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Photocatalytic fixation of nitrogen to ammonia:
state-of-the-art advancements and future
prospects

Xingzhu Chen,® Neng Li,**® Zhouzhou Kong,* Wee-Jun Ong {2 *© and
Xiujian Zhao (2@

The burgeoning development of ammonia (NHz) synthesis technology addresses the urgency of food
intake required to sustain the population growth of the last 100 years. To date, NH3z has mostly been
synthesized by the Haber—Bosch process in industry. Under the ever-increasing pressure of the fossil
fuel depletion crisis and anthropogenic global climate change with continuous CO, emission in the 21st
century, research targeting the synthesis of NHs under mild conditions in a sustainable and environment
friendly manner is vigorous and thriving. Therefore, the focus of this review is the state-of-the-art
engineering of efficient photocatalysts for dinitrogen (N,) fixation toward NHsz synthesis. Strenuous
efforts have been devoted to modifying the intrinsic properties of semiconductors (i.e. poor electron
transport, rapid electron—hole recombination and sluggish reaction kinetics), including nanoarchitecture
design, crystal facet engineering, doping and heterostructuring. Herein, this review provides insights into
the most recent advancements in understanding the charge carrier kinetics of photocatalysts with
respect to charge transfer, migration and separation, which are of fundamental significance to photo-
catalytic N, fixation. Subsequently, the challenges, outlooks and future prospects at the forefront of this
research platform are presented. As such, it is anticipated that this review will shed new light on photo-
catalytic N, fixation and NHsz synthesis and will also provide a blueprint for further investigations and
momentous breakthroughs in next-generation catalyst design.

reaction cannot occur spontaneously under ambient conditions.
The reduction reactions of N, to its partial reduzates, such as

It is a well known fact that nitrogen is one of the starting
building blocks for the synthesis of amino acids, nucleotides
and other major biological compounds in all organisms.™ The
main source of nitrogen, dinitrogen (N,), is the largest single
component of the Earth’s atmosphere (around 78% by volume).
As an important precursor for nitrogen-containing compounds,
ammonia (NH;) could be directly synthesized from dinitrogen
by a small group of organisms named diazotrophs in nature.’
However, this could scarcely meet the large needs of the
fertilizer industry today.

The fixation of N, to NH; is thermodynamically accessible:
Ny(g) + 3Ho(g) — 2NHj(g), AHogx = —92.2 kJ mol . However, this
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diazene (N,H,) or hydrazine (N,H,), are also non-spontaneous
due to the positive standard enthalpies of formation of +212.9
and +95.35 k] mol™" for N,H, and N,H,, respectively.® There
are many factors hindering the cleavage and hydrogenation
of dinitrogen in nature. First, the thermodynamically strong
cleavage energy of the first bond in N, (410 k] mol ') manifests
the critical challenge in the full dissociation of N—=N, which
explains the chemical inactivity of N, compared to other triple-
bonded molecules.” Additionally, from the aspect of kinetics,
the large energy gap between the HOMO (the c,2p bonding
orbital) and LUMO (the m,*2p anti-bonding orbital) explains the
high chemical stability of N,. Other factors, such as low proton
affinity, also account for the difficulty of direct protonation
of N,. Detailed descriptions can be found in the review article
by Jia and Quadrelli.*

The Haber-Bosch process, which involves the reaction of N,
and hydrogen (H,) over iron or ruthenium-based catalysts, has
been estimated to be one of the most intriguing discoveries of the
last century.” After 100 years of development, the temperature is
controlled to near 450 °C and the reaction pressure has decreased
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to 15 to 30 MPa from the original 50 to 100 MPa, while the
efficiency is limited to 10% to 15%.%° Inevitably, this process
accounts for 1.6% of total global CO, emissions; this is attributed
to the presence of hydrocarbons in the raw materials (as the main
hydrogen source and energy supplier in this process).'®
Parallel to the optimization of the thermocatalytic process,
several other methods have aroused widespread attention in the
synthesis of ammonia to date. Before we engage in our topic of
photocatalysis for the fixation of nitrogen to ammonia, we would
like to briefly mention the progress of the other two traditional
approaches. Owing to the variable coordination number of
transition metals, organometallic complexes can participate in
the activation of N,. The ground-breaking work of the first nitrogen
complex [Ru(NH;)5(N,)]" in 1965 challenged the traditional belief
that dinitrogen cannot form complexes.'® Since then, nitrogen
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complexes have been developed to generate ammonia under
particular conditions, in which central elements of various
transition metals, such as molybdenum,'**® iron and
titanium,'~>* were tested as the sites of dinitrogen coordination
and reduction. Furthermore, the model and action mechanism
of iron molybdenum complexes as active sites in nitrogenase
enzymes have greatly fascinated many chemists and biologists.>* >
On the other hand, inspired by electron and proton transfer
processes, numerous researchers have carried out investigations
of electrochemical and electrocatalytic approaches.”® Since a
solid electrolyte cell was first used in the electrochemical
synthesis of ammonia in 1998,>” various conducting ceramic
membranes have been tested to produce NH; from N,.2%73!
Since then, polymer electrolytes such as Nafion and sulfonated
polysulfone have been deemed to provide excellent proton
conductivity under low temperature.®>>* Later, molten salts
such as chlorides,® oxide-carbonates or hydroxides were
employed as electrolytes.**° Very recently, Chen et al. reported
an electrolyte-less cell with the highest faradaic efficiency of
95.1% and a relatively low rate of 3.60 x 10~ "> mol s ' cm 2 at
room temperature, wherein the electrocatalyst was based on
Fe,O; nanoparticles supported on conductive carbon nanotubes
(Fe,05-CNT).*°

With regard to the inexhaustible and clean solar energy from
sunlight,**™*” photocatalysis has been thrust into the limelight
in the realms of energy and chemical fuel production; thus,
blossoming interest in the design of myriad semiconductors
has been witnessed in recent years.**"*® Generally, the photo-
catalytic process makes use of photons as the driving force to
propel the activation of N,. Compared with electrochemical
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approaches, photon-driven fixation of N, has reached a stumbling
block stemming from the difficulties of N, chemisorption and
activation.®” The magnitudes of production rates for most studied
photocatalysts remain below par,® distinctly hindering the success
of the solar fixation of N,. In the initial studies, N, photoreduction
was considered to take place in nature over abundant minerals on
the surface of the earth; thus, earlier studies on the photocatalytic
fixation of N, mainly focused on soil minerals and sand in
nature.**® This was introduced in the previous work of
Schrauzer.®® Since the first exploratory study on as-synthesized
TiO,-based photocatalysts for N, fixation under UV light in
1977,%” a flurry of research activities have been devoted to the
development of photocatalytic N, fixation, especially in the 21st
century, due to the fact that the driving force (light) and
ingredients (water and air) of this process are relatively clean,
cheap and accessible, as shown in the following equation.

N, +3H,0 %

photocatalyst

2NH; + 1.50,

The thermodynamic non-spontaneous reaction, which can be
regarded as a combination of water splitting and N, fixation,
can be accomplished with the introduction of solar energy.

To the best of our knowledge, there is no literature pertain-
ing to the latest research progress of photocatalytic N, fixation
with respect to the classification of photocatalysts. In this
review article, we will present and update the state-of-the-art
research advancements in this growing field of N, fixation, as
depicted in Fig. 1. Briefly, the classification of pristine photo-
catalysts is firstly discussed, followed by the rational development
of hybrid heterojunction nanocomposites via various synthesis
strategies for application in the fixation of N, to NH;. Finally, the
review is concluded with a summary, invigorating perspectives and
future prospects on this research horizon. As such, it is projected
that this article will markedly promote the importance of this
research platform and help to provide new insights for the
exploration of future investigations toward a sustainable future.

2. Fundamental process of N,
photoreduction
2.1. Basic photocatalytic principles over semiconductors

The photocatalytic process of N, fixation can be divided into
several steps. First, the photogenerated electrons are promoted
to the conduction band, leaving vacant holes in the valance
band. Afterwards, some of the electrons and holes recombine
with each other; meanwhile, others migrate to the surface of
the catalyst and participate in the redox reaction. Specifically,
H,O can be oxidized to O, by the holes, whereas N, is reduced
to NH; after a series of multi-step injections of photogenerated
electrons and water-derived protons.

The hydrogenation reactions related to this process and the
corresponding reduction potentials are summarized in Table 1.5
As is known to all, whether the photocatalytic redox reaction
can occur largely depends on the reduction potential of
the adsorbate and the position of the energy band in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Illustration of the main topics covered in this review article,
exemplifying the latest research in the development of photocatalysts
for N, reduction.

Table 1 Reduction potentials (vs. NHE at pH 0) of typical hydrogenation
reactions related to the reduction of N, to NHz%%~7*

Reaction E° (V)
H,0 — 10, + 2H" + 2¢” 0.81¢
2H" +2 — H, —0.42°
N,+e — N, —4.16
N, +H +e — N,H -3.2
N, + 2H' + 2¢~ > N,H, —1.10°
N, + 4H" + 4~ — N,H, —0.36
N, + 5H" + 4e —» N,H;" —0.23
N, + 6H" + 6e” — 2NH;,4 0.55
N, + 8H" + 8¢~ — 2NH," 0.27

@ Reduction potential E° vs. NHE at pH 7. ? Reduction potential E° vs.
RHE.

semiconductor (Fig. 2).”>"®> For example, the position of the

semiconductor conduction band should be higher (more negative)
than the reduction potential of the N, hydrogenation, while the
valance band should be lower (more positive) than the oxygen
evolution potential. The maximum energy transition state is located
in the very first electron transfer (—4.16 V vs. NHE) and proton-
coupled electron transfer (—3.2 V vs. NHE) processes (Table 1),
hampering the overall kinetic reaction.®® On this basis, these are the
main two limitations that must be overcome to activate N, mole-
cules for NH; formation. It is of utmost importance to maintain a
small band gap of the semiconductor, preferably in the visible light
region, which can still satisfy the thermodynamic reduction
potentials of N, to NH;. Additionally, it is necessary to suppress
the recombination of charge carriers in semiconductor photo-
catalysts in order to enhance the solar conversion efficiency
and apparent quantum yield (AQY) of the reaction.

