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Abstract

The use of sunlight to drive chemical reactions via photocatalysis is of paramount importance
towards a sustainable future. Among several photocatalysts, earth-abundant graphitic carbon
nitride (g-C3Nas) has emerged as an attractive candidate due to its ability to absorb light
efficiently in the visible and near-infrared range, chemical stability, non-toxicity,
straightforward synthesis, and versatility as a platform for constructing hybrid materials.
Especially, hybrids with metal nanoparticles offer the unique possibility of combining the
catalytic, electronic, and optical properties of metal nanoparticles with g-CsN4. Here, we
provide a comprehensive overview of g-CsNs materials their hybrids, emphasizing
heterostructures with metal nanoparticles. We focus on recent advances encompassing
synthetic strategies, design principles, photocatalytic applications, and charge-transfer
mechanisms. We also discuss how local surface plasmon resonance (LSPR) effect of some
noble metals NPs (e.g. Au, Ag, and Cu), bimetallic compositions, and even non-noble metals
NPs (e.g., Bi) synergistically contribute with g-C3N4 in light-driven transformations. Finally,
we provide a perspective on the field, in which the understanding of the enhancement
mechanisms combined with truly controlled synthesis can act as a powerful tool to the
establishment of the design principles needed to take the field of photocatalysis with g-CaNa
to a new level, where the desired properties and performances can be planned in advance, and

the target material synthesized accordingly.



1. Introduction

The adverse environmental problems caused by the intensive consumption of fossil fuels
have led to an increasing interest in the use of alternative energy sources to serve and deliver
power to human activities.»® Solar energy has an enormous potential as a clean, abundant,
and economical resource.* Therefore, the efficient harvesting and conversion of solar energy
have been a worldwide priority target in the past decade.

In this context, the use of sunlight to drive chemical reactions (solar to chemical energy
conversion) via photocatalysis represents a very promising approach.® In photocatalysis, the
most studied examples are endothermic reactions, such as H>O splitting and CO> reduction,
where the energy of solar photons can be stored in chemical bonds by using semiconductors
as photocatalysts.® 7 Even though a lot of progress has been achieved in the development of
semiconductor photocatalysts, most systems require solar energy input in the UV region for
band gap excitation.81® Thus, most photocatalysts present low solar-energy utilization, as
solar light is composed of ultraviolet, visible and infrared components (accounting for 5, 43,
and 52 %, respectively).!! These features illustrate that is still very challenging design new
photocatalysts that are abundant, stable, facile to fabricate, and showing high performances
under visible-light or near-infrared excitation.°

The search for suitable semiconductor photocatalysts to optimise existing or design novel
chemical processes is one of the persistent goals of sustainable chemistry. An optimal
material would combine an ability to absorb light efficiently, especially in the visible and
near-infrared range, and be stable in working chemical and thermal conditions. Moreover, it
should be non-toxic, preferentially composed by abundant elements, and easily processable.
Mostly explored semiconductors are so far constructed from transition metal ions with d° or
d®0 electronic configuration, along with counter-anion such as chalcogens.'> ¥ However, it
remains challenging to engineer and tune the electronic properties of metal chalcogenides. As
a result, rarely these structures have been targets of systematic optimisation.'* 1> Traditional
inorganic semiconductors are limited in the nature of their active sites and thus the scope of
applications that they can accomplish.’®: 17 On the other hand, while organic polymeric
catalysts have the advantage of flexibility for optimization, they suffer from serious swelling
and stability problems.” Consequently, it is extremely desirable to have an active and stable
photocatalyst that could allow large variation in the structure without having to change its

overall composition.



Graphitic carbon nitride (g-CaN4) is a highly active photocatalyst which, at least in
principle, meets above-mentioned requirements. The history of C3sN4 can be traced back to
the embryonic form, “melon”, made by Berzelius and named by Liebig in 1834 being
regarded as one of the oldest synthetic polymers.* 16 18 The framework topology of linear
polymer “melon” is presumably consisting of interconnected tri-s-triazines via secondary
nitrogens, while defect-rich CsNj is in the form of p-conjugated planar 2D sheets of poly(tri-
s-triazines) interconnected via tertiary amines.’® 1° The “perfect” g-CsNa material is
comprised solely of C and N bonds with no active basicity, due to the lack of electron
localized in the & state.?® However, it is difficult to synthesize “perfect” g-CsNa. In general,
most of the synthesis routes lead to predominantly materials with medium to poor
crystallinity and a high degree of disorder, but still showing high photocatalytic activity.'46
Bulk g-CsNs is typically prepared by the direct thermal condensation of low-cost nitrogen
containing precursors (cyanamide, dicyandiamide).?-?* This results in carbon nitrides with
several shortcomings, including low specific surface area, insufficient visible light utilization,
and, particularly, rapid recombination of photogenerated charge -carriers.?4?® High
separation/transfer efficiency of photogenerated electron-hole pairs is the most desirable
property in g-CsNs-based photocatalysts. Several strategies can be employed to achieve this
objective, such as i) doping the CsNa structure with sulphur,?® 3 boron,3' oxygen®? and
phosphorous?® 33 34 ji) modifying its synthesis method (e.g. changing and combining
different nitrogen containing precursors,® 3 36 introduce mesoporous using hard templates,3”
3 microwave-assisted synthesis,® synthesis in molten salt,° synthesis in ionic liquid*); iii)
performing a post treatment (e.g. exfoliation*>%> and thermal treatment*® 3 36): iv) controlling
the defects in its structure;*® v) and/or combining it with other structures (e.g. semi-
conductors,?* 4751 metal nanoparticles (NPs)?* 5254 and metal-organic frameworks (MOFs)?®
85-57)

Among the recent strategies in the development of g-CsN4 photocatalytic systems, g-CaNs-
based heterostructures are one the most promising materials due to its feasibility and
effectiveness for the spatial separation of photogenerated electron-hole pairs.?* The g-CsNa-
based heterostructures are capable to suppress the recombination of photogenerated charge
carriers while endowing the photocatalysts with unique features that arise from the synergism
between g-C3Na4 and the other components. Therefore, we believe that the rational design of
g-C3Ns-based heterostructures could provide promising routes for creating highly efficient
visible-light-driven photocatalysts for chemical synthesis, environmental remediation, and

energy applications.



Herein, we aim at providing a general overview on heterostructures comprised of g-CsN4
and metal NPs. The synthesis, applications in photocatalytic reactions, and the mechanisms
behind the synergistic effects involving g-CsN4 and metal NPs will be covered. This review
will also focus on how local surface plasmon resonance (LSPR) effect of some noble metals
NPs (e.g. Au, Ag, and Cu), bimetallic compositions (AuPd, AuAg, AuPt, etc), and even non-
noble metals NPs (e.g., Bi) can enhance the catalytic properties of g-C3Na in several light-

driven transformations.

2. Synthesis of g-C3Na

g-CsN4 is commonly synthesized by thermal treatment that leads to a combination of
polyaddition and polycondensation reactions of the nitrogen-rich precursors such as urea,
thiourea, melamine, cyanamide, and dicyandiamide.>®-%* This approach is described in Fig. 1.
The precursors condensate into dicyandiamide 1 and melamine (triamino-s-triazine) 2, which
forms tri-s-triazine units, also known as melem 3, by polycondensation of melamines. Then,

the g-C3N4 4 are formed through the further condensation of the tri-s-triazine units.?8 6%
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Figure 1. Schematic illustration for the synthesis of g-CsNs4 by polyaddition and
polycondensation of the nitrogen-rich precursors.

