spectrum utilization and better electron-hole
pair separation. Moreover, the hierarchical geometry with con-
trolled oxygen vacancies in the binary hybrid (Bi2MoO6/OV-BiOBr)

F
L
m
a

25
te of Ru, Co (or S-vacancy) in CoSx and Ru/CoSx interface, (b) Differential charge
nces of free N2 and intermediates during hydrogenation, (e) N2RR pathway on Ru
uced with permission from reference [146].

evelops large numbers of the active site and electron trapping
enters for constructive N2 adsorption and polarization which later
akes the reduction reaction smooth. The synergistic effect of both

xygen vacancy and p-n junction that operates in the compos-
te proves to be very beneficial in increasing the NH3 generation
ate i.e. 90.7 �mol  g−1 h−1 without the assistance of any co-catalyst
r hole scavengers [146]. Another heterojunction composite with
u-Co bimetallic center at the interface was constructed by Liu
t al. in which sulfur vacancy induced Ru-CoSx is fused with g-
3N4 forming Ru-Vs-CoS/CN photocatalyst (Fig. 16). The designed
ernary catalytic specimen shows an eye-catching N2 photoreduc-
ion capacity i.e. 0.438 mmol·g−1 h−1 of NH3 with AQY of 1.43 % at
00 nm and solar to the ammonia conversion efficiency of 0.042

 in pure water under-stimulated sunlight. Each N-atom of N2 is
onded to the bimetallic Ru-Co center of the Ru-CoSx unit in a side-
n bridge fashion as both the Ru and Co atoms are the interface
f Ru/CoSx are under coordination. Further, because of the asym-
etric electron flow from both the metal center to the adsorbed

initrogen, the N N gets polarised and the bond order decreases.
esides, the plasmonic electric-filed-enhancement effect of Ru at
he Ru/CoSx surface further widens the visible light absorption
bility and facilitates the production of more amounts of ener-
etic photoelectrons. Again, the originated Schottky barrier at
he Ru/CoSx interface boost the productive charge separation and
ransfer from CoSx to Ru. The N-atom attached to Ru end is hydro-
enated first as it possesses high electron density compared to
o-atom which results in weakening the triple bond and faster pho-
oreduction N2 as illustrated by computational calculation [147].

In both the above discussed doped photocatalytic systems the
bserved enhanced N2 reduction mainly corresponds to defect
ormation that supports adsorption, activation, and delay electron-
ole pair recombination. A Fascinating investigation was made by

eng et al. where the group developed a LnCO3OH/g-C3N4 (Ln-CN,
n = La, or Pr) heterojunction composite by in situ solvothermal
ethod. The partial decomposition of a g-C3N4 moiety (known

s self-sacrificing) producing carbonate and hydroxyl ion which
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Fig. 17. (a) Schematic representation of synthesis and mechanism of N2 photofix
g-C3N4(Ln-CN).

further under specific conditions reacts with Ln+3 cation generat-
ing Ln-CN heterojunction composite. The observed N2 conversion
rate is 8.20 mM g−1 h−1 and 8.91 mM g−1 h−1 for La-CN and Pa-CN
respectively. The effective charge separation in the composite goes
via Z-scheme type charge migration and N2 is reduced by the pho-
toexcited electrons on the conduction band of g-C3N4 (as shown in
Fig. 17) [148].

In this context of dinitrogen photoconversion to ammonia over
heterojunction based photocatalytic systems, Parida and group
have made significant progress by designing promising photo-
catalytic composites that illustrate the rewarding features of
heterojunction chemistry towards successful production of ammo-
nia from dinitrogen under room conduction. In the first attempt,
the team fabricated oxygen vacancy induced FeS2-FeP-CeO2NS
ternary heterojunction based nanocomposite by a combination of
hydrothermal and sulfidation–phosphatization technique (Fig. 18
a). This phosphide guarded ternary hybrid (CPS3) exhibits the best
ammonia evolution velocity i.e. 5.6 mmol  h−1 g-1 (conversion effi-
ciency = 0.59 %) which is about 8.2 and 10.18 fold higher than
CeO2–FeS2 and CeO2–FeP catalyst respectively in acidic medium.
At lower pH (acidic), the kinetic energy barrier for N2 reduction

decreases, and the concentration of H+ ions in the solution increases
which fastens the conversion process. Furthermore, the presence
of oxygen vacancies/Ce+3 and Fe-P facilitate the adsorption and
polarization of nitrogen molecules and also assist the effective sep-

s
b
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26
and (b) TEM image of LnCO3OH (Ln = Pr, La) and corresponding composites with

ration and transfer of excitons to the catalyst surface to carry out
he reduction process. Further, the kinetic data suggest that the
hotofixation reaction proceeds by a two  electron-proton couple
athway. Again, the photocatalyst shows incredible stability due
o the presence of P-atoms which restricts the photo-oxidation of
e and sulfur atoms of the nanohybrid as supported by XPS anal-
sis. The presence of Ce+3/OVs and charge separation efficiency
s well confirmed by XPS, EPS, and EIS characterization [61]. In
he next approach, the group designed a 2D-2D p-n heterojunc-
ion composite of p-MoS2/n-MgIn2S4 having a marigold flower-like
tructure by hydrothermal method. The strong interfacial contact
etween both the 2D components of the p-n monohybrid favors
he effective charge carrier separation and transfer to the cata-
yst surface via the p-n heterojunction for selective reduction of