2.2. N, reduction mechanism

Recently, a number of investigations from the viewpoint of
experimental and density functional theory (DFT) calculations

Mater. Horiz., 2018, 5, 9-27 | 11
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Fig. 2 Schematic of semiconductor-based photocatalysts used for the
conversion of N, to NHs. The redox potentials (V vs. NHE at pH = 0) of
water splitting and dinitrogen hydrogenation are marked on the left.

have been carried out to demystify N, reduction mechanisms
over various catalysts.*’ ® As is mentioned above, in the case of
photo-driven NH; synthesis, elementary electrochemical reactions
can be employed to help decipher the hydrogenation process in
greater detail. For example, at the very first proton-coupled
electron transfer, the N, adsorbed on the catalyst surface
(*N=N) gains one proton (H") from the environment and
one photo-generated electron (e~) from the catalyst to generate
an adsorbed chemical species (*N—=NH) as shown: *N=N+H"
+e  — *N—NH*

For the following transfer of H'/e” pairs, 5 routes were
proposed by Azofra et al. in their DFT study (Fig. 3).*” There are
two widely accepted mechanisms for the conversion of N, to NH;.
These are commonly called distal and alternating mechanisms."®
In the distal mechanism, H'/e™ pairs are proposed to consecutively
attach to one N atom of N, to form a terminal nitride intermediate,
liberating the first NH; and leaving a single N, which finally
converts into another NH; (Fig. 3, path 1). In contrast, the
alternating mechanism postulates that H'/e™ pairs occur alter-
nately on the two N atoms of N, (Fig. 3, path 2).

In the study of the N, fixation mechanism, the combination
of experimental investigation with computational simulation will
help us to further understand the reaction routes: the computational
simulation gives a prospective direction for guidance of further
experiments, while the experimental research provides feedback
and confirmation of the optimization of the theoretical model.

NH,;

Q'\, HN=NH "2 oHN-NH, 25 H,N-NH,

q,b M < H*/e
N=! NM)HN N- H/e Q'%? Path 5 "%? ’/e oNH,—> NH;3
4 H*/e

H*/e
-NNHﬁ N ———> N

Fig. 3 Five proposed routes for the conversion of N, to NHs3. Reproduced
with permission.8” Copyright 2016, Royal Society of Chemistry.
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3. Classification of photocatalysts for
N, fixation to NHz

Most traditional unmodified semiconductors cannot meet the
energy standards for the reduction potentials of the intermediate
reactions. Hitherto, many concerted efforts have been made
regarding the choice and modification of semiconductors, such
as doping, introducing vacancies, plasmon induction, facet
tailoring and heterostructure assembly, to improve the photo-
catalytic performance. In the subsequent sections, the photo-
catalysts are classified based on their elemental compositions.

3.1. Metal oxide-based materials

3.1.1. Titanium oxide-based materials. The excellent per-
formance of the photolysis of water on TiO, created great
awareness of the application of TiO,-based nitrogen photofixation
catalysts.”® In 1988, Bourgeois and his partners reported that
unmodified TiO, exhibited N, photocatalytic activity after
annealing in air because the thermal pretreatment generated
surface defects which introduced defect or impurity states in
the band gap of the semiconductor.’® Most recently, the photo-
catalytic conversion of N, to NH; on the surface oxygen vacancies
of TiO, was systematically studied by Shiraishi’s group.”> Among
the tested catalysts, JRC-TIO-6 (rutile phase) exhibited the highest
N, fixation activity, with a 2.7-fold enhancement using 2-PrOH as
a sacrificial electron donor for 12 h of reaction. Further research
corroborated that the loading of Ru, Pt or Pd particles would not
enhance the yield of NH; because these particles covered the Ti**
induced by surface oxygen defects. As revealed in Fig. 4a, the
superficial Ti** provided abundant active sites for N, fixation by
acting as an electron donor, leading to relative ease of dissociation
of the N=N bond. With several transformations of surficial Ti from
Ti*" to Ti**, the electrons were naturally injected into N,. Meanwhile,
Ti** could be regenerated under UV irradiation. The ground-
breaking exploration on TiO,-based materials dates back to
1977. Schrauzer and Guth synthesized iron-doped TiO, by
heating iron(m) sulfate-impregnated anatase TiO,; they testified
to its great ability to reduce N, under UV irradiation.®” In their
work, ammonia and a small quantity of hydrazine were detected,
with the iron content in TiO, varying from 0% to 1%. Interestingly,
the NHj; yields reached a maximum value over 0.2% Fe,O;-doped
TiO, under UV. The facile impregnation method described in this
research has thus enlightened and inspired research endeavors by
multitudinous worldwide researchers.

After that, Augugliaro et al. utilized an identical impregnation
technique to prepare Fe,Os-hybridized TiO, and supported it on
Al,O;. An improved NH; production rate was gained in gas-solid
fluidized bed reactors.”® According to literature reports, the effect
of iron ions facilitated the transformation of the crystallinity of
TiO,, which noticeably affected the photocatalytic efficiency. Notably,
the incorporation of Fe accelerated the phase transformation of
anatase into rutile and also promoted grain growth during
calcination. In this regard, the ratio of anatase to rutile played
a prevailing role in the efficiency of the catalysts by maintaining
a constant concentration of iron.’>> After a prolonged calcination
process, the increased content and growing grain size of rutile

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Mechanism for N, conversion to NH3z over the surface oxygen
vacancies of TiO,. (b) A photocatalytic cycle for N, reduction at the surface
of rutile TiO,(110). Reproduced with permission.®® Copyright 2017, American
Chemical Society. (c) Transmission electron microscopy (TEM) and (d) high-
resolution TEM (HRTEM) images of Fe**-doped TiO,. Reproduced with
permission.’® Copyright 2014, Elsevier.

phase as well as the loss of surface Ti-OH groups led to a decrease
of the active surface area, resulting in inferior photocatalytic
performance.®’

Several authors have employed diversified methods in the
preparation of iron-doped TiO,. In Radford and Francis’s
research, both the anatase and rutile phase of TiO, were
sampled for doping with iron in metal vapor without high-heat
treatment.”® Aqueous suspensions of samples were irradiated
under UV light. Undoped samples demonstrated minimal or no
activity under light irradiation. It should be noted that the
activity of doped anatase was higher than that of doped rutile,
which can be attributed to the more negative flat band potential
of anatase.’” The author investigated whether iron was the sole
active species involved in the photoactivity because the yield of
ammonia over iron-doped anatase was far beyond their anticipation.
However, Shrauzer indicated later that the NH; may have formed
on a photo-assisted organoiron compound.®® As for the role of
Fe®*, Soria et al. demonstrated that iron ions could temporarily
trap photogenerated electrons and promote the separation of
charge carriers.”® They coprecipitated an aqueous solution of
TiCl;, which contained Fe*" ions, in an ammonia solution; they
then heated the resulting solid for a day. The residual chloride
ions were noted to exhibit poor activity of the coprecipitation
specimens. Recently, Fe-doped TiO, with highly exposed (101)
facets obtained via a hydrothermal method by adsorbing Fe*" on
a precursor of hydrogen titanate nanotubes was reported by Zhao
et al. (Fig. 4c and d).*° The N, photoreduction performance was
enhanced by exposing the (101) facets of Fe-doped TiO, with
ethanol as the scavenger. A low doping concentration of Fe** on
the TiO, surface enhanced the trapping of electrons and holes by
forming Fe>* and Fe'" to inhibit charge recombination. The
unstable Fe** and Fe'" transferred electrons and holes to Ti**
and OH ", generating Ti** (as mentioned in the preceding section,
Ti** plays an essential role in the photocatalytic activation)®” and
*OH, respectively. Similar to the findings by Soria et al,”® the
authors mentioned that no nitrite was formed in the presence of

This journal is © The Royal Society of Chemistry 2018
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ethanol solution because ethanol functioned as a scavenger of
*OH to prevent the oxidation of ammonia.

Apart from iron-doped TiO,, other transition metals have
been used as dopants in TiO,.'°°™% The reports of these
investigations, while significant, were popular in the last century;
however, they are receiving little attention at present because
there have been few breakthroughs in their activity in N,
photoreduction.'*'°! In the original study, Schrauzer and Guth
tested eleven metal dopants in addition to iron, including Co,
Mo, Ni, Pd, V, Cr, Cu and the noble metals Pt, Ag, Au, and Pb.%”
Compared to the control group, the Co, Mo and Ni dopants
contributed to enhancement of the NH; yield of TiO,. However,
eight other metals presented inhibitive effects on NH; formation.
This phenomenon was attributed to the different influences of the
metal dopants on the phase transformation of TiO,. Apparently,
the samples containing Co, Mo and Ni accelerated the anatase
to rutile transformation during heat treatment; meanwhile, no
acceleration of phase transformation was readily observed on
doping with eight other metals. In contrast, a different phenomenon
was manifested by Palmisano and his co-workers, where
chromium-ion-doped TiO, was found to be effective in N,
photoreduction.'® They clarified that compared with iron-
ion-doped TiO,, the chromium-ion-doped TiO, demonstrated
shorter diffusion lengths of minority carriers, accounting for its
higher rate of hole-electron recombination. Another study
suggested that chromium ions were mainly dispersed on the
surface in the formation of the solid solution. The increase of
Cr ions reduced the OH groups on the surface, which explains
its lower activity at higher contents.’®* Dopants such as Mg, Ce
and V have also been investigated in TiO,-based photocatalysts
by Ileperuma et al.’®>'** In their work, catalysts were suspended
in double-distilled water under irradiation. The results implied
that the ammonia yield increased with increasing pH value. At
the same time, higher nitrate content was detected in production.'®>
Similar studies involved doping TiO, with a relatively high
concentration of 10 wt% Ce or V. The V-doped TiO, catalysts
were shown to possess n-type semiconductor behavior at pH = 3,
while the Ce-doped TiO, catalysts displayed p-type behaviour at
pH = 12.5."% However, there was no substantial difference in
the NH; yields of both systems.