Interestingly, it has been established that the choice of precursors significantly influences
the electronic band structures and textual properties of obtained pristine bulk g-CsNa.>* For
example, when thiourea is used to prepare the g-CsNa, it exhibits a slightly smaller bandgap

when compared with the g-CsNa prepared from urea.®® 87 On the other hand, the g-C3Na
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prepared from urea generally presents much higher specific surface area than that prepared
from thiourea and melamine.*8 66

Another aspect is that the g-C3Ns properties strongly depends on the nitrogen-rich
precursors and temperature employed during the thermal polymerization, which represents an
attractive method due to its simplicity and low cost. The nitrogen-rich small molecules
polymerize into g-C3Na4 in temperatures ranging between 450 and 650 °C.?4 6668 Bellow 450
°C, the polymerization is incomplete. Over 650 °C, the g-CsNs start to decompose.>
Different precursors calcined at different temperatures can lead to a range of band-gaps and
specific surface areas. For instance, urea can produce g-CsN4 with band gaps varying from
2.68 to 2.78 eV and surface areas from 31 to 288 m? g%, while thiourea can lead to carbon
nitrides with band gaps from 2.58 to 2.76 eV and surface areas significantly smaller 11-52 m?
g2.2 It is important to highlight that these examples involve only the modification in the
nature of precursors and calcination temperature. Many other approaches can also be
employed to tune carbon nitride properties, such as doping the CsNa structure,?®-3* introduce
mesoporous using hard templates,'3 37 38 using other synthesis methods apart from thermal
condensation,3*-*! adding a post-treatment (e.g. exfoliation*>%®> and thermal treatment!® 35 36),
controlling the defects in its structure,*® and combining it with other structures, such as
semiconductors,?* 47-51 metal NPs,?* 5254 and metal-organic frameworks (MOFs).23 5557

The successful preparation of g-CsNs photocatalysts can be confirmed by several
analytical measurements, such as X-rays diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and thermogravimetric analysis (TGA). XRD is an important technique
due the two characteristic diffraction peaks at ca. 27.4 and ca. 13.0° that appear for the g-
C3Na4.18 XPS measurements are especially useful to investigate the chemical environment of
carbon and nitrogen elements in g-C3Na, evidencing sp?-bonded carbon in N-C=N (ca. 288.1
eV) and the sp?-bonded nitrogen in C-N=C (ca. 398.7 eV). Furthermore, XPS allows to
characterize elemental doped g-C3Ns and estimates the degree of defects in the g-CaNa
structure by the nitrogen in tertiary nitrogen groups (ca. 400.3 eV) and the presence of amino
groups (C-N-H, ca. 401.4 eV). Because the high thermal stability of g-CsNs, the
decomposition temperature obtained by TGA can be a simple way to confirm the proper

polymerization of the nitrogen-rich precursors!®



3. Properties

3.1 Morphological features

As a polymer, g-C3N4 has a flexible structure and is suited to form different morphologies
with the assistance of different templates during the synthesis as well as post-treatments.
However, differently from most polymeric materials, g-CaN4 can endure high temperatures
(until 650 °C), even in oxidizing atmosphere.®® g-CsN4 have been obtained in several
morphologies, such as porous g-CsNs (3D nanostructures),®” 3 8 hollow spheres,”
nanorods/"*nanowires/’?nanotubes’® (1D  nanostructures), and  nanosheets (2D
nanostructures).*> 74

Mesoporous carbon nitrides (mpg-CsN4) can be easily obtained by a hard template
method. It has been successfully synthesized using various nitrogen-rich precursors in the
presence of silica NPs 3738 or ordered mesoporous silica (e.g. SBA-15)%° as a hard template.
The removal of those silica structures by a treatment with HF then generates a 3D structure of
g-CsNs with a large surface area, which can reach up to 373 m? g1.'® The mpg-CsN4
synthesis, functionalization, and applications was recently reviewed by Lakhi and
colleagues.”™

The preparation of hollow g-C3Ns spheres is challenging due to its layered structure,
which is more susceptible to collapse. However, Sun et al.”® were successful in coating
monodisperse silica NPs with thin mesoporous silica shells and then used it as a hard
template to prepare hollow g-CsN4 nanospheres. This strategy is similar to the one used to
prepare mesoporous g-CsNa. The silica was then removed by a post-treatment with HF at the
end of the synthesis. g-CaN4 in the form of hollow spheres are very attractive because they
are able to harvest more incident light through successive reflections within the hollow
structure, producing more photoinduced charge carriers serving as light-harvesting
antennas.!8

1D nanostructured g-C3N4 such as nanorods, nanowires, nanobelts, and nanotubes are also
attractive morphologies because their length, diameter, and aspect ratio can be tuned. This, in
turn, can lead to unique and tunable chemical, optical and electronic properties.’® 1D
nanostructured g-CsNa displaying porous structures, large surface areas, and charge-carrier
mobility can be prepared using different templating (e.g. SBA-15)% ! or non-templating

(e.g. reflux in solvent)”3 /6. 77 methods.



Bulk g-CsN4 display a low specific surface area, corresponding to <10 m? g1, due to the
stacking of g-CsNg4 layers. Thus, several studies have been focused on exfoliation methods to
obtain nanosheets from bulk g-CsN4. The most common strategies include ultrasonication-
assisted liquid exfoliation,*3 45 74 7883 acid exfoliation,® & liquid ammonia-assisted
lithiation,”® and thermal oxidation.** 8 2D g-C3N4 nanosheets exhibit interesting features,
such as large specific surface areas, prolonged lifetime of charge carriers, enhanced electron
transport property, reduced recombination rate of charge carriers, and improved charge
transfer and separation efficiencies.?® Due to the combination of these very attractive features,

it represents the most studied g-CsN4 morphology.

3.2 Surface Basic and Acid Sites

Among the several features of g-CsNa, the presence of acid and basic sites in its surface is
one of the most interesting but poorly understood properties. g-CsN4 has Lewis basic sites
(Fig. 2a), which can be the nitrogen present in the six-membered ring (A) or nitrogen present
as primary (C) and/or secondary (B) amine groups on the terminating edges due to defects in
the g-CsNa structure.>® The surface basicity of g-CsNa4 can be confirmed by temperature-
programmed desorption of CO2 (CO.-TPD).>® This powerful technique also allows
differentiate and estimate the amount of the three basic site types. These basic sites can be
applied to catalyze several reactions, such as C—C coupling,®” o—C-H activation,*>* NO
decomposition,®” and Knoevenagel condensations.2% 8-90

The formation of Brgnsted acid sites on g-C3N4 surface under oxidation conditions was
first proposed by Shiraishi et al.®! in 2014 by the approach shown in Fig. 2b. Ever since,
many recent studies have confirmed the presence of highly labile hydrogen adsorption sites at
the g-C3Na4 edges under photooxidation conditions (O2 atmosphere and light) in the presence
of alcohol, which can be the substrate or the solvent in the reaction.®> % These Brgnsted acid
sites were recently confirmed experimentally by post-mortem temperature programmed
desorption and in-situ X-ray photoelectron spectroscopy analysis (XPS), which indicates Hads
weakly adsorbed on the catalyst surface.?? This same study also confirmed the presence of
Hadgs on g-C3Na by semi-empirical MOPAC2016 calculations and estimated the relative
adsorption energies of H pairs (two H atoms) on a model crystalline g-CsNa4 structure
consisting of two H-bonded strips with 6 melem units, which evidenced that the Brgnsted

acid sites are more likely to be present at the edges of the g-CsN4 and bonded to N atoms in



the same ring adjacent to the bridging N atoms between melem units, as shown in Fig. 2b.%
The Bransted acid sites can be applied to catalyse a series of reactions, especially those which
depend on a dehydration, which include the conversion of nitroaromatics into azo- and
azoxyaromatics®? and the photoacetalization of ketones and aldehydes.®® Moreover, Lewis
acid sites can be introduced into g-CsNs4 by elemental doping with boron3t %4+% or
phosphorous.?®: 33 34,97 Despite that fact that Lewis acid sites are less active than the Brgnsted
ones, they presented helpful synergistic effects in a range of photoreactions, such as H»
evolution,® % photodegradation,3 % photooxidations,®® C-H activations®* and CO.

cycloaddition.®’
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Figure 2. Acid and basic sites on g-C3Na4 surface. (a) Lewis basic sites present on the g-CsN4
surface: N in six-membered ring (A), secondary amine (B), and primary amine (C).%° (b)
Proposed mechanism for the formation of Brgnsted acid sites on the g-C3Na surface.®?