2 molecules without forming any energy-intensive intermedi-
tes (Fig. 18 b). The optimum NH3 formation rate over the binary
ybrid i.e. 5% MoS2/MIS shows 0.81 mg/L in absence of hole scav-
ngers and 1.54 mg/L in the methanol/water system takes place
hrough a two-step four-electron multiphoton coupled process.
he observed rise in photocatalytic N2 fixation in the 2D-2D com-
osite is due to a large number of exposed active sites via edge

ulfur linkage and productive electron-hole pair separation by the
uilt-in electric field at the junction point or the interfacial con-
act region. From the performed experiments it was concluded that

oS2 framed NRR catalytic systems display superior activity in
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Fig. 18. Represents the photocatalytic N2 fixation mechanism of (a) FeS2-FeP-CeO2

p-n  junction.

low acidic and neutral pH conditions because, in strong acidic pH,
water reduction reaction subjugates. Further, it was proposed that
methanol not just acts as a sacrificial electron donor but also forms
-CO2* an oxidized product, that accelerated the dinitrogen reduc-
tion process. Additionally, the formed p-n heterojunction between
p-MoS2 and n-MgIn2S4 in the binary hybrid is proved by Mott-
Schottky measurements [62]. Further, extending the chemistry of
p-n heterojunction, the team designed the third NRR catalytic sys-
tem i.e. by uniting 1D BiFeO3 nanorod (n-type) with 2D CeO2 sheet
(p-type) via hydrothermal method. Proper band edge alignment
resulting p-n heterojunction (Mott-Schottky analysis) along with
built-in electric field at the junction region encourages double
charge transfer dynamic which leads to better charge separation
and the oxygen defect sites help in proper adsorption and activation
of supplied nitrogen molecules that finally amplifies the N2 reduc-
tion reaction (Fig. 18 c). The formed defect engineered (Ce+3/OVs)
and carbon sensitized MCeO2−BFO p-n junction composite exhibits
a high ammonia production rate of 117.77 �mol  h−1 g−1 (appar-
ent conversion efficiency (ACE) = 0.018 %) via a four-electron/five
proton-coupled reduction mechanism. XPS and EPR characteri-
zation supports defect content however PL, EIS, and Bode phase
plot ascertains the slow recombination of charge carriers in the
binary hybrid [63]. Yet, we are far behind the set benchmark of
NRR catalyst efficiency; hence the group effort or sprit in tar-

geting the most promising photocatalyst for dinitrogen fixation
under the ambient condition that can reach the set target is in full
swing.

t
p
c

27
nary catalyst. (b) 2D-2D p-MoS2/n-MgIn2S4.and (c) carbon sensitized MCeO2−BFO

. Resent reported state of art materials

To relay the progress made in photon-driven dinitrogen reduc-
ion, several reports are summarized in Table 1 which demonstrates
he constituent of the catalytic system, reaction condition, catalytic
fficiency, durability, and light source.

. Conclusion and perspective

In conclusion, the review summarized the fundamental find-
ngs of dinitrogen fixation especially via photocatalysis, explains
he detail starting from adsorption of N2 to activation to reduc-
ion i.e. the mechanistic pathway, various followed quantification

ethods along with the limitation connected with those methods,
ifferent catalyst modification techniques alongside the chemistry
f those techniques resulting significant improvement in efficiency
nd lastly recent state of art materials developed towards achieving
enchmark NRR activity under operational condition. In brief, the
xation of dinitrogen under ambient environments is a challenging
ssignment for both fundamental research and industrial appli-
ations, as this investigation theme is closely concomitant with
nergy disaster and environmental catastrophe. Particularly, pho-
ocatalytic dinitrogen reduction has evoked prodigious research
o surrogate the energy-intensive HB method. Photocatalytic NRR
rovides some distinct opportunities over the established HB pro-
ess such as (i) N2 and H2O used as basic material for NH3 synthesis,
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which is budget-friendly and surfeit in the environment; (ii) NRR
with zero-carbon release can assuage the environmental problems;
(iii) requires photons to trigger the fixation reaction and (iv) it can
lead a potential way to store clean and renewable energy. However,
fixing N2 in a photocatalytic way is not that easy as thought by the
scientific community.