In addition to the modification of metal doping, transition
metals can also be loaded on the TiO, surface as a co-catalyst.
For example, Miyami et al. have reported the enhancement of
N, photoreduction using Ru-loaded TiO,.'** Khan et al used a
Ru(m) complex as a photosensitizer in a Pt-TiO, semiconductor.'%>
Ru(ur) complex could be excited and subsequently inject electrons
into the conduction band of TiO, to form a Ru(v) complex. A
systematic study on noble metal-loaded TiO, was investigated
by Ranjit et al.'°® By comparing four noble metal catalysts as
co-catalysts of TiO,, they found the order of photoactivity was
Ru > Rh > Pd > Pt, which is closely associated with the
strength of the M-H bond (M = noble metal). In other words,
the incorporation of noble metals, which exhibit a high barrier
for H, evolution, resulted in high NH; yields. In 2008, Linnik
and Kisch designed a Ru-modified TiO, film with conducting
glass as the substrate and humic acid as the sacrificial agent."®”

Mater. Horiz., 2018, 5, 9-27 | 13
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However, the activity of the catalysts was not greatly improved
compared to other doping systems.

In 2000, Hoshino et al. designed a TiO,/conducting polymer
system with an organic/inorganic heterojunction.'®® The photo-
generated carriers at the organic/inorganic interface led to the
synthesis of ammonia. In their work, a composite of poly(3-
methylthiophene) (P3MeT) and TiO, was irradiated under a
fluorescent lamp, and NH,"ClO, ™ needle crystals were obtained.
A rigorous comparison with Schrauzer’s method was performed
in the following year, and a comparable ammonia production
rate was obtained.'” It was deduced that the separation of
photogenerated charge carriers at the interface and the presence
of P3MeT inhibited the accumulation of NH; in TiO,. A further
study was conducted by substituting TiO, crystal with its amorphous
phase in 2007."'° These investigations undoubtedly provide a new
concept and future direction of catalyst modification.

3.1.2. Other binary metal oxides. Many unremitting efforts
have been devoted to the study of other metal oxides, such as
iron oxide,"**™*3 tungsten oxide,"** gallium oxide and bismuth
monoxide."*>!'® Recent achievements have provided unprecedented
ideas and vistas for investigations toward the application of
metal oxides in N, photoreduction.

Most earlier studies suggested that bare Fe,O; has no photo-
catalytic activity for N, cleavage.®”*®''” It is worth noting that
iron is useful in the Haber-Bosch process and also functions
similarly to a nitrogen enzyme because of its good interaction
with dinitrogen.®'>'"> As expected, later studies have proven
that ferric oxide is capable of photofixating nitrogen to
ammonia.'**"*** However, in a pure form, neither Fe,O; nor
its reduced product Fe;O, had N, photocatalytic activity. To
overcome this bottleneck, Khader et al. successfully designed
a-Fe,03, which was effective in photo-activating nitrogen by
partially reducing o-Fe,0; to Fe;O4.'"' Fascinatingly, in the
presence of 3 to 5 at% iron in the form of Fe(u) in the partially
reduced Fe,O3, NH; was detected in an aqueous slurry of the
catalyst under UV irradiation. Most recently, another comparison
of Fe,0; and TiO, was performed by Lashgari and Zeinalkhani."*?
The 1:1 ratio nanocomposites of Fe,03;-TiO, and Pd-loaded
Fe,0;-TiO, were taken into consideration. It is noteworthy that
the rate of NH; production was in the order of TiO, < Fe,O3;-
TiO, < Pd/Fe,05-TiO,. Therefore, with the incorporation of
Fe,O; into TiO,, the coupled heterojunction nanocomposites
played a profound role in the N, photoreduction process owing
to the extended photoabsorption of visible light in Fe,O;.

Furthermore, tungsten oxide with oxygen vacancies (WO;_,)
was reported to have poor activity in the gas phase.’"* ZnO was
reported to have photocatalytic activity for nitrogen fixation.'*®
In the case of commercial ZnO, the ammonia yield of unmodified
ZnO was greater than that of Pt-loaded ZnO, which is consistent
with a previous report by Miyama in 1980.'%* However, for ZnO
prepared by means of wet etching or precipitation methods
(Fig. 5a and b), the situation was reversed. For a wide band gap
semiconductor, mesoporous -Ga,O; nanorods were employed in
N, photoreduction by Zhao et al. in 2015."*> The photoactivity of
B-Ga,O; was ameliorated in the presence of different alcohols,
including methanol, ethanol, and tert-butanol (TBA), which

14 | Mater. Horiz., 2018, 5, 9-27

View Article Online

Materials Horizons

formed *CO, " in situ. The reducing ability of *CO,~ dramatically
enhanced the reduction of N, to NH;. Moreover, the presence of
0, in the N, facilitated the formation of *CO, ", which enhanced
the reducing power (Fig. 5¢). Very recently, a low-valent bismuth
monoxide (BiO) without additional reducing agents was
employed for N, photoreduction because the low-valent bismuth
with empty 6d orbitals provided excellent N, chemisorption and
activation centres (the synthesis procedure is shown in Fig. 5d).
The N, was activated by three arranged Bi atoms by donating
electrons to the 6d orbitals of Bi and accepting lone pairs of
electrons from the three Bi atoms to its anti-bonding orbitals
(6*2py, T*2p, and ©*2p,) (Fig. 3e).'*°

In addition to the above-discussed TiO, photocatalyst, as
reported in Section 3.1.1., ferric oxide has been shown to be a
compelling and effective photocatalyst for N, photoreduction.
Importantly, the narrow band gap of Fe,O; guarantees its
photocatalytic activity even in the visible light region."*®
Although semiconductors with wide band gaps are favorable
in the activation of N, as a result of their high redox abilities,
they remain limited in their UV response. It is worth mentioning
that bismuth-containing systems may be useful in N, fixation;
this will be further corroborated in Section 3.3.

3.1.3. Ternary metal oxides. The development of iron-doped
TiO, in N, photoreduction has invigorated interest in ternary
metal oxides, such as iron titanate. At a high concentration of Fe,
the excess Fe** will form pseudobrookite (Fe,TiOs) phase. This
multiphasic compound was shown to have no photocatalytic
activity."'""*° Soria et al. also indicated that no NH; production
was detected over pure Fe,TiOs synthesized by a coprecipitation
method.”®

However, there are some controversial opinions on the
possible use of iron titanate in N, fixation, as reported in
2001."*" The dominant hypothesis for the conflicting results

in Fe systems is mainly accredited to the different approaches
122

to catalyst preparation.””~ Using the sol-gel method, Rusina
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Fig. 5 HRTEM images of (a) the fusion of three prominent lattice planes
along the wet etching ZnO grain boundaries and (b) a Pt cluster at the grain
boundary. Reproduced with permission.*® Copyright 2010, American
Chemical Society. (c) Possible electron transfer pathways for the conversion
of N, to NH3 over B-Ga,Os. Reproduced with permission.*> Copyright 2015,
Royal Society of Chemistry. (d) Schematic of the synthesis process for BiO
quantum dots. (e) A 1N,—3Bi(i) side-on bond structure formed by electron
sharing. Reproduced with permission.'® Copyright 2017, Royal Society of
Chemistry.
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and his coworkers prepared iron titanate films with relatively
high Fe contents by reacting iron chloride and tetraisopropyl
titanate, leading to the successful development of a new
Fe,Ti,O, phase.”*" After 90 min of light irradiation (2 > 320 nm),
a maximum ammonia yield of 17 uM was obtained at 75% alcohol
content when Fe/Ti was fixed at 1:1. The produced ammonia
was subsequently oxidized to nitrite in the presence of ethanol.
Meanwhile, in another report, Zhao et al. revealed that ethanol
could prevent the oxidation of ammonia.’® In a continuation of
their work, further investigations on iron titanate films were
conducted by Kisch and Linnik."*® The electron transfer mechanism
of N, fixation on the Fe,Ti,O, thin films involved a series of
photochemical processes of nitrogen — diazene — hydrazine —
ammonia — nitrate. In addition, the essential role of chloride ions
was discussed. Although Schrauzer and Soria have noted that the
generation of TiO, using chloride ions is unfavorable,”®'** both the
inhibiting and accelerating effects of iron chloride as the precursor
were corroborated.

In addition to iron titanate systems, titanate-like SrTiO; and
BaTiO; have also been investigated under UV irradiation for N,
photoreduction. Judging from the results of the experiments,
undoped SrTiO; and BaTiO; produced minimal NH; yields
(0.82 and 1.74 pmol g, ' after 2 h of reaction, respectively).
Their yields of NH; reached 5 to 5.2 umol ge, ' in 2 h when
doped with RuO, and NiO."*® In another paper, plasmonic-metal/
semiconductor photocatalysts elicited great attention for their
high light-harvesting properties.'*® Using gold nanoparticles
(Au-NPs) as the plasmonic nanostructure, Oshikiri and his
co-workers designed Au-NPs/Nb-SrTiOs/Ru (Fig. 6a) and Au-NPs/
Nb-StTiOs/Zr/ZrO, (Fig. 6b-d) semiconductor photoelectrodes in

(a) Anodic chamber Cathodic chamber (b) Lk

hv(550-800 nm)

{Akaine solution

Xe Lamp Water saturated
hy(/=550-800 nm) Neaan0 M)
0.1mol dm-2 KOH (aq)
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Fig. 6 (a) Schematic of the NHz photosynthesis device using an Au-NPs/
SrTiOs photoelectrode. Reproduced with permission.**” Copyright 2014,
Wiley-VCH. (b) Diagram of NHz synthesis on the Au-NPs/Nb-SrTiOz/Zr/
ZrO, photoelectrode. Cross-sectional view of the bright field scanning
TEM (BF-STEM) images of (c) the Au-NPs/Nb-SrTiOsz interface and (d) the
Zr film deposited onto Nb-SrTiOs. Reproduced with permission.*?® Copyright
2016, Wiley-VCH. (e—h) HRTEM images of H-Bi,MoOs (the superficial and
lattice disorders induced by defects are marked by parallel dashed lines
and circles, respectively). Reproduced with permission.** Copyright 2016,
Wiley-VCH.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Review

127,128 Ay-NPs were loaded on a

2014 and 2016, respectively.
0.05 wt% niobium-doped strontium titanate (Nb-SrTiO;) single
crystalline substrate, and Ru or Zr film as a co-catalyst was
deposited on the opposite side of Nb-SrTiO; (Fig. 6¢ and d). Zr
was oxidized to ZrO,. Ethanol was added as a sacrificial electron
donor in the anodic chamber. In later reports, the production
rates of Zr/ZrO, and Ru systems were compared to evaluate the
production selectivity. Interestingly, H, was the main product
in the case of Ru systems, indicating that proton reduction is
the primary reaction on the Ru co-catalyst. In contrast, in the
case of Au-NPs/Nb-SrTiO;/Zr/ZrO,, the production rate of NH;
was conspicuously higher because Zr and ZrO, bind N more
favorably than H."?° However, its NH; production rate was still
obviously lower than that of the electrosynthesis of ammonia."*°
Recently, sparked by the unique features of Mo element in the
Mo-cofactor of nitrogenase enzymes, Hao et al fabricated
hydrogenated bismuth molybdate (H-Bi;M0Os) which was
capable of reducing N, under sunlight."*' In this context,
the hydrogenation reaction induced oxygen vacancies on
Bi,Mo0Og (Fig. 6e-h), endowing H-Bi,M0O, with activity under
visible light for N, fixation. Using air instead of pure nitrogen,
the NH; production rate under sunlight was as high as
1.3 mmol g~' h™". This high nitrogen activation could not be
attained if molybdenum was replaced with tungsten as a counter-
part or if the hydrogenation process was omitted.