4. g-C3Ns4 Based Heterojunctions: Non-Noble Metals, Metal Oxides, Metal Sulphides,
and Metal-Organic Frameworks

Elemental doping is widely used to engineer the band gap of g-CsN4 through the addition
of other elements instead of C and N in the g-CsNas structure. This makes it possible to
modulate the light absorption and redox band potentials for targeted photocatalytic
applications according to Fig. 3.2 As previously mentioned, the most commonly used
elements are S,2% 30,98 B 31,9 (32 |29, 99, 100 gngd p 29 33, 33 However, metal cations also can be
included into g-C3N4 framework, such as Zn?*, Fe?* 191 Ni%*, Cu?*, Co%*,192 Cul* 193 Mn3*,
K*,194 Na* and Li*.105-1% The recent review by Zhang et. al. provides a detailed discussion of
several strategies that can be employed to obtain g-CsN4 structures and how they affect

photocatalytic activities.!%® In another interesting review Jiang and collaborators overview the



recent advances in doping of g-C3sN4 for photocatalytic applications.*® Among them, we
believe that an efficient way to improve the g-C3N4 electronic properties is by combining it

with other semiconductors and nanostructures to form g-CsNa4 based heterojunctions.
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Figure 3. Schematic illustration of the band structure of typical g-CsN4 samples, including g-
C3Ng, ! S-g-C3N4,*® B-g-C3Na4,% O-g-C3Na,3? 1-g-C3N4,?® P-g-C3N4,23 ex-g-CsNa,? mpg-
C3Na4.113 The band structure for TiO- is also shown for comparison. Adapted from ref 18.
Copyright 2015 John Wiley & Sons, Inc.

Similarly to other typical inorganic semiconductor photocatalysts (e.g., TiO2), g-CsN4 also
suffers several intrinsic drawbacks such as low electrical conductivity, high recombination
rate of electron-hole pairs, and limited absorption above 460 nm.*'* Highly efficient g-C3Na-
based nanostructures must attend some important criteria. These include low recombination
rates, enhanced solar light absorption, and high photochemical stability. In this context, the
development of g-C3Ns-based nanohybrids is attractive for several reasons: i) in enables more
efficient charge transfer and separation through the Schottky junction (metal/semiconductor
heterostructures) or the p-n junction (semiconductor/semiconductor heterostructures); ii) the
presence of cocatalysts lowers the redox overpotential at the active sites; iii) the visible light
utilization can be improved; and iv) the system stability by protecting the active sites and
functional groups on the surface of the semiconductor through proper surface passivation is

ameliorated.28
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It is well established that charge recombination processes are disadvantageous to the
photocatalytic efficiency. When the recombination process takes place, excited electrons
return to the valence band, dissipating the energy as heat without reacting with the adsorbed
species on the surface of g-CsN4. Thus, many strategies have been investigated to suppress
recombination in g-CsNs and consequently improve the photocatalytic performances.?®
Among them, the construction of g-C3Ns-based heterojunction nanohybrids is particularly
appealing has received a lot of attention in the field of photocatalysis. This strategy will be
discussed in the subsequent sections.

4.1. g-CsN4 and Noble-metal Free Materials

Noble-metal free materials (e.g. g-C3Na, graphene, carbon nanotubes, etc) have various
advantages, such as being low cost and environmentally friendly. Hence, they have attracted
tremendous attention to their potential in tacking environmental and energy problems. Thus,
it becomes attractive to construct hybridized materials via coupling two noble-metal free
materials. For example, graphene, a two-dimensional macromolecular sheet of carbon atoms,
has received much attention due to its outstanding mechanical, thermal, easily-obtained, and
electrical properties.!*> 116 Thus, it represents an intuitive noble-metal free candidate to
construct heterojunction nanohybrids with g-C3Ng.7

Sun et al. prepared graphene/g-CsNs heterojunctions which presented enhanced
conductivities and electrocatalytic performance towards the oxygen reduction reaction
(ORR).18 Xiang et al. obtained graphene/g-CsN4 nanohybrids by a combined impregnation-
chemical reduction strategy, and successfully tested it towards the photocatalytic Ha-
production in the presence of Pt as a cocatalyst under visible light.1*”-11° Li and collaborators
synthesised cross-linked g-CsN4/rGO (reduced graphene oxide) nanohybrids with tunable
band structure, which demonstrated significantly enhanced visible light photocatalytic
activity.!?? In another example, Ong et al. have assembled rGO and g-CsN4 for successful
CO; hydrogenation into methane.*?* Other successful attempts have been made to explore
novel materials coupling carbon nanostructures with g-CzNs, such as MWNTSs (multi-walled
carbon nanotubes)/g-CsNa,12% 128 Cgo/g-C3Na,?* 1% carbon nanodots/g-C3N4?6-131 and
polymers/g-C3N,.132-137

Another carbon structure that has gained huge attention recently is carbon nanodots. They

present excellent optical and electronic features, acting as both light absorbers and electron
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reservoirs.t?® Different methods have been used to synthesize carbon nanodots on g-CsNa,
such as hydrothermal'3® and pyrolysis.*?® Due to the unique nature of carbon nanodots as
spectral converters, they allow for the up conversion of infrared light to visible light. The
emitted light can then be used by the g-CsN4 for various photo-driven transformations.
Carbon nanodots can also be employed as a cocatalyst in some reactions. For example, H20>
is a typical intermediate of photocatalytic water splitting and its adsorption on the surface of
the g-CsNa results in the poisoning of the active sites. When carbon nanodots are added on g-
CsNg surface, the photocatalyst maintain a high activity during the entire process.?

It is important to mention noble-metal free heterojunctions between carbon nitrides
displaying different electronic structures. For instance, Wang et al. obtained two types of
host-guest CN/CNS heterojunctions with a facile band alignment by the surface-assisted
polymerization: CNS-CN (CN serving as the host) and CN-CNS (CNS serving as the host).*°
This heterojunction is called isotype heterojunctions. Interestingly, these two types of
CN/CNS heterojunctions have demonstrated significant enhancement in the photocatalytic
activity and stability for H, evolution. Inspired by Wang’s work, Dong et al. synthesised
layered g-CsNa4/g-C3N4 metal-free isotype heterojunction by treating the molecular composite
precursors of urea and thiourea under the same thermal conditions. This CN-T/CN-U
heterojunction was constructed on the basis that the g-CsN4 prepared from urea and thiourea
have different band structures. Upon visible light irradiation, the photogenerated electrons
transfer from g-CaN4 (thiourea) to g-CsN4 (urea). This is driven by the conduction band offset
of 0.10 eV. Also, the photogenerated holes transfer from g-CsN4 (urea) to g-CsNa4 (thiourea)
driven by the valence band offset of 0.40 eV.*® These two charge transfer processes are
beneficial for overcoming the high dissociation barrier of the Frenkel exciton and for the
stabilization of electrons and holes. The redistribution of electrons on the one side of the
heterojunction (CN-U) and holes on the opposite side (CN-T) reduces the electron-hole pair
recombination, extending the lifetime of charge carriers and resulting in noticeably higher
photocatalytic activity. These two examples demonstrated that the rational design and
construction of isotype heterojunctions could open new strategies to development of more

efficient visible-light photocatalysts.’
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4.2. g-C3sN4 and Metal Oxides or Sulphides

During the past few years, many groups have reported different types of heterojunction
photocatalysts comprised of g-CsNs and metal oxides or sulphides showing improved
efficiencies relative to their individual components.?4: 28 117,140 141

Among abundant metal oxides, TiO. (e.g. 3.2 eV), which represents one of the most
widely used photocatalyst, has been employed as a promising candidate for constructing g-
CsN4 based heterojunctions. Several studies on the successful formation of TiO2/g-CsNs
hybrid nanohybrids have been reported to enhance photocatalytic activities.'2153 Zhou et al.
reported the synthesis of TiO. nanotube array/g-CsN4 heterojunction photocatalysts by a
facile electrochemical approach.*” Recently, heterojunctions between g-CsN4 and TiO2 with
different morphologies (OD nanoparticles, 1D nanowires, 2D nanosheets, and 3D mesoporous
crystals)>* and exposed facets ({001} and {101}) have been reported.14* 155159 Besides the
incorporation anatase TiO2 with g-C3sNa, other TiO> crystal phases such as brookite and rutile
have been coupled with g-CsN4 for photocatalytic applications,60-162