Based on the above-discussed recapitulation on photocatalytic
dinitrogen fixation, here we have put forward some related limi-
tation; scientific outlook, and future perspective on how to further
beef up the activity of photon driven NRR systems:

(i) Intrinsic inertia or non-polar nature of nitrogen molecules,
multi-electron/proton involvement, and weak binding of the
molecules over catalysts horizon are some of the connected
imperfections of photocatalytic NH3 synthesis. Additionally,
the production of molecular hydrogen and hydrazine is being
accompanied by ammonia production which is a diminution
aspect, ultimately results in very low NH3 selectivity and yield.
Furthermore, assessing the photocatalytic NRR reactions faces
substantial scientific and practical heat. For example, ammo-
nia is present everywhere i.e. in air, experimental consumables,
N-atom containing catalyst, and even in human breathe, there-
fore it is hard to conclude that the quantified ammonia is
generated from NRR reactions or stemmed from exogenous
contaminations. Again, the capping agents used for catalysts
syntheses such as thioacetamide (TAA) and hexamethylenete-
tramine (HMTA) decomposes easily upon irradiation and hence
leads to error in NH3 detection. Therefore, the indispens-
able blank/control experiments, e.g. in the Ar/15N streams, are
enjoined to certify that the detected NH3 is produced from the
supplied N2 gas reduction.

ii) Further, there are several ways for ammonia quantification,
out of which spectrophotometric assay, ion-chromatography,
ion-selective electrode, and NMR  spectroscopic techniques are
frequently used. Spectrophotometrically, ammonia is quanti-
fied by the use of Nessler’s reagents and indo-phenol blue
techniques. The pH, ionic strength, and sacrificial agents may
interfere with the accuracy of spectrometric quantification
of ammonia. Ion-chromatography and NMR technique mostly
provides accurate ammonia results.

iii) Moreover, it is very essential to unveil the fundamental mech-
anism of molecular nitrogen conversion to ammonia. NRR is a
complicated multi-step electron-proton coupled reaction and
as a result, the scientific groups from different corners of the
globe were unable to predict and explain a proper mechanistic
pathway for N2 photo-reduction, which needs to be uncovering
properly. Therefore, a combination of theoretical exploration
and experimental data is an authoritative tactic to find out the
appropriate underlying mechanism and pathways for NRR. In
this topic, prior attention should be given to building models
that are nearer to the actual reaction mechanisms.

iv) For achieving commendable NRR performance there is a need of
creating chemical bond channels between nitrogen molecules
and the catalyst surface. Hence, there is a necessity to design
and develop new technologies for the material synthesis of
different compositions and morphologies. It is being believed
that morphological oriented nanomaterials have a synergis-
tic effect in enhancing the photocatalytic N2 fixation. Besides,
surface engineering, defect creation, composite formation, crys-
tallographic tailoring, and chemical alternation, and so on are
found to be competent strategies for enhancing the N2 photo-
reduction. Specifically, a defective photocatalyst exhibits better

NRR results compared to that of bulk materials. Similarly, the
introduction of dopants and vacancies in the catalysts leads
to good NRR activity by increasing the catalyst adsorption and
activation ability for inert N2 resulting in diminishing the N N

28
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triple bond order by electron back donation to the anti-bonding
orbital of nitrogen. Another way  for enhancing the NRR reac-
tion is the utilization of a co-catalyst. But due to competition
between two-electron for HER and six-electron for NRR, the
metal and non-metal based co-catalysts are being preferred
for N2 photoreduction over noble metal-rooted co-catalyst. It
has been also visualized that a combination of defective co-
catalyst and engineered heterojunction could help to magnify
the ammonia production rate. Because of the high activity of
single metal atoms, designing a heterogeneous single-atom
catalyst could be an important aspect of promoting NRR. For
example, the Ru-single atom catalyst shows enhanced ammo-
nia yield and selectivity. Furthermore, a single-atom catalyst
can be derived from metal-organic frameworks or complexes.

v) The active sites, reaction intermediates along with interactions
with catalysts in NRR, and changes in textural properties on
the surface of the catalyst were monitored by advanced char-
acterization techniques such as spherical aberration-corrected
transmission electron microscopy (ACTEM), in-situ synchrotron
radiation (SR) techniques, in-situ X-ray photoelectron spec-
troscopy (XPS), in-situ diffuse reflectance Fourier transform
infrared spectroscopy (DRFTIRS), and in-situ electron para-
magnetic resonance spectroscopy (EPR). The more advanced
characterization tool such as surface-enhanced infrared spec-
troscopy (SEIRS) and high-resolution electron energy loss
spectroscopy (HREELS) are also being used to gather depth
understanding and knowledge of the NRR  mechanism.

Although several catalyst modification methods, detection tech-
iques, advanced instrumentation, and computation studies are

ollowed to touch the set NRR efficiency benchmark we  are yet
o report the best NRR photocatalyst that can replace the tradi-
ional HB process, and hence their still exist many possibilities
or boosting their dinitrogen photofixation abilities. We  hope that
ll of the above-discussed dinitrogen fixation fundamentals and
eported articles own illimitable potential and possibilities, which
eed to be meticulously studied and cherished. The group also
elieves that this review will be endowing valuable information to
he readers who are quite fascinated by N2 photofixation reaction,

aterial science, and nanotechnology.
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