Judging from the existing literature, we can conclude that
most of the investigations of ternary metal oxides are focused
on titanate systems,'>''?*123127128 10n titanate exhibits relatively
high photoactivity in N, fixation under UV irradiation, in a pure
nitrogen flow, and in the presence of organic scavengers. On the
other hand, bismuth molybdate has been reported to enable
impressive NH; production rates after performing the hydro-
genation process under mild conditions. However, for N,
activation, strontium titanate does not reach the general level
of other catalysts even after modification by doping or plasmon
induction.

3.1.4. Hydrous oxides. As early as 1987, Tennakone and his
co-workers discovered hydrous ferric oxide photocatalysts for
N, reduction under visible light."*> They attested that hydrous
ferric oxide was superior to TiO, in the case of N, fixation
because of its exceptional nitrogen chemisorption and highly
negative flat band potential."*® Since then, hydrous oxides such
as Cu,0-xH,0,* Sm,0;xH,0/V,05;xH,0 and WO;-H,0
have been systematically investigated as photocatalysts for N,
reduction.”*>"?®

In the initial study by Tennakone et al., amorphous Fe,O;
(H,0),, was prepared by gradually adding KOH solution to FeCl
solution. After saturation with N,, the solution was irradiated
under a 100 W tungsten lamp (IR and UV filtered off). A
maximum NH; yield of ca. 4 uM was detected after 40 min."?
In 1991, ultrafine particles of Fe(O)OH were prepared from
photohydrolysis of iron(u) bicarbonate by the same author.
Nitrate was also detected in the solution after prolonged
irradiation. The initial quantum yield of NH; was about 10~
which is higher than that of hydrous ferric oxide (~107%)."*?
Ileperuma et al. claimed that a hydrous ferric oxide-loaded
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bentonite system produced more NH; and less nitrate than the
parent hydrous ferric oxide under UV irradiation."’ In contrast
with pure hydrous ferric oxide, a system of coprecipitating
Fe(m) and Ti(iv) hydrous oxides (Ti to Fe ratio = ~8%) was
found to be more effective in the generation of NH;, while the
rate of nitrate production using this composite was comparatively
low."*® Hydrous ferric oxide was believed to play roles in nitrogen
chemisorption and reduction, while TiO, provided hole accumula-
tion centres. Although the authors revealed the predominant effect
of the heterojunction interface in the mechanism of electron-hole
separation, they still questioned the meaning of these concepts in a
colloidal system. In 1992, the yield of vanadium-substituted
hydrous ferric oxides was ameliorated under UV irradiation. V**
sites demonstrated distinctive attributes in capturing photo-
generated holes in the mixed hydroxide."*® With the incorporation
of V**, a maximum NH; yield of about 200 pM was reached in
about 24 h when the vanadium-to-iron ratio was at unity. The
subsequent decrease of NH; concentration was ascribed to the
inactivation of catalyst followed by the photocatalytic decom-
position of NH;. This reason for the decrease of ammonia was
also suggested in 1987 because of the continuous generation of
H, and the unchanged content of O,."*> Conversely, lleperuma
et al. pointed out that NH; was oxidized to nitrate because
NO,  and NO;~ were detected in the final products along with
a decrease in NH; yield."®’

Additionally, hydrous cuprous oxide was able to photoreduce
N, to NH; after impregnation with cuprous chloride, which
underwent sacrificial oxidation to form cupric chloride. The
high ammonia yield presumably resulted from the separation of
oxidation and reduction sites as well as the chemisorption of N,
on Cu,0-xH,0, which served as reduction sites."** Pursuing the
exciting idea in a previous study of coprecipitated hydrous
oxides of Fe and Ti,"*® a coprecipitate of samarium(m) and
vanadium(u) was subsequently explored.”*> The maximum
NH; yield was obtained within 1 h when the V-to-Sm ratio was
~1. When employing this composite, the ammonia production
rate was strikingly higher than that of previously reported
vanadium-substituted hydrous ferric oxide.”*® Very recently, highly
efficient N, photoreduction was achieved over carbon-WO;-H,O
(HWO-C) in water.”*® WO,-H,0 was selected as the photocatalyst
due to its extraordinary electron and proton conductivity. As a result,
the rapid transfer of photogenerated electrons and water-derived
protons to N, was enhanced. In this circumstance, carbon mod-
ification prominently enhanced the NH; production rate of HWO by
increasing its surface activation and simultaneously promoting the
separation and transport of charge carriers to retard the electron—-
hole recombination rate. A similar phenomenon in the use of other
carbon-modified photocatalysts for potential energy applications
has also been reported by our research group.**’ Therefore, it is
evident that the modification of carbon plays a decisive role in
suppressing the recombination of electron-hole pairs by prolonging
the lifetime of charge carriers for enhanced photoactivity.

3.2. Metal sulfide-based materials

In addition to the large family of metal oxide-based photocatalysts,
the exploration of metal sulfides has also experienced a
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tremendous upsurge in the scientific community, especially
in the field of photocatalysis."**™** The narrow band gap of
metal sulfides is conducive to strong absorption of visible light,
which results in highly efficient solar utilization efficiency.

In 1980, Miyama et al. employed CdS semiconductors for the
fixation of nitrogen under UV irradiation; the recorded yield of
NH; in 5 h was 10.67 pmol g.,. ".'** They constructed CdS/Pt
binary wafered catalysts whose NH; yield was drastically higher
than that of pristine CdS. The remarkable performance of the
loading of Pt co-catalysts has heightened research interest in
other potential modifications of CdS photocatalysts. In 1988,
Khan et al. reported the fixation of N, with a CdS/Pt/RuO,
semiconductor particulate system under the illumination of
visible light (1 = 505 nm)."** Dinitrogen was activated to react
with [Ru(Hedta)H,O]™ to form the Ru(u) dinitrogen complex.
The holes in the valence band trapped the electrons released
from RuO,. Two years later, a similar research team conducted
the stepwise reduction of dinitrogen to ammonia on visible-
light-responsive Pt/CdS-Ag,S/Ru0, photocatalysts.**> The addition
of silver facilitated the migration of electrons from the conduction
band to minimize the photocorrosion of CdS. The production rate
of NH; was twice that in the absence of silver. In view of the
obtained results, it is clear that noble metals such as Pt, Ag and Ru
work well with CdS. The decrease in the yield of NH; over time may
originate from the photocorrosion of CdS to S and Cd*"."** To
retain the high photocatalytic activity and stability of CdS for the
reduction of N, to NH;, in 2017, Ye et al. demonstrated the fixation
of N, using CdosZn, 5S solid solution for the first time."*® To
enhance the photocatalytic performance, a transition metal
phosphide (Ni,P) was employed as a co-catalyst to rapidly
transfer the photoinduced electrons to Ni,P via well-contacted
heterointerfaces to diminish the charge recombination.

On the other hand, owing to the recent interdisciplinary
interest in material science and biology, organic-sulfide catalysts
have also been designed for enhanced N, fixation activity. In
2016, Brown et al. reported nitrogen reduction by the MoFe
protein, which is the active site of nitrogenase, adsorbed onto
CdS nanorods to form biohybrid complexes."®” The NH;
production rate reached 315 nmol per mg MoFe protein per
min under visible light. In this regard, CdS nanocrystals were
used to photosensitize the MoFe protein so that the photon
energy was derived from ATP (Fig. 7a). Furthermore, the rates
were comparable to that of physiological NH; production by
nitrogenase with energy provided by ATP. Because the active
sites of nitrogenase contain the elements Fe, Mo and S, a
synthetic complex of Fe, Mo and S could be taken into account.
By exploiting the advantage of the FeMo cofactor in nitrogenases,
Banergee et al. inferred that biomimetic chalcogels comprising
FeMoS inorganic clusters could reduce N, to NH; in aqueous
media under light."*® The Fe,MoeSs chalcogel was an analog to
the MoFe active site in the enzyme and was linked by Sn,Ss
ligands to form an amorphous network (Fig. 7b). This study
proved that structural analogues of nitrogenase can be functional
and can even confer better properties than nitrogenase. In 2016,
to make a better mimic of nitrogenases, not only MoFe protein
but also Fe protein was considered by Liu et al.**° They employed
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Fig. 7 (a) Reaction scheme for N, reduction to NH3z by CdS:MoFe protein
biohybrids. Reproduced with permission!*” Copyright 2016, American
Association for the Advancement of Science. (b) Schematic of the composition
of MoyFegSg—Sn,Se biomimetic chalcogel. Reproduced with permission.148
Copyright 2015, American Chemical Society. (c) HRTEM image of g-CzN4/
ZnMoCdS. (d) Schematic of the charge transfer process at the heterojunction
interface of g-C3N4/ZnMoCdS. Reproduced with permission.t>> Copyright
2016, Royal Society of Chemistry. (e) Schematic of the trion-induced
multi-electron N, reduction process. Reproduced with permission.”
Copyright 2017, Elsevier.

a chalcogel system consisting of Fe,MosSg(SPh); and Fe;S,
biomimetic clusters linked by Sn,Se. Iron was believed to be
more vital than molybdenum for the light-driven reduction of
nitrogen due to the fact that a weak bonding orbital between
nitrogen and iron was manifested through localized orbital
analysis. More importantly, their conclusion that iron is a better
active site for N, binding than Mo has also been revealed by
recent biochemical and spectroscopic data.'*>°