In addition to the widely reported TiO2/g-C3N4 photocatalysts, ZnO/g-CsN4 have also
been reported (ZnO presents a band gap of around 3.2 eV).163-1%6 Several examples on the
synergism between ZnO and g-C3N4 have been observed, such as increase in photocurrent of
Zn0/g-C3N4 hybrid nanomaterials by 5 folds under visible light irradiation (A > 450 nm)*
and the use of N-doped ZnO/g-CsN4 core-shell nanoplates for visible-light photodegradation
of Rhodamine B (RhB).1¢’

Differently from TiO2 and ZnO, WOs has a relatively lower band gap of ca. 2.6-2.8 eV,
which lies in the visible light region. Therefore, WO3/g-C3N4 heterostructures exhibits the
Type Il heterojunction charge transfer process, which drastically suppress the recombination
of charge carriers.t68170 |t is noteworthy that other oxides have also been employed to
generate g-CsN4 based hybrids, such as Cu,O/g-CsN4 (which promoted a red-shifted in the
absorption edge from 460 to 600 nm)'’t, Fe;03/g-C3N4 (makes the material magnetically
recoverable and improves photoredox activity),'’? and the Co3zOa4 /g-C3N4 water oxidation
catalysts displaying high stabilities.”® Hybrid photocatalysts containing composite oxides
have also been receiving attention. For instance, BiWOe has been the most widely employed
example. Ge et al. prepared Bi2WOe/g-C3N4 heterostructured photocatalysts, which presented
a strong light absorption in the visible region.t’* The synergistic effect between g-CsN4 and
Bi2WOe promoted the charge transfer and separation due to the joined electric fields,

whereby the excited electrons from g-CsN4 were injected into the conduction band of the
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BiWOs. Simultaneously, the holes on the valence band of Bi,WQOg were transferred to that of
g-C3Ns, retarding charge recombination.?®

In addition to metal oxides, cadmium sulphide (CdS) is a fascinating semiconductor with a
relatively low band gap of 2.4 eV, which makes it able to absorb solar light up to 520 nm or
even longer wavelengths.!”> The well-matched energy levels of g-CsN4 and CdS allows for
the formation of heterostructures through the Type Il band alignment, which enables charge
migration transfer upon light irradiation.?® 176 177 To date, CdS/g-CsN4 materials, that are
composed of two visible light responsive semiconductors, have been fabricated via an in situ
precipitation-deposition method developed by Fu et al. The resulting CdS/g-CsNs
heterostructure exhibited outstanding visible light photocatalytic in 4-aminobenzoic acid
removal.1’® Other studies have also reported higher stability and inhibition of photocorrosion
of CdS when it is combined with g-C3N4.1”® 1% Two-dimensional (2D) MoS; nanosheets
have become a promising cocatalyst to produce hybrid photocatalysts with g-CsN4. MoS>
nanosheets are robust, highly active (especially for the H> evolution reaction), can be
obtained in the layered morphology, and it is relatively inexpensive.'81-183 Interestingly, under
the same loading of cocatalysts (MoS2 or Pt), it has been shown that MoS2/g-C3N4
outperformed the Pt/g-CsN4 for H. production under similar experimental conditions.>°
Mechanistic investigations extensively examined the interface region between g-CsNs and
MoS:. These studies concluded that valence band maximum and conduction band minimum
of g-C3Na4 were greater by ca. 0.15 and 0.83 eV, respectively, relative to MoS. This led to the
formation of a Type Il heterojunction system.®* As the charge redistribution occurs
preferentially at the heterointerfaces, a polarized field is created at the interface region, which
inhibited the recombination of charge carriers and prolonged the lifetime of photogenerated
charge carriers.?® 184 Apart from CdS and MoS2, many other sulphides have been employed
for improved charge separation in hybrids with g-CsNa. These include WS2/g-C3N4,5% 185
SnS,/g-C3Na, '8 NiSy/g-C3Na,'®” CoS/g-C3Na,'®8 ZnS/g-C3sNa, 89191 and Ag2S/g-C3Na.1%?

4.3. g-CsNs and metal-organic frameworks (MOF)

Metal-organic frameworks (MOFs) are compounds composed by metal ions coordinated
to organic ligands to form one-, two-, or three-dimensional structures. Similar to what has
been described for metal oxide and sulfide semiconductors, MOF materials can

photogenerate holes and electrons upon visible-light irradiation, which can lead to the
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transfer of holes and electrons to target reactant molecules to initiate light-driven photoredox
processes.?® 19 In terms of band structures, the MOF’s valence band correspond to the outer
orbitals of organic linkers, whereas the empty outer orbitals of the metal contribute to the
conduction band. In this context, the incorporation of MOFs with g-CsNj is interesting due to
the variety of MOF structures and species as well as their tunable cavities, porosities, and
high surface areas. Several successful examples of MOF/g-C3sN4 systems have been reported,
including MIL-125(Ti)/g-C3sNa4,® ZIF-8/g-C3N4,'** and UiO-66/g-C3N4.>> These systems
have shown improved photocatalytic activities, high porosity and surface area, thermal

stability and accelerated mass transfer processes relative to g-CsN4.57 19

5. g-CsNs based Heterojunctions with Metal NPs

5.1. Plasmonic Photocatalysis with Metal Nanoparticles (NPs)

Among all classes of nanomaterials, metals deserve special attention. They represent
almost two-thirds of all elements in the periodic table. Moreover, metal nanostructures
display remarkable chemical, electronic, optical and magnetic properties that have enable
novel and/or improved applications in areas such as catalysis, electronics, plasmonics,
biomedicine, separation, information storage, and biomedicine.* 1%6-203

Some metals, such as silver (Ag) and gold (Au), present remarkable optical properties in
the visible range. These properties probably represent one of the most visual examples of
property change as we transition from the macro to the nano dimension. The unique optical
properties of Ag and Au in the visible and near-infrared range occur as a result of their
localized surface plasmon resonance (LSPR) excitation, and enable applications in areas such
as surface-enhanced Raman scattering (SERS), plasmonic photocatalysis, plasmon-enhanced
fluorescence, the development of plasmonic solar cells, water splitting, and theranostics.?%4
The LSPR refers to the oscillation of free charges on a metallic nanoparticle relative to the
static nuclei in response to an oscillating electric field from an incoming electromagnetic

wave (Fig. 4).2%
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Figure 4. Schematic diagram illustrating the localized surface plasmon. Reprinted with

permission from ref 26, Copyright 2018 Annual Reviews.

Upon electromagnetic irradiation, the oscillating electric field component of light imposes
a force onto the conduction electrons of the nanoparticle, which results in the formation of an
induced dipole moment. In order to counterbalance this excitation, charge redistribution acts
to provide a restoring force on the free electrons, thus granting these NPs an associated
resonant frequency at a specific wavelength. The LSPR frequency is dependent on size (Fig.
5a), shape (Fig. 5b), composition (Fig. 5¢), and structure of the nanoparticle as well as and
the dielectric constant of the environment.?%51% The LSPR excitation leads to absorption and
scattering of the incoming electromagnetic wave at frequencies close to the LSPR resonance
together with the generation of intense electric fields close to the surface of the nanostructure.
Fig. 5a displays the influence of size in Ag nanocubes over the LSPR resonance position.
From the extinction spectra (that combines absorption and scattering), the LSPR band red
shifted as size increased. This red shift can be assigned to the increased charge separation
during plasmon oscillation as size increased. Fig. 5b shows the influence of Ag NPs shape
their optical properties, illustrating that the optical properties are very sensitive over
nanocrystal shape.

Among the metals, Ag, Au, and cooper (Cu) display LSPR in the visible and/or near-
infrared range (Fig. 5c¢). Because of this, these systems have been receiving increasing
attention in the field of photocatalysis.??’-2% In addition, non-noble metals such as Al, Bi, Ga,
In, Pb, Th, and Sn have also been receiving attention.?® These elements normally present
LSPR at the UV region. In one example to circumvent this limitation, the LSPR excitation Al
has been already expanded onto the visible side of the spectrum by tuning nanocrystal

Shape.211'216
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Figure 5. (a) LSPR extinction spectra as a function of size recorded for Ag nanocubes. (a)
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LSPR extinction spectra as a function of shape recorded for Ag nanowires, nanospheres, and
nanocubes. (c) LSPR extinction and solar spectra (black) for Ag, Au and Cu NPs. Reprinted
with permission from ref 217, Copyright 2015 Springer Nature. (d) Simulated electric field
enhancement distribution contours around an isolated silver nanoprism with a 60 nm edge
length, excited at 700 nm. (e) Simulated electric field enhancement distribution contours for a
nanoprism dimer in a tip-to-tip configuration. The two Ag nanoprisms are set 2 nm from each
other, and the 3D plot emphasizes the magnitude of field enhancement on the ‘hot spot’.

Reprinted with permission from ref 28, AIP Publishing.

It has been recently established that the LSPR excitation in plasmonic nanoparticles can be
put to work towards the enhancement in the rates of several chemical transformations .5 2%/
This field, named plasmonic catalysis or plasmonic photocatalysis, has emerged as a new
frontier in the field of catalysis and allows for the utilization of visible light as an abundant
and green energy input to drive and, at least in principle, control chemical reactions. 203 217,219
Importantly, plasmonic photocatalysis allows one to overcome some of the intrinsic
limitations of conventional semiconductor photocatalysts, such as short-range light response,
low light absorption, and high photo-generated carrier recombination rates. Photocatalytic
transformations on plasmonic metallic nanostructures are singular in several respects,
exhibiting different behavior as compared with semiconductors.??® Initial studies have

revealed that the rates of photocatalytic reactions on excited plasmonic metallic
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nanostructures may show a super-linear power law dependence on light intensity (that is, rate
is proportional to intensity”, with n>1).203 217, 219 Consequently, photocatalytic reactions on
plasmonic nanostructures may display a positive relationship between quantum efficiency
and photon flux (semiconductors exhibit lower quantum efficiency at higher light intensity).
Also, it has been recently observed that the rate and quantum efficiency of photocatalytic
plasmonic reactions may increase with operating temperature (semiconductor photocatalysts
exhibit lower reaction rates at higher temperatures). 2% 217. 219 Thijs positive dependence of
quantum efficiency and photocatalytic reaction rate on light intensity and operating
temperature provides the possibility that, unlike semiconductor photocatalysts, plasmonic
nanostructures may effectively couple thermal and photonic stimuli to drive chemical
transformations. 217, 219-222

Two main enhancement mechanisms have been proposed for the observed activities in
plasmonic photocatalysis: localized heating and charge transfer of LSPR-generated charge
carriers at the metal-molecule interface via direct and indirect mechanisms.??®> Upon light
LSPR excitation (Fig. 6a),?® the LSPR oscillation decays via non-radiative and radiative
pathways 197 217 224 \While radiative damping involve scattering and is not so attractive for
plasmonic photocatalysis, non-radiative damping (Landau damping) leads to the generation
of hot electrons and hot holes (Fig. 6b). In other words, this creates the probability of finding
the excited electrons between the fermi level of the nanoparticle (Ef) and Eg + hv.??3 Further
decay via electron-electron and electron-phonon coupling lead to a Fermi-Dirac distribution
of charge carriers (Fig. 6¢), which also decays via thermal dissipation to the surroundings
(Fig. 6d).225 226,217, 227228223 Thjs |ocalized heating can provide the energy input to accelerate
chemical reactions. It has also been employed in several biomedical applications??® 23° and
the development of photothermal motors using self-assembled Au NPs. Under light
incidence, these NPs are responsible for raising the local temperature, which thus generates
water vapor that propels the material to the opposite side of the vapor current.?3t 219 232
Another important application included the utilization of aluminium (Al) NPs for the
desalinization of water. A three-dimensional porous membrane containing Al NPs, fabricated
by its self-assembly, was employed as a plasmonic heat source. Through water vapor
generation, saline water was efficiently purified under solar light irradiation. These
applications provide huge environmental impact at remote locations where pure water is
scarce.?%3

Regarding the enhancement mechanism via charge transfer of LSPR excited hot carriers,

two potential microscopic pathways, indirect and direct, can take place. In the indirect
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pathway, charge carriers are excited from occupied states to higher-energy unoccupied states
in the metal particle. This leads to an excited electron distribution. Charge carriers of
appropriate energy from this distribution can then scatter through the adsorbate states
(orbitals) forming transiently charged adsorbates. The facilitation/activation of these species
then lead to increased reaction rates. The role of LSPR in this process is to increase the rates
of charge excitation. On the other hand, the direct transfer pathway involves an LSPR-
induced electron excitation from occupied to unoccupied orbitals of the molecule-
nanoparticle complex that is not mediated by the formation of an excited electron distribution
within the metal. Instead, there is the excitation of an electron directly into an unoccupied
adsorbate orbital of matching energy.?34 2%

As aforementioned, the LSPR excitation also leads to the generation of intense electric
fields close to the surface of the nanostructure. These electric fields are fundamental for
applications such as the Surface-enhanced Raman scattering (SERS) phenomenon according
to the electromagnetic mechanism of enhancement (Fig. 5d-€).%2%23" In addition to its
applications towards the development of ultrasensitive sensors, SERS can also be employed
to monitor transformations triggered by the LSPR excitation. One example is the SPR-
mediated oxidation of 4-aminothiophenol (PATP) to 4,4’-dimercaptoazobenzene (DMAB).?%8
Moreover, some reports have shown that these electric fields may be related to plasmonic

catalytic enhancements.
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Figure 6. Photoexcitation and subsequent relaxation processes following the illumination of a
metal nanoparticle with a laser pulse, and characteristic timescales; (a) First, the excitation of
a localized surface plasmon redirects the flow of light (Poynting vector) towards and into the
nanoparticle; (b-d) Schematic representations of the population of the electronic states (grey)
following plasmon excitation: hot electrons are represented by the red areas above the Fermi
energy Er and hot hole distributions are represented by the blue area below Ef; (b) In the first
1-100 fs following Landau damping, the a thermal distribution of electron-hole pairs decays
either through re-emission of photons or through carrier multiplication caused by electron-
electron interactions. During this very short time interval, the hot carrier distribution is highly
non-thermal; (c) The hot carriers will redistribute their energy by electron-electron scattering
processes on a timescale ranging from 100 fs to 1 ps; (d) Finally, heat is transferred to the
surroundings of the metallic structure on a longer timescale ranging from 100 ps to 10 ns, via

thermal conduction. Reprinted with permission from ref 228, Copyright 2015 Springer Nature.

Therefore, based on the remarkable optical properties of Ag, Au, and Cu NPs in the visible
and near-infrared range as a result of the LSPR excitation, it becomes intuitive that their
hybrids with g-CsN4 may lead to materials with interesting properties that combine plasmonic
and photocatalytic effects. In the following sections, we will start by discussing some general
aspects and principles involved in the construction of hybrid materials composed of
plasmonic nanoparticles and semiconducting materials. Then, we will focus on the emerging

class of hybrids composed of g-CsN4 and plasmonic nanoparticles.

5.2. Coupling plasmonic NPs and semiconducting materials

It is well known that plasmonic NPs can act as both light absorbers and electron traps,
enabling the lowering recombination rates when combined with semiconducting materials. 2%
When metal NPs are deposited on a semiconductor surface, a contact potential difference is
generated at their interface due to their different work functions. This potential difference is
called the Schottky barrier, and the band bending when a contact is formed after reaching
equilibrium is dependent on the relative energies of the work functions of the metal and
semiconducting component as illustrated in Fig. 7. This phenomenon can induce the
directional migration of photogenerated electrons from semiconductor to metal, greatly
enhancing the charge separation efficiency.?* Therefore, this system behaves as an effective

electron trapping site to suppress the electron-hole recombination.
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Figure 7. Band structures for a hybrid composed of a metal and a semiconductor nanoparticle
(the not in contact, in contact, and in contact under equilibrium scenarios are shown in the
top, middle and bottom panels, respectively.). (a) and (b) represent the band-bending effect
on a metallic nanoparticle (light blue) attached to an n-type semiconductor (dark blue) in two
scenarios: when the semiconductor work function (¢s) is higher than the metal work function
(dm) (a), and when the semiconductor work function (¢s) is lower than the metal work
function (¢m) (b). Reprinted with permission from ref 240, Copyright 2012 American
Chemical Society.