Motivated by the successful fixation of N, under visible light
with oxygen vacancies on the surface of BiOBr,'”" a number of
researchers wondered if sulfur vacancies could eventually
promote photoactivity. Inspired by this idea, Hu et al. obtained
Zno1Sny1CdogS with sulfur vacancies formed by multi-
component metal sulfides as catalysts for reducing N, under
visible light.">* Surprisingly, the sulfur vacancies introduced
chemical adsorption sites on the surface, which aided the
activation of N, molecules by extending the bond distance
between the nitrogen atoms in N,. It was also implied that the
generation rate of NH; was linearly related to the concentration
of sulfur vacancies. Additionally, the sulfur vacancies also
trapped electrons, thus promoting the separation of photo-
induced electrons and holes. In the same year, a similar
quaternary system of Mo, 1Niy;Cdo ¢S, which contributed to
the reduction of N, under visible light, was published by Cao
et al.'> At the same time, tri-component metal sulfides were
studied by this group. Two similar heterostructures of g-C3N,/
ZnSnCdS and g-C3;N,/ZnMoCdS were employed for N, photo-
reduction.””*'*® In the hybrid of g-C;N,/ZnMoCdS (Fig. 7c), a
tight heterojunction coupling between g-C;N, and ZnMoCdS
was pivotal for efficient charge transfer. The photogenerated
electrons were transferred from g-C;N, to the metal sulfide, while
the holes were transported in the opposite direction (Fig. 7d)."*
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This clearly accounted for the improved visible light absorption
after hybridization. Furthermore, the redistribution of electrons
and holes on each side of the heterojunction established an internal
electric field to impede the recombination of charge carriers.

As a transition metal dichalcogenide (TMD), it is well-known
that MoS, possesses excellent electrical,’*® optical,’>” and
optoelectronic properties."® In 2017, Sun et al. reported photo-
catalytic N, reduction to NH; with ultrathin MoS,."*® In this
paper, the photocatalytic performances of MoS, samples under
different preparation conditions were studied; it was found that
the sonicated ultrathin MoS, sample generated a large amount
of NH; with favorably high stability. In ultrathin TMDs, the
tightly bound excitons could facilely capture additional electrons
to form charged excitons with more than two electrons in one
bound state.'®® Thus, it is believed that these charged excitons
functioned as electron-rich species to facilitate the multi-electron
reduction process of molecular N, (Fig. 7e). Particularly, a six-
electron transfer profess was responsible for the acceleration of
photocatalytic N, reduction to NH;.

3.3. Bismuth oxyhalides

Bismuth oxyhalides, BiOX (X = Cl, Br, and I), have recently
become well known for their superior optical properties; they
are also propitious for industrial applications, namely the photo-
decomposition of organic pollutants.'®' The layered structure of
BiOX provides adequate space for the polarization of atoms, and
the as-formed internal electric field will contribute to the efficient
separation and transfer of charge carriers."*>"*

In recent years, BiOX has also been reported for applications
in solar nitrogen fixation.®"#%88151:164 1n 2015 Li et al. employed
{001}-faceted BiOBr nanosheets with oxygen vacancies (OVs) to
reduce N, under visible light.">! In this scenario, the N, fixation
rate was estimated to be 104.2 umol h™" (per gram of BOB-001-OV).
Remarkably, it was a quantum leap for N, fixation under
visible light in the absence of organic scavengers. Theoretical
simulations revealed that the OVs of BiOBr could elongate the
N=N triple bond of adsorbed N, from 1.078 to 1.133 A (Fig. 8a),
which subsequently promoted the activation of N, molecules.
Moreover, the large number of OVs on the surface of BiOBr
formed a defect state lying near the bottom of the conduction
band of the photocatalyst, hampering the recombination of
electron-hole pairs. However, the surface OVs of BiOBr are
naturally oxidized, leading to reduced activity. Li’s group also
examined the photocatalytic activity of BiOCl with OVs on
different facets.®® They claimed that the kinetics and mechanism
of N, fixation varied due to the dissimilar facets of BiOCI
nanosheets. They highlighted that nitrogen fixation with OVs
on the {001} facets followed a distal pathway (N, —» N-NH; —
N + NH; — 2NH;), whereas the reaction on the {010} facets
followed an alternative pathway (N, — N,H; — N,H,) (Fig. 8b).
The quantum yields were 1.8% h™" and 4.3% h™" for OVs on the
{001} and {010} facets of BiOCI, respectively, under UV light
(4 = 254 nm). In the most recent work by Ye’s group, ultrafine
light-switchable OVs of BisO,Br nanotubes with a diameter of
ca. 5 nm and large exposed surface sites were synthesized via a
water-assisted low-temperature wet chemical approach (Fig. 8c-e).'**
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Fig. 8 (a) The adsorption geometry and the charge density difference of
N, on the OVs of the BiOBr (001) surface (the yellow and blue isosurfaces
represent charge accumulation and depletion, respectively). Reproduced with
permission.*>* Copyright 2015, American Chemical Society. (b) Free energy
profiles of OV-mediated N, fixation on the (001) and (010) surfaces of BiOCL
Reproduced with permission.®® Copyright 2016, Royal Society of Chemistry.
(c and d) TEM images of BisO,Br nanotubes at different magnifications.
(e) Schematic of the synthesis procedure of ultrafine BisO;Br nanotubes.
Reproduced with permission.’®* Copyright 2017, Wiley-VCH.

The NH; generation rate of nanotubes (1.38 mmol h™" g~ ') was
2.5 times higher than that of nanosheets, with an apparent
quantum efficiency (AQE) as high as 2.3% at 420 nm.

As a continuation of the previous research by Zhang’s and Ye’s
groups,®'%* Bai et al utilized bismuth-rich bismuth oxyhalide
(BisO,I) nanosheets with different dominant {001} and {101}
facets.® The N, fixation rates of BisO,1-001 and BisO,1-100 were
111.5 pmol L' h™" and 47.6 pmol L™ h™", respectively. After
5 cycles, the photocatalytic properties and structures of BisO,1-001
and Bis0,I-100 elucidated high stabilities for the N, fixation
process. The more negative conduction band potential of BisO,I-
001 (—1.45 V) compared to that of Bi;O,I-100 (—0.85 V), explains
the higher NH; production rate of BisO,1-001. In short, although
most literature studies place significant emphasis on the exposure
of different facets, it is conceivable that the combined effects of
OVs and facet-dependent studies will open a new outlook and
provide inspiration for the development of advanced photocatalysts
for N, photoreduction. Additionally, the combination of experi-
mental results and theoretical simulations is highly necessary
to fully elucidate the mechanism of N=N triple bond activation
and the NH; formation pathway. Thus, more emphasis on facet-
controlled and vacancy-mediated bismuth oxyhalides should be
devoted in the future to accentuate the scientific aspects and
unravel the exact reaction steps for N, photofixation.

3.4. Carbonaceous materials

Metal-free semiconductor photocatalysts have triggered a
renaissance of great interest since the advent of H-terminated
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boron-doped (B-doped) diamond as a solid-state source of
electrons in water for photo-driven N, fixation in 2013."®® It
was demonstrated that the UV excitation of B-doped diamond
induced electron emissions and their ejection into liquids to
produce solvated electrons which reacted quickly with protons
to form neutral atomic hydrogen, H®, and finally facilitated the
subsequent reaction with N, to yield NH;. In this context, the
photocatalytic activity decreased with time because the oxidation
of the H-terminated surface to O-terminated resulted in a loss of
electron affinity. The authors also revealed that photocatalytic
behaviour could be observed using the natural diamond dispersed
in water. Further study of the mechanism of action of aqueous
solvated electrons was methodically reported in the following
year.'®® Three possible reaction steps, including (1) electron
transfer (N, + e~ — N, ), (2) proton-coupled electron transfer
(Ny + e~ + H,O - N,H + OH ) and (3) hydrogen atom addition
(N, + H* — N,H), were proposed with the help of kinetic
modelling. It was concluded that the reduction of N, to NH;
involved hydrogen atom addition at the initial steps and proto-
nation/electron transfer by solvated electrons at the later steps.
In 2016, metal-diamond heterostructures (i.e. diamond thin
films grown on Mo, Ni and Ti metal substrates) were reported.
It was noted that some electrons excited from the metal sub-
strates would be injected into the conduction band of the
diamond film, followed by emission into water."®”

In the present literature, most research has focused a spotlight
on carbonaceous nanomaterials. Benefiting from the rational
significance of the oxygen vacancies in bismuth oxyhalides, as
described in Section 3.3.,'*' graphitic carbon nitride (g-C;N,)
with nitrogen vacancies (NV-g-C;N,) has become a focal area in
materials science since 2015.”% Because they have the same shape
and size as the nitrogen atoms in dinitrogen, nitrogen vacancies
(NVs) are beneficial in the selective chemisorption and activation
of N,. This explains why the nitrogen fixation rate remained
unchanged when N, was replaced by air as the N, source. In
addition, NVs prominently improved the separation of charge
carriers by trapping photogenerated electrons and promoting
electron transfer to the adsorbed N,.®> Following this astounding
discovery, NV-g-C;N, was extensively investigated based on
manifold aspects, namely the modification of preparation
routes for large-scale production and the enlargement of the
specific surface area.'®®™"”! Furthermore, modifications such as
iron doping and ruthenium loading have been exhaustively
explored in recent years.””>'”? Similar to diamond, the
H-termination of Ru-loaded g-C;N, played an indispensable
role in the activation of N,."”°

Recently, g-C;N, has been widely employed to construct
heterostructure junctions with another component, including
the hybridization of g-C;N; with metal sulfides,"”*'>* metal
oxides,"”*7® and reduced graphene oxide (rGO)."”” As a proof
of concept, multi-metal oxides with tunable band structures
match favorably with other semiconductors when engineering
intact heterojunction interfaces.'”® After assembly, the g-C3N,/
MgAIFeO nanorod heterostructure was effective in N, photo-
reduction. In particular, a Z-scheme heterojunction was established,
as depicted in Fig. 9a. In this instant, the photoexcited electrons