Fig. 8 displays the common mechanisms by which the LSPR excitation in hybrids
between plasmonic NPs and semiconductors hybrids can lead to improvements in
photocatalytic activities.?”® When plasmonic NPs are coupled with semiconductors, in
addition as acting as electron traps, localized heating (Fig. 8a) and near-field enhancements
(Fig. 8b) as a result of the LSPR excitation can lead to an enhancement in the generation of
charge carries at the semiconductor. Moreover, charge-transfer processes of SPR-excited hot
electrons and holes between the metal and semiconductor can also take place (Fig. 8c). These
processes also occur simultaneously in the hybrids. In this case, the elucidation of the
mechanistic contribution of each effect over the detected activities represents an important

challenge in the field.2381%. 223, 241
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Figure 8. (a-c) LSPR-related mechanisms on hybrid materials composed of plasmonic NPs
and semiconducting materials; (a) Local temperature increase causes the enhancement of
exciton formation on the semiconductor; (b) Optical near-field enhancement promotes the
transfer of photons to the semiconductor, thus increasing the exciton formation; (c) Hot-
electrons and holes are transferred to the semiconductor, so reactions on their surface can also
be enabled by LSPR. Reprinted with permission from ref 223, Copyright 2014 Royal Society
of Chemistry.

Three main approaches can be employed for the synthesis of these hybrids. The first
consists in the heterogeneous nucleation and growth of metal NPs at the surface of the
semiconductors, which are employed as seeds or physical templates for the formation of
metal NPs. The second comprises the impregnation of pre-formed NPs at the surface of the
semiconductor. Finally, the third involves the one-pot synthesis of both semiconductor and
metal NPs.2422%0 |t is important to note that metal/semiconductor NPs hybrids displaying
core-shell and other morphologies have also been reported (such as metal NPs decorated at
the tips of semiconducting nanorods). However, these systems will not be the focus of our
discussion in this review.

Among the several reported materials, hybrids composed of Au NPs and TiO> represent
one of the most widely studied examples of a material comprising a plasmonic and
semiconducting component.?®1-26 In the context of g-CsNa, it is clear that the LSPR
excitation of noble (Au and Ag)* and even non-noble (e.g. Bi) metals can expand the optical
spectral response of g-C3sNjs to visible light, while the excellent catalytic activity enabled by

the metal NPs can provide catalytic sites for target transformations.?8: 257-261
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5.3. Hybrids between noble metal NPs and g-C3N4

Au and Ag represent the most investigated noble metal NPs displaying LSPR effect in the
visible or near-infrared range. Au-loaded on bulk®3: 262.263 gnd exfoliated?%* g-C3sN4 have been
reported for various photocatalytic applications.?®® Different methods to decorate the g-CsNa
surface with the metal NPs are commonly used, such as photoreduction,?63 264 266
impregnation,2%® and deposition-precipitation.>® Di et al. compared Au/g-CsNa4 synthesized by
photoreduction, impregnation, and deposition-precipitation. They reported a higher
photocatalytic activity for the composite prepared by the deposition-precipitation, due to the
formation of tight Au-semiconductor heterojunctions effectively promoting the transfer of
charge from light-excited g-C3sN4.5% The stronger the interfacial contact between Au and g-
CsNg, the easier the electron migration process will be. Moreover, the LSPR effect in Au
helped in visible light absorption in the hybrid, also contributed to the superior photocatalytic
activities. Samanta et al. compared pure g-CsNs4 with 1 wt% Au/g-C3N4. The plasmonic
photocatalyst presented a photocurrent density that was 3000 folds higher than pure g-CsNa.
The dramatically enhanced photocurrent density of Au/g-CsNs was ascribed to the strong
visible light absorption and boosted charge carrier separation due to the LSPR effect from Au
NPs.>* Furthermore, it can be observed that the Au Fermi level can shift towards more
negative potentials when the electrons were transferred from the sp?-hybridized n-conjugated
g-CsN4 network to Au. Essentially, Au played a dual-function role as an electron collector
and also as a plasmonic cocatalyst.?®

Ag, which presents a characteristic LSPR peak centered at ca. 450 nm, has also been
employed to form heterojunctions with g-CsNa4.5> 267-272 |t is important to note that in both Au
and Ag, the LSPR frequency can be tuned by maneuvering their size and shape.® Yang et al.
reported that Ag/g-CsN4 nanohybrids prepared by photo deposition were active under visible
light due to the LSPR excitation in Ag NPs as well as the fast transportation and separation of
charge carriers.?” It was demonstrated that the LSPR effect of Ag promoted an enhancement
of local electromagnetic fields, which improved the generation of electron and holes within g-
Cs3Na. In addition to the LSPR effect, the photogenerated electrons on g-CsNs can be
scavenged promptly by Ag NPs, forming a Schottky barrier to inhibit the charge
recombination process.?® Further details about Ag modified g-CsNa4 hybrid synthesis and their
applications can be found in a recent review written by Patnaik et al.>"*

An interesting example that illustrated the importance of the strength of interaction

between the noble metal and g-CsN4 to ensure the smooth transfer of photoinduced electrons
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was reported in the Pt/g-CsN4 material by Shiraishi and co-workers. They investigated the
influence of two different synthesis methods over photocatalytic activities: i) reduction of Pt
precursor by H» at a high temperature, and ii) photoreduction. Both approaches yielded nearly
similar Pt particle sizes (ca. 3.5—4 nm). Surprisingly, the catalyst prepared by the high-
temperature method exhibited 10 times higher photocatalytic activity for H, evolution when
compared with samples prepared by photoreduction method.?”> Several other studies also
reported increased photocatalytic activity in Pt/g-C3Ns heterojunctions, especially for
photodegradation?’® and CO- photoreduction.?’’. 278

In addition to Pt, Pd/g-CsN4 heterojunctions have been widely investigated. A range of
publications have addressed synthesis routes to decorate g-CsNa4 with Pd NPs.2%-284 Among
them, it is worth to highlight the results reported by Bai and co-workers on the effect of Pd
facet selectivity as a cocatalyst in photocatalysis. They produced uniformly dispersed Pd NPs
with different preferential exposed facets, {100} and {111}, on 2D g-CzNa. They showed that
reduction of CO; can better occur on Pd {111} facets while H2O prefers to generate H, on
Pd-{100}. The authors justified the higher activity of the Pd {111} facets towards CO>
reduction as a result of the higher adsorption energy of CO- in these surface facets (0.230 eV)
when compared to Pd {001} (0.064 eV), as indicated by first-principles theoretical

calculations.283

5.4. Hybrids Between Non-Noble Metals NPs and g-C3N4

Apart from the noble metals, Bi, Ni and Cu have also been used to form hybrid
composited with g-CsNa. The semimetal Bi exhibits intriguing properties, being able to act as
an electron reservoir and possessing plasmonic properties (which are in essence similar to the
noble metals). Dong et al. deposited Bi nanospheres on thin g-CsN4 layers and observed a
wide additional absorption peak at ca. 500 nm, thus improving visible light absorption and
thus the generation of charge carriers. They also observed a higher surface photovoltage
(SPV) response for Bi/g-C3Na4 due to the electric field generated from Bi accompanied by the
transfer of electrons from g-CsNs to Bi metal as an electron channel. These local
electromagnetic fields emerge from the LSPR effect in Bi, which was confirmed by using a
finite integration technique simulation.?®> Another non-noble metal displaying plasmonic
properties which was reported in g-CsN4 based hybrids is Cu. To the best of our knowledge,
only Zhang et al. have investigated Cu NPs to improve photocatalytic reactions in this

context. They observed a red-shift on light absorption due to LSPR effect of Cu NPs and an
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increment in the Hz evolution rate under visible light irradiation.?8® Wang et al. have tested
Cu/g-C3Ns NPs composite as peroxidase-like to help in glucose detection in blood samples,
which allow lower detection limits.?8” Studies on Cu/g-CsN4 heterojunctions have remained
scarce mainly due to the instability of the Cu NPs towards oxidation in air. Hence, most of
the reports tested Cu oxides or hydroxides with g-C3N,.17% 288, 289

Ni has also been studied as a cocatalyst with g-CsNs. Bi et al. reported increment on the
SPV due to efficient charge separation at the heterojunction interface of Ni/g-CsN4.?®° Kong
and collaborators developed a robust and visible light active Ni/g-CsN4 catalyst for H»
production. Their mechanistic studies concluded that the hybrid composite presented high
visible light activity due to Ni NPs effectively preventing the recombination of the
photogenerated electrons and holes of g-C3N4.2%! In a recent publication, Wen and co-workers
reported that the Ho-evolution activity for the system Ni/g-CsN4 can be further improved by
the addition of NiS. They reported a significant synergistic effect between the multifunctional
metallic  Ni interface layers and amorphous NiS improving the charge
separation/transportation. This effect could enhance both Hz-production and TEOA-oxidation
kinetics, thus resulting in the significantly boosted photocatalytic H> evolution over the
ternary composite photocatalysts.?®? It is worth to highlight the recent Al decorated g-CsNa
reported by Choi and colleagues. The incorporation of this inexpensive and abundant metal
significantly changed optical and photocatalytic properties and led to increments for Ho-
evolution and organic pollutant degradation under light excitation.?%

5.5. Hybrids between bimetallic NPs and g-CsN4

Compared to monometallic NPs, bimetallic NPs have attracted massive interest in
catalysis, in which the synergy between the two metals (electronic effect) have led to
improved performances.?#2% In addition to catalytic activity, selectivity and stability have
also been dramatically affected in the bimetallic systems.?®> Han et al. reported g-C3sNa
nanohybrids modified with PtCo bimetallic alloy NPs. They were formed on g-C3N4 by an in
situ strategy based on chemical reduction. This material was investigated towards the
photocatalytic H» evolution. They showed that the bimetallic NPs increased the surface defect
density and changed the Fermi level in comparison to monometallic Pt NPs. This lead to the
better separation of photogenerated charge carriers and consequently to a more active catalyst
for generate Hz under visible light irradiation.?®® The same group also reported AuPd/g-C3sNa

bimetallic photocatalysts with enhancement of visible light absorption and more efficient
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separation of electron-hole pairs as compared to @g-C3Ns and their monometallic
counterparts.?®’

The effect of the exposed facet (shape effect) is also important in bimetallic systems. PtCu
concave nanocubes displaying high-index {730} surface facets loaded on g-CsN4 nanosheets
exhibited higher photocatalytic activity and selectivity in CO> reduction for methane (CHa)
production as compared to PtCu nanocubes (enclosed by {100} facets) loaded on g-C3zNa.
This enhancement was assigned to the presence of more low-coordinated, active metal active
sites in the concave nanocubes with high index surface facets, favouring adsorption and

activation of CO,.2%8

5.6. Metal NPs in g-CsNas-based Z-scheme photocatalysts

An important class of application of metal NPs is to work as a conductor in Z-scheme
photocatalytic systems. Metal NPs (such as Au, Ag, Pt, Cu, and Bi), as well as carbon
materials (such as GO, CNTs, rGO and carbon), can be applied as solid-state electron
mediators for the g-C3Ns-based Z-scheme systems. They can promote a fast separation of the
photogenerated electron-hole pairs at the interface of the two semiconductors.?%-302 The
metal NPs can also serve as a charge transmission bridge. When a conductor is added
between two semiconductors, it forms an Ohmic contact with low contact resistance as
depicted in Fig. 9.39%.3%4 The photoinduced electrons in the conduction band semiconductor 2
can directly recombine with the holes in the valence band of semiconductor 1 through the
Ohmic contact. Consequently, the holes and electrons with more efficient redox ability can be
mostly reserved for efficient photocatalytic reactions.3%% 3% Z-scheme systems have attracted
considerable attention because it not only boosts the spatial separation efficiency of
photoinduced electron-hole pairs but also minimizes undesirable backward reaction of the
photocatalytic process due to two different redox sites.3%” 308 Moreover, maximum
overpotentials can be obtained with this unique Z-scheme system, which benefits from the
effective utilization of a high conduction band from semiconductor S2 and a low valence
band from semiconductor S1.3%%: 310 Many recent advances have been done using g-CsN4 in Z-
scheme heterojunctions. This topic was recently reviewed by Jiang et al., which covered the

preparation and catalytic application of g-CsNas-based Z-scheme systems.30°

26



<1v<5<{> ~ N
- f Reduction
; A
Qe

Oxidation

D&
S1
Figure 9. Schematic illustrations of two semiconductors (S1 and S2), coupled in a Z-scheme
in the presence of a metal NPs as an electron mediator. Adapted with permission from ref 3%,
Copyright 2015 John Wiley and Sons.

6. Photocatalytic Applications of Metal NPs and g-CsN4 Hybrids

Metal NPs can have a wide range of catalytic applications. In fact, they can be coupled
with g-C3Na4 to accomplish one or more of the following tasks: i) improve charge separation
through heterojunctions with g-CsNg; ii) improve the visible light utilization; and iii) act as a
cocatalysts lowering the redox overpotential at the active sites and helping in the activation of
the reactant molecules.?® This section will focus on how each metal presented in the last
section help to address one or more of those tasks when coupled with g-CsN4 in different

catalytic reactions together with a detailed discussion of their enhancement mechanisms.
6.1 Photocatalytic Water Splitting

Hydrogen is considered as an ultimate clean fuel because of its high-energy density (140
MJ kg 1), environmental benignancy, and recycling.t 117- 311 The generation of Hz from water
by employing a photocatalyst and solar energy has been considered a promising approach to
produce hydrogen energy.3!? 313 A range of semiconductor photocatalysts have been reported
to catalyse the evolution of H, from water. However, the practical applications of this
strategy are limited by the prompt recombination of photogenerated electron-hole pairs
within photocatalysts. According to the requirement of thermodynamics, the conduction band

potential should be more negative than the reduction potential of H2O (0 V vs. NHE) for H:
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generation, and the valence band potential should be more positive than the oxidation
potential of H2O (1.23 V vs. NHE) for Oz generation. g-C3aN4 possess appropriate conduction
and valence band positions to catalyse the water splitting reaction.?* 314 Moreover, its visible-
light-driven properties and high specific surface area makes g-C3Ns a promising
photocatalyst to promote the Hz-evolution from water.3!4 31> The U.S. Department of Energy
(DOE) has concluded that photocatalyst for water splitting must have solar-to-hydrogen
(STH) efficiency equal or higher than 5% to meet the economically viable price of US$ 2-4
/kg H2. Up to now, one of the photocatalysts that are closer to this efficiency is a g-CaNa-
based catalyst comprised of carbon nanodots on g-CsNa4.1%8 Despite all the great properties of
the g-CsN4, when it is used to catalyse the water-splitting reaction, it produces 0.1-4 pmol
h™ of H, with a quantum efficiency (QE) of less than 1% under visible light.?8 26% 316, 317
Hence, it is highly important modify g-CsNs to allow higher rates of Hz production and
quantum efficiencies. For instance, Table 1 summarizes the recent advances in the
photocatalytic water splitting photocatalysed by metal NPs/g-CsNas-based nanohybrids.