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 (a) Tentative Z-scheme heterojunction interface of g-CsN4/MgAl-
FeO. Reproduced with permission.?’# Copyright 2017, Royal Society of
Chemistry. (b) SEM and (c) HRTEM images of WO;g049/9-C3N4. Reproduced
with permission.'”> Copyright 2017, Royal Society of Chemistry. (d) The
formation process and (e) photocatalytic N, reduction mechanism of
Ga,03-DBD/g-C3Ny4. Reproduced with permission.”® Copyright 2017,
Elsevier. (f) Possible paths of photo-generated electrons from graphene
for the activation of N, molecules. Reproduced with permission.8®
Copyright 2016, American Chemical Society. (g) Schematic of the synthesis
procedure of the Fe-Al@3DG and (h) NHsz synthesis over Fe-Al@3DG.
Reproduced with permission.*®* Copyright 2017, Elsevier.

in the conduction band of MgAlFeO were transferred to the
valance band of g-C3N,. Due to this phenomenon, the electrons
in the conduction band of g-C;N, did not recombine with the
holes, instead participating in the N, reduction.’”® A similar
Z-scheme heterojunction mechanism for N, fixation was reported
in other studies: (1) W;30,0/g-C5N, catalyst (Fig. 9b and c) was
active under near-infrared (NIR) irradiation’”> because of the
coherent oscillations of the surface free electrons induced by
the oxygen vacancies on W;40,0. (2) 3,4-Dihydroxybenzaldehyde-
functionalized Ga,Os/graphitic carbon nitride (Ga,O;-DBD/
2-C;3N,), synthesized by incorporating Ga,O3;-DBD NPs into g-C3N,
networks (Fig. 9d),"”® was reported to be capable of converting N, to
NH; with the aid of the strong reducing power of *CO, ", which was
formed by the oxidation of methanol by active oxygen species
(Fig. 9e). In essence, this is similar to the N, reduction
mechanism of -Ga,03, as discussed earlier in Fig. 5c.

As for two-dimensional (2D) graphene, a metal-free 2D/2D
hybrid heterostructure of g-C;N,/rGO was designed by coupling
rGO and protonated g-C;Ny, in which rGO served as a conducting
substrate.'”” Protonated g-C;N, exhibited 5 times the NH;
production rate of pristine g-C;N,, and the activity was further
ameliorated after assembly with rGO. It was deduced that the
face-to-face contact area on the g-C;N,/rGO heterointerface for
enhanced charge transfer substantially decreased the electron-
hole recombination rate of g-C;N,.”® In essence, this finding is
analogous to our previous studies on metal-free 2D/2D graphene/
2-C;N, for CO, photoreduction, in which graphene acts as an
excellent electron reservoir.'**""®> There is another report on the
loading of iron oxide on bulk three-dimensional (3D) cross-linked

This journal is © The Royal Society of Chemistry 2018
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graphene (Fe@3DG) for the reduction of N, to NH; under light
irradiation.'®® Graphene played the role of generating highly
energetic electrons. A significant enhancement of photocatalytic
activity was observed by increasing the electron density of Fe due
to its electron donation from the Fe d orbital to the anti-bonding
orbital of N, (Fig. 9f).

Because the photoactivity of the Fe@3DG nanocomposite
significantly decreased after 5 hours of reaction, in 2017, the
same research group modified the existing Fe@3DG nano-
composite by incorporating Al,O3 to form Fe-Al@3DG photo-
catalysts (Fig. 9g)."®* Al,0; functioned as an excellent dispersing
agent and barrier to prevent the aggregation of Fe,O; nano-
particles on the 3D graphene (Fig. 9h). Fascinatingly, the NH;
production yield of 20Fe-2Al@3DG (20 wt% Fe and 2 wt% Al)
remained steady even after 60 hours of light-driven reaction,
which was more than two times that of the parent 20Fe@3DG
(20 wt% Fe), demonstrating the salient role of Al,O; as a structural
promoter. In general, the employment of 2D/2D heterojunction
interfaces and 3D nanoarchitecture design for photocatalysis
based on the motivation of effective charge carrier transfer and
separation is still in the infant stage. Furthermore, most existing
literature studies focus on 0D/2D hybrid nanostructures. There-
fore, extensive studies in this related field are imperative to achieve
excellent prospects in addressing the limitations of this process for
scientific merit and to enhance fundamental research knowledge
toward realizing industrialization in the future.

3.5 Other potential materials

Gallium phosphide is a typical semiconductor that has been
researched in the photocatalytic field for a long time.'®>'%¢ In
1978, Dickson et al. employed a photoelectrochemical cell to
perform N, fixation.'®” The system consisted of a p-GaP cathode
and an aluminum metal anode immersed in a non-aqueous
electrolyte of titanium tetraisopropoxide and AICl; dissolved in
glyme. In this system, the p-GaP electrode absorbed light and
provided the activation energy for the photoenhanced reduction
of N,. In 1980, Miyama et al. reported the performance of GaP
and GaP/Pt for the reduction of N,. In fact, a few researchers
have already implemented the reduction of N, on GaP nano-
particles without light.***

Zeolites have also been applied in the photochemical synthesis
of NH; from N,. Khan et al. reported the production of ammonia
with titanium-exchanged zeolites under visible light.'®® Two years
later, they tested the exchange of different types of zeolites with
titanium ions. It is noteworthy that the Ti** ions contributed to the
reduction of N, for the oxidation of Ti*" to Ti*".'®® Furthermore,
the NH; production was reported to increase with increasing
re-exchange time of the zeolites by Ti*".

As mentioned above,">”"*® localized surface plasmon resonance
(LSPR) of metal particles has also been utilized to drive the
photoabsorption of other catalysts. In 2014, Zeng et al. applied
catalytically active metal (Os) directly to LSPR Au particles
(Os-Au nanocomposites) for the NH; synthesis reaction.'®® It
was found that the Au nanoparticles with superior LSPR
absorbance and photoabsorption did not show any catalytic
activity, while Os nanoparticles with high catalytic activity

Mater. Horiz., 2018, 5, 9-27 | 19


https://doi.org/10.1039/C7MH00557A

Published on 29 August 2017. Downloaded on 4/25/2024 4:21:30 PM.

Review

(a)

Etched- p-silicon

NH, Rate / umol ¢

Ly N
N o N N (P
o o o o
o e v”\e‘\@“»‘

Fig. 10 (a) TEM and (b) HRTEM images of a GNPs-coated p-type silicon
nanowire. (c) Schematic of the fabrication of the GNP/bSi/Cr photoelectric
cell. Reproduced with permission!®® Copyright 2016, Nature Publishing
Group. (d) TEM image of the 5 wt% Ru-modified GaN NWs (inset plot shows
the diameter distributions of the Ru sub-nanoclusters). (e) SEM image of the
developed InGaN/GaN nanowires on the Si (111) substrate. (f) Schematic of
the InGaN/GaN nanowire structure. (g) Rate of NHz generation over various
Ill-nitride semiconductors under visible light irradiation (1 > 400 nm).
Reproduced with permission.*?> Copyright 2017, Wiley-VCH.

could not absorb photoenergy. By allying the concept of LSPR
Au particles with the active metal (Os), the Os-Au nanohybrids
outperformed the individual components, thus improving
the solar light utilization for the chemical synthesis of NH;.
In 2016, a solar-driven photoelectrochemical cell based on
plasmon-enhanced black silicon (bSi) was documented by
MacFarlane’s group.”" The plasmon-enhanced bSi was decorated
with Au nanoparticles (GNPs) and a layer of Cr (Fig. 10a—c). In the
GNP/bSi/Cr photoelectrochemical cell, bSi, GNPs and Cr per-
formed as photoabsorber, reduction catalysis sites and hole-
sink layer, respectively. The bSi ameliorated the scattering and
absorption of light and provided a sufficient surface area for the
decoration of a large amount of GNPs. From the charge transfer
mechanism, the GNPs accumulated photogenerated electrons,
whereas Cr acted as a sacrificial anode to gather holes. This
research resulted in hundreds of times improvement in the
NH; production rate compared with plasmon-induced photo-
electrodes (Au NPs/Nb-SrTiO;/Ru and Au NPs/Nb-SrTiO;/Zr/ZrO,),
as mentioned in Section 3.1.3.%7'?%

A similar one-dimensional (1D) structure of gallium nitride
nanowires (GaN NWs) grown on a silicon (Si) substrate was very
recently designed by Li and co-workers."®> The Ge-doped n-type
GaN NWs exhibited improved N, photofixation activity under
UV irradiation with the aid of ultrasmall Ru clusters of ca.
0.8 nm (Fig. 10d). After the incorporation of Ru, the photo-
excited electrons were facilely transferred from the III-nitride
semiconductors to Ru as a result of an effective interfacial
metal/semiconductor Schottky junction with a barrier height of
0.94 eV, thus demonstrating the role of Ru as an electron
reservoir to facilitate the cleavage of N=N triple bonds.
Furthermore, the band gap was shifted to the visible light
region (2.34 eV) by introducing In (ca. 25% composition) into
GaN NWs, forming 5 segments of n-type InGaN NWs on the
GaN NW template (Fig. 10e and f). Assisted by Ru sub-nanoclusters,
the photoactivity of n-type InGaN/n-GaN toward NH; synthesis was
the highest compared to other reference samples under visible light
irradiation (1 > 400 nm) (Fig. 10g). For ease of comparison of the
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selected literature studies, Tables 2 and 3 summarize most of
the photocatalysts, including metal oxide-based, metal sulfide-
based, bismuth oxyhalides (BiOX), and metal-free carbonaceous
nanomaterials.

4. Concluding remarks

The photoreduction of N, to NHj; is regarded as a scientifically
challenging yet environmentally friendly technology for the
sustainable growth of the human population. NH; has elicited
much research fascination and broad interdisciplinary attention
as a hydrogen carrier in addition to its wide use as an industrial
raw material and fertilizer."***** In this review article, we have
thoroughly presented and classified a diverse selection of
photocatalysts for N, fixation. The selected literature reports
are summarized in Tables 2 and 3. Overall, we genuinely
envision that this review will establish benchmarks and mitigate
the present obstacles in N, photoreduction as well as broaden
new inroads at the forefront of this research hotspot. In order to
optimize the practical schemes, several concluding remarks,
prospects and suggestions are elucidated.