Platinum is one of the most efficient cocatalysts for H> generation and has been widely
used for enhancing the performance of g-CsNa-based hybrid.!3 260, 261, 275-278, 318-322 The
intriguing mechanism of how the noble metals, especially Pt, act during the water-splitting
reaction has been widely investigated. Fina et al. found that the oxygen content of the
cocatalyst does not seem to affect the photocatalysts activity. Their investigation concluded
that the main factor affecting the H> evolution rate of the materials was the coverage,
represented as the Pt:N ratio, with a lower coverage being more beneficial. Following the
coverage, the crystallite size of the metal NPs also played an important role in the catalytic
activity. Pt/g-CsN4 materials in which Pt NPs were characterised by a higher crystallinity
resulted in a higher Hz evolution.?®® Li and co-workers investigated single-atom Pt as a
cocatalyst for g-C3aN4 in Hz production. They showed that isolated single Pt atoms induces an
intrinsic change of the surface trap states leading to a longer lifetime of photogenerated
electrons and thereby improved photocatalytic performance (Fig. 10). Single-atom Pt
cocatalyst led to tremendous enhancements on photocatalytic H> generation, being 8.6 times
higher than that of Pt NPs the per Pt atom basis, and nearly 50 times of that for bare g-
C3N4.318
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Figure 10. Representative ultrafast transient absorption (TA) kinetics probed at 750 nm
(pump at 400 nm) for (a) g-CsNas; (D) Ptsingle-atom/9-C3Ns4 and (c) Pt NPs/g-C3Ns. (d)
Schematic model of Ptsinge-atom/g-C3Na and photocatalytic comparison with Pt NPs/g-CaNa;
(d) Schematic illustration of the mechanisms which led to a longer lifetime of photogenerated

electrons. Adapted with permission from ref 318, Copyright 2016 John Wiley and Sons.

Although Pt is essentially the most efficient cocatalyst for water splitting, it is
prohibitively expensive, which strongly limits its practical applications. In the past few years,
the Pt-free approach has been successfully demonstrated for H> evolution by combining g-
CsN4 with a more inexpensive metal, such as Ni, Cu, Zn, Co, and Fe. Chen et al. introduced
single Ni active sites onto the surface of g-CsN4 by using a molecular-level design strategy.32
The resulting catalyst family (with less than 0.1 wt% of Ni) was shown to generate H, with a
rate close to that attained with a 3 wt% Pt on g-CsNas. In another contribution, Bi et al.
synthesized a series of Ni-doped g-C3Ns and demonstrated a surface band bending change of
g-CsN4 when contacted with Ni. The results indicated that Ni-coating deepened the surface
band bending of g-CsNs, thereby resulting in higher separation efficiency of photoinduced
electron-hole pairs and improved Hz generation activity.?®® Indra and collaborators proved
that Ni2* mesoporous g-C3sN4 can be reduced to Ni® NPs during the photocatalytic reaction in

the presence of sacrificial agent (e.g., TEOA), and act as a cocatalyst to reduce protons to
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H..324 Zhang et al. deposited cobalt on g-C3Na4 by using a homogeneously engineered strategy
via chemical interaction. This modification promoted the surface kinetics of oxygen evolution
reaction increasing its activity by two when compared with pure g-C3N4.32°

Zhang et al. added the noble metal rhodium (Rh) as the cocatalyst on g-CsNs and
investigated the influence of Rh NP size on the photocatalytic activity for H. evolution. The
authors demonstrated that the light-absorption properties of the g-C3Ns were not influenced
by the presence of Rh and its activity is not significantly affected by the NPs size. However,
the number of Rh NPs on the surface of g-CsNs and the metallic nature of Rh® greatly
influenced the photocatalytic H» production activity of g-C3Na4.2%°

Another metal which has shown promising results when coupled with g-CsNa is Ag.
Sridharan and co-workers compared the activity Ag NPs and Ag quantum clusters (Ag \QC)
on g-CsN4 towards the H> evolution reaction. The authors reported an enhanced absorbance
for the AgQC/g-C3zN4 originating from quantum confinement effect. Despite the fact that this
improvement confers an activity 1.7 times higher than g-CsNs for H. production, the
AgQC/g-CsNs still was slightly less active than AgNP/g-CsNa, because of surface hydroxyl
radical formation on the AgQC/g-C3sNs surface.3? Qin and Zeng reported improved activity
using Ag NPs combined with carbon quantum dots (CQDs) and ¢g-CsN4. The authors
demonstrated a synergistic effect due to the combination of LSPR effect from Ag NPs with
upconverted PL superiority of CQDs allowing a broader spectrum application (Fig. 11a),
which lead to photocatalytic activities for Hz evolution 6.7 times higher than pure g-CsNa4 and
2.8 higher than CQDs/g-C3sN4.%?” The same research group also reported the improvement in
photocatalytic Hz> generation of Ag/g-C3Ns4 nanohybrids, under visible-light illumination,
through dye-sensitization with fluorescein.= The addition of the photosensitizer fluorescein
lead to an activity for Ho production 4.8 times higher than that of 3 wt% Ag/g-CsNs in the
absence of dye molecules, which was approximately 4.8 times higher than that of 3 wt%
Ag/g-C3N4 in the absence of dye molecules. The LUMO orbital of fluorescein is more
negative than the conduction band of g-C3Ns, while its HOMO is more positive than the
redox potential of the sacrificial reagent, TEOA.?® 328 Upon the irradiation of visible light,
both fluorescein and g-CsNs were excited, and the electrons from fluorescein can easily
migrate to the conduction band of g-CsNa. Subsequently, the electrons rapidly migrated to the
Ag, accumulating onto Ag NPs to create a Schottky barrier, which could hinder the
recombination of electron-hole pairs. The strong local electromagnetic field induced by the
LSPR effect of Ag could also improve the captured electron energy and transfer rate,

allowing them to react with H* increasing the Hz production (Fig. 11b). Simultaneously, the
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photogenerated holes of fluorescein and g-CsN4 could be packed by electrons from TEOA for
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Figure 11. (a) Scheme showing the charge generation, transfer process, and photocatalytic H>
evolution mechanism over the Ag/CQDs/g-C3sN4 hybrids. Reproduced with permission from
ref 327, Copyright 2017 Elsevier; (b) Schematic representation of the charge migration and
separation improvement promoted by fluorescein on Ag/g-CsN4 hybrids. Reproduced with
permission from ref 328, Copyright 2015 Royal Society of Chemistry.

The promotion mechanism in Ag-modified g-C3N4 photocatalysts was investigated for the
first time by Bu and collaborators through an electrochemical method.?®® The decoration of
the g-CsN4 surface with Ag NPs improved the conductivity and reduced the energy barrier of
the interface reactions. As displayed in Fig. 12, both Fermi levels of g-CsN4 and Ag are
shifted positively when Ag is in contact with the g-CsNa4 surface because the conduction band
potential of g-C3sNas is less positive than the Fermi level of Ag. Therefore, when the Fermi
level of g-CsNas, which is situated below the conduction band, is shifted to the positive
direction. The conduction band of g-C3Ns is simultaneously moved in the same direction.
Consequently, the conduction band generates an upward band bending near to the interface
between Ag and g-CsN4 for the transfer of photoexcited electrons from g-CsNa4 to Ag NPs.
This phenomenon leads to the formation of an interfacial electric field. When the electron
exchange is held in equilibrium, the flat band potential (Ef) is positively shifted. This
enhances the separation efficiency and prolongs the lifetime of electron-hole pairs, accredited

to the heterojunction electric field formed on the interface of Ag and g-CzNa.
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Figure 12. Schematic illustration of the electron energy level when Ag NPs are in contact

with g-C3Na. Adapted with permission from ref 268, Copyright 2014 Elsevier.

In fact, when the LSPR absorption of the noble metal partly coincides with the optical
absorption of the photocatalyst, the LSPR induces plasmon resonance energy transfer (PRET)
from the plasmonic metal to the adjacent semiconductor will excite charge carriers at the
interface of noble metal/semiconductor.3?® 33 Thus, the PRET effect facilitates the generation
of charge carriers and, for this reason, it suppresses the charge recombination by reducing the
migration distance for the surface catalysis.® It is noted that the LSPR-induced electric field
and the PRET effect will become greater when the distance between the semiconductor and
the noble metal is optimised.??® For the system Ag/TiO, this optimal distance corresponds to
around 5 nm as reported by Linic et al.> If the semiconductor is located too near the noble
metals, the nonradiative energy transfer, Forster resonance energy transfer (FRET), will
primarily occur thus quenching the photoexcited semiconductor.33! As a result, the distance
between a semi-conductor and a noble metal is essential to balance the PRET and FRET
effects. Chen and collaborators using an approach similar to that reported by Linic’s group
investigated the distance-dependent plasmonic influence in the system g-CsNs and Ag NPs.
They used a nanogap-engineering