() Pre-treatment

In the study of iron-doped TiO,, it is apparent that the N,
reduction photocatalytic activity is highly dependent on the pre-
treatment method of the as-developed catalysts. The different
preparation techniques are presented in Table 4. On the one
hand, the synthetic routes markedly influence the photocatalytic
activity based on a plethora of aspects, including chemical
compounds, defects, crystal morphologies and particle sizes.
Additionally, heat treatment plays a central role in the physico-
chemical properties of the nanomaterials. Notably, annealing at a
high temperature introduces defect states, which enhance the
photoreduction ability.”" In another aspect, prolonged heat
treatment adversely affects the phase transformation and the
amount of surface *OH groups, which is detrimental to the
activity of photocatalysts.®” As described earlier, the treatment
of catalysts in H, atmosphere will contribute to an increase of
H,q4s on the surface or even form an H-terminated surface, thus
facilitating the hydrogenation of nitrogen. However, the
amount of surficial H will decrease with time, leading to
suppressed photoactivity.

(I) Reaction mixture

In addition to the gas-phase reaction, aqueous-phase photo-
reaction has also been widely employed via the suspension of
photocatalysts in liquid. An aqueous slurry with an appropriate
concentration of photocatalyst enhances the photoreaction by
accelerating the dispersion of the photocatalyst for improved
mass transfer. However, high concentrations lead to poor
penetration of photons.’® It has also been reported that in
the presence of photocatalysts, the *OH radicals in water
oxidize ammonia to nitrate.'*® As such, ammonia and nitrate
are detected in the final products of photoreaction.'*

This journal is © The Royal Society of Chemistry 2018
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Table 2 Summary of metal oxide-based photocatalysts for the reduction of N, to NHs()
Light Nitrogen Organic
Year Catalyst T (K) source source scavenger  NHj average rnp, Author Ref.
TiO,-Based 1997 0.2 wt% Fe-doped TiO, 313 390-420 nm N, None 10 umol g ' h™* Schrauzer 67
Materials 1988 TiO, 500 UV N, None 0.83 pmol g * h™* Bourgeois 91
1991 0.5 wt% Fe-doped TiO, 353 UV N, None 6 umolg ' h! Soria 98
2014 Fe-doped TiO, 298 A=254nm Air Ethanol 1gee L ;400 ypM h ! Zhao 99
(Fe/Ti=10"%
2017 JRC-TIO-6 (rutile) 313 A > 254nm N, 2-PrOH® 1 Zeat L 525uMh™? Hirakawa 92
1977 0.4 wt% Co-doped TiO, 313 UV N, None 6.3 umol g~ h™* Schrauzer 67
1977 0.4 wt% Mo-doped TiO, 313 UV N, None 6.7umol g ' h! Schrauzer 67
1977 0.4 wt% Cr-doped TiO, 313 UV N, None 0.37 umol g ' h™* Schrauzer 67
1988 0.5 wt% Cr-doped TiO, 353 UV N, None 2.6 umol g ' h™* Palmisano 100
1990 2 wt% Mg-doped TiO, — UV N, None 0.67 ear L ;6.9 uM h™'  Ileperuma 102
1993 10 wt% V-doped TiO, —  uv N, None 0.8 g L 49uMh™! Ileperuma 103
1993 10 wt% Ce-doped TiO, — UV N, None 0.8 gt LY 3.4uMh™? Ileperuma 103
1996 0.24 wt% Ru-loaded TiO, —  UV-vis N, Ethanol 22.7 ymol g~ ' h™* Ranjit 106
2001 TiO,/P3MeT 293 UV N, None — Hoshino 109
2008 5% RuCl;-modified TiO, rt  UV-vis N, Humic acid 4 pM h™! em™2¢ Linnik 109
Other binary 1987 Partially reduced Fe,O3 303 UV-vis N, None 10 pmol g ' h™* Khader 111
oxides 2010 Pt-loaded ZnO —  uv N, Na-EDTAY 860 umol g~* h™? Janet 118
2015 Mesoporous B-Ga,03 298 A=254nm N,/O, TBA? ¢ = 36.1%< Zhao 115
nanorods
2017 Fe,O; 298 UV-vis N, Ethanol 0.5 geae L' 1362.5 pM h™ ' Lashgari 113
2017 BiO quantum dots 298 UV-vis N, None 0.25 geae L5 50.5 uM h™" Sun 116
Ternary metal 1983 BaTiO; 313 UV N, None 0.87 umol g ' h™* Li 125
oxides 1983 Ru0,-NiO-BaTiO, 313 UV N, None 2.6 umol g ' h™* Li 125
2001 Iron titanate films (Fe/Ti=1:1) — /1 > 320 nm N, Ethanol 0.57 pM h™* em™2¢ Rusina 121
2014 Au NPs/Nb-SrTiOs/Ru rt  550-800 nm N, Ethanol 1.1 nmol h™ em™ Oshikiri 127
2016 Au NPs/Nb-SrTiO3/Zr/ZrO, rt¢ 550-800 nm N, Ethanol 6.5 nmol h™* em™2 Oshikiri 128
2016 H-Bi,MoOg rt®  Sunlight Air None 1300 pmol g~ h™* Hao 131
Hydrous 1987 Fe,05(H,0), — Vis N, None 6 uM h™'? Tennakone 132
oxides 1988 Hydrous oxides of Fe(m) — Vis N, None 22 uM h™*? Tennakone 138
and Ti(wv) (Ti: Fe = 8%)
1989 Cu,0-xH,0-CuCl — uv N, None 70 uM h~'? Tennakone 134
1991 Fe(O)OH — UV N, None 9.25 uM h~*? Tennakone 133
1991 Bentonite-hydrous ferric oxide — uv N, None 28 L7133 uMh™! Ilepruma 137
1992 V(w)-substituted hydrous 299 UV N, None 8.33 uM h™'? Tennakone 139
ferric oxide
1993 Sm,03-xH,0/V,0;-xH,0 299 UV N, None 100 pM ht? Tennakone 135
2016 Carbon-tungstic acid hybrids —  UV-vis N, None 205 pmol g~* h™*? Li 136

“ The unit mM h~* em 2 is not standardized because the volume of the solution was not given in the literature. * The catalyst cannot be weighed

because it denatures upon drying. ¢ rt denotes room temperature.
ethylenediaminetetraacetic acid. ¥ TBA denotes tert-butanol.

The presence of organic scavengers such as ethanol and
methanol can obviously increase the NH; yield by providing
sacrificial electron donors to the holes in the semiconductor."*®
As for the side reaction of the sacrificial agent, Rusina et al.
inferred that ethanol facilitates the formation of nitrite and
nitrate,"*! while Zhao and Lashgari claimed that ethanol serves
as a superior *OH scavenger which protects the NH; yield from
further oxidation to its higher oxidation states of nitrite or
nitrate (Fig. 11).°®""® Usually, holes react with hydroxide ions to
form hydroxyl radicals (OH™ + hyg" — *OH), which can further
oxidize NH;. In this regard, when ethanol is present, it can
be oxidized to CH;CHO and C,H;0C,H;.”° Along with the
consumption of photo-generated holes in an oxidation process,
the N, reduction rates can be markedly increased due to the
availability of abundant photo-generated electrons for the
reduction reactions. Although ethanol is generally utilized as
a typical organic scavenger, it is crucial to comprehensively

This journal is © The Royal Society of Chemistry 2018

4 ¢ = apparent quantum yield. ¢ 2-PrOH denotes 2-propanol.” EDTA denotes

study different alcohols in order to determine suitable sacrificial
agents for specific light-driven catalytic systems.

(III) Modification of semiconductors

Transition metals are widely used as dopants, co-catalysts and
plasmonic nanostructures with the aim of enhancing photo-
catalytic efficiency. Among these, earth-abundant iron is the
most dominant as an efficient metal dopant. In contrast, it has
been reported that noble metals as dopants in TiO, demon-
strate inhibiting effects for N, photoreduction.®” Moreover, this
inhibiting effect has been observed on Pt-loaded ZnO compared
with pure ZnO.'* However, the incorporation of Ru as a
co-catalyst on semiconductors has exhibited an evident positive
influence on N, fixation activity.'°® Recently, plasmonic metals
were reported to enhance photoabsorption via LSPR. To
date, Au has been selected to couple with myriad catalysts,
such as SrTiO;,'?”'*® Os and black silicon,'***! because its
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Table 3 Summary of other types of photocatalysts for the reduction of N, to NH3(1)

Light Nitrogen Organic
Year Catalyst T (K) source source scavenger NH; average ryy, Author Ref.
BiOX 2015 BiOCl 298  UV-vis N, Methanol 0.67 gt L% 46.2 uM h™*'  Li 88
2015 BiOBr 298 Vis N, None 0.5 geae L' 1042 pM h™' Li 151
2016 BigO,I 293  UV-vis N, Methanol 0.5 ge L' 111.5 uM h™"  Bai 89
2017 Bis;O,Br nanotubes rt? A >400nm N, None 1380 umol g ' h™* Wang 164
Metal sulfides 1980 CdS/Pt 311 UV N, None 3.26 umol g ' h™! Miyama 104
1988 CdS/Pt/Ru0O, 303 A >505nm N, None 49, L7620 umh™? Khan 144
1990 Pt/CdS-Ag,S/RuO, 303 UV-vis N, None 2 gear L1260 uM h* Khan 145
2015 [Mo,FesSg(SPh);]**{Sn,Se]* ™ rt UV-vis N, — 10.1 pM h™ ' Banerjee 148
2016 Mo,FegSs(SPh);-Fe S, Sn,Sel'™  rt? UV-vis N, — 18.82 yM h™ ' Liu 149
2016 CdS/MoFe protein — ) =405 nm — None 315 pmol gprorein  Min~'  Brown 147
2016 Zng,Sn,41Cdy S 303  400-800 nm N, Ethanol 0.4 g, L™ 105.2 uyM h™* Hu 152
2016 Moy 1Nig 1Cdg.¢S 303 400-800 nm N, Ethanol 0.4 gL % 71.2uMh™'  Cao 153
2016 g-C3;N,/ZnSnCdS 303  400-800 nm N, Ethanol 0.4 g, L™ %;167.6 yM h™* Hu 154
2016 g-C3N,/ZnMoCdS 298 400-800 nm  Air Ethanol 0.4 g L ;776 WM h™'  Zhang 155
2016 NiyP/CdysZng sS 293 > 400 nm N, None 0.4 g L7 1015 M h™ ! Ye 146
2016 MoS, 298 ) >420nm N, None 325 umol g ' h™* Sun 159
Carbonaceous 2013 Boron-doped diamond — uv N, None — Zhu 165
materials 2015 g-C3Ny — A > 420 nm Air Methanol 1 ge, L% 160 pM h™* Dong 62
2016 g-C3;N,/rGO 303  400-800 nm  Air Na-EDTA® 0.4 g, L7206 /M h™"  Hu 177
2016 Fe-loaded 3D graphene 473 uv N,/H, None 24 ymol g ' h™! Lu 183
2017 Fe-Al-loaded 3D graphene 473 uv N,/H, None 25.3 umol g ' h™* Yang 184
2017 Fe-doped g-C3N, 303 400-800 nm N, Ethanol 0.4 g, L™ 5120 pM h™"  Hu 172
2017 g-C3;N,/MgAIFeO 303  400-800 nm N, Ethanol 0.4 g, L %;166.8 yM h™* Wang 174
2017 Wig049/g-C3Ny — UV-vis-NIR? N, Ethanol 0.4 g L7578 uM h™"  Liang 175
2017 Ga,05-DBD/g-C3N, — UV-vis N, Ethanol 0.4 g, L™ 112.5 yM h™!  Cao 176
Other system 1980 GaP/Pt 311 uv N, None 5umol g ' h™! Miyama 104
1981 Ti*"-exchanged zeolites — Vis N, None 20.6 pmol g ' h™! Khan 188
1983 Ti*"-exchanged zeolites ~305 Vis N, None 32.9 umol g ' h™* Khan 189
2015 Cs,0O-promoted Os-Au 333 /> 450 nm N,/H, None 2685 pmol g ' h™* Zeng 190
2016 GNP/bSi/Cr — UV-vis N, None 0.78 pmol h™* em ™2 Ali 191
2017 5% Ru@n-GaN NWs 283 290-380 nm N, None 120 pmol g ' h™* Li 192

“ The catalyst cannot be weighed because it denatures upon drying. ” rt denotes room temperature. © EDTA denotes ethylenediaminetetraacetic
acid. ¢ Using optical filters, light of 2 > 800 nm and 4 < 800 nm was removed for the 300 W Xenon lamp and 200 W infrared light source,

respectively, to simulate full-spectrum light.

Table 4 Typical pre-treatment methods for iron-doped TiO,%7-2899121

Year Author Preparation procedures

1977 Schrauzer

1991 Soria
2001 Rusina
2014 Zhao

at 773 Kfor 3 h

light-harvesting effects can efficiently utilize the visible light
region of the solar spectrum.

Additionally, the flourishing investigation of oxygen vacancies
induced in BiOX has inspired many researchers due to their unique
characteristics for the efficient separation of charge carriers. As
illustrated in Fig. 12,"*' OVs suppress the recombination of
electrons and holes by directly trapping electrons from the
conduction band and then transferring them to the anti-
bonding orbitals of adsorbed N,. Since the first seminal report
on oxygen vacancies in BiOBr for N, fixation in 2015, a number
of studies on nitrogen, sulfur and oxygen vacancies have been
reported to date.’*'*>"* As a proof of concept, a hybrid
structure is always desirable for modulating band structures
for ameliorated solar energy conversion.'* % Importantly, the

22 | Mater. Horiz., 2018, 5, 9-27

Calcine iron sulfate impregnated with anatase TiO, at 1273 K for 1 h in air

Coprecipitate solution of TiCl; and iron ions in an NHj; solution and anneal the resulting solid at 823 K for 24 h

React iron chloride with tetraisopropyl titanate in a sol-gel method and calcine the resulting solid at 923 K for 20 min
Incorporate Fe** into hydrogen titanate phase nanotubes via a hydrothermal method followed by performing calcination

heterostructure will spatially accumulate the separation and
transfer of photogenerated charge carriers upon their interactions at
the contacted interface.

(IV) Suggestions, outlook and future prospects

As shown in Table 2, the assessments of photocatalytic activities
for N, reduction are not unified. The standard NH; production
rate can be expressed in units of umol h™* g™ for the gas-phase
reaction, uM h ™" for the reaction in solution and pmol h™* cm ™2
for photoelectrochemical cells. Therefore, apparent quantum
yield (AQY) should be generalized as a scientific tool to account
for dissimilar experimental conditions, such as light source,
catalyst loading, reaction duration and illumination area.

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 Schematic of the reaction mechanism of N, fixation at the
semiconductor/solution interface in the presence of alcohol as a sacrificial
agent. Reproduced with permission.**® Copyright 2017, Elsevier.
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Fig. 12 Schematic of the enhancement of OVs-induced photocatalysts
for interfacial electron transfer processes. Reproduced with permission.>
Copyright 2015, American Chemical Society.

Most previous studies have focused on metal oxide-based
nanomaterials, especially in the case of TiO,. However, TiO, is
greatly restricted by its UV excitation, which constitutes less
than 5% of the solar light spectrum. Additionally, Cd-containing
dichalcogenides are mostly in the form of sulfides, while the
stability of CdS urgently requires improvement by forming
multi-metal systems. Furthermore, air and visible light are
gradually being adopted as nitrogen and light sources instead
of pure nitrogen and UV irradiation. In order to use air as the N,
source, the selectivity of the desired products should be taken
into consideration to avoid the side product of H, evolution and
the decomposition of NH;. In contrast, for the aqueous-phase
reaction, more attention should be paid to the nitrite and
nitrate contents in the products. In addition, research on
metal-free systems has been primarily dominated by g-C3N, to
date. Although in-depth studies on band structures and charge
carrier dynamics are necessary, the exploration of new potential
photocatalysts is gaining in momentum to surmount the bottle-
necks of the fundamental research and applications of N, fixation. It
is our aim to extend the utilization and optical absorption of solar
light up to the NIR in addition to UV and visible light to cater to the
entire spectrum of solar light.

In other aspect, a robust device for assembling different
components is overwhelmingly necessary to develop a multi-
functional platform for artificial photosynthesis - N, fixation.
The engineering of an intact “machine” should comprise a N,
reduction catalyst, an oxidation catalyst, a light-harvesting
absorber and an electron-transporting bridge to attain high
photocatalytic efficiency of N, fixation. Therefore, the synergetic
interactions of various moieties within an individual matrix must
be taken into consideration. Good examples of such versatile
“machines” include porous metal-organic frameworks (MOFs)
and covalent organic frameworks (COFs), to which further
exploration should be devoted in the future. Apart from photon-
driven catalysis, with the aid of external bias, a photoelectrocatalytic
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system is another smart avenue to separate the redox reactions (i.e.
N, reduction and H,O oxidation) at the photocathode and photo-
anode, respectively. Unequivocally, there is an extreme paucity of
literature reports on photoelectrochemical N, fixation at the
moment. Thus, a combined light-driven and electro-driven reaction
would undeniably greatly facilitate N, fixation activity. To this end,
dissimilar photocatalysts at the cathode and anode sides could
be designed. Essentially, with the present knowledge on the
electrochemical reduction of N, based on a wealth of research
activities to date, this provides a scientific guiding star for
photoelectrochemical N, reduction systems.

For heterogeneous photocatalytic systems, insights into
their reaction pathways are essential, despite the complexity
of the N, fixation reaction. It is prominent that tuning the size
of photocatalysts can remarkably alter the ratio of exposed
atoms and active sites on the corners, edges and surfaces with
different coordination numbers. As a result, this influences the
adsorption ability of the reactant N, molecules as well as the
intermediates during the photoreduction process, giving rise to
dissimilar performance and activity of the shape- and size-
controlled photocatalysts. To comprehend the atomic insights
in reactivity, advanced in situ or operando characterization
techniques are indispensable. For example, in situ FTIR analysis
is beneficial to examine the adsorbed nitrogen species on the
surface of photocatalysts. Meanwhile, environmental/in situ
TEM and X-ray absorption spectroscopy can provide information
on the structure evolution and the modification of the surface
coordination number during the photocatalytic reaction process.
Equally importantly, time-resolved spectroscopy, femtosecond
transient absorption spectroscopy and terahertz time-domain
spectroscopy would be helpful to study the excited-state dynamics
in a typical photoinduced electron-transfer pathway. Additionally,
computer-aided catalyst design via DFT calculations for N,
fixation would be a robust tool for simulating band structures
and reaction mechanisms to achieve excellent sunlight absorption
and unprecedented catalysis performance. This could in turn
provide auspicious references for the rational experimental design
of photocatalysts. Therefore, the innovative engineering of
photocatalysts from experimental and theoretical aspects is
crucial to systematically tune the band gap for effective absorption
of solar photon flux as well as high photoactivity for solar energy
conversion.

In summary, it is evident that the product yield of N,
photoreduction has gradually increased from a magnitude of
pmol g~ * to mmol g . Without a doubt, the goal of achieving a
magnitude of mol g~ * for the product yield will no longer be a
dream; instead, this dream will be transformed into reality and
practicality. Judging from the amount of existing literature on
this research platform at this juncture, N, photoreduction
has ignited interest and attention in the research community
in recent years. However, it should be emphasized that the
quantity of samples obtained from each batch is still at the
laboratory scale. To divert from the laboratory-scale level to
industrial applications, amplifying the yield of catalysts while
retaining their intrinsic original structures is a global challenge.
More thought should be given to translating these studies from
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academic research to practicality. Despite the aforementioned
impediments to the photoactivation of N,, the future direction
of this area is indisputably promising and prospective with the
synergetic cooperation of international researchers from diversified
disciplines, such as computational scientists, chemists, materials
scientists and physicists. Overall, we strongly believe that solar
energy conversion for N, fixation will be enriched to begin a
revolution of renewable energy for practical benefits and future
commercialization.

Regarding the long-term prospects, there is an infinite scope
of daunting challenges and opportunities for global researchers
to expand the fundamental science at the forefront of this
research hotspot. We are certain that this review article will
provide an excellent basis for the next research era not only in
photocatalytic N, fixation specifically, but also in the interdisciplinary
fields of chemistry, materials science, energy conversion and energy
storage. On the whole, with ceaseless determination and efforts from
a diverse range of scientific communities and accomplishments in
years to come, the research that has been comprehensively discussed
in this review article will unquestionably be surpassed.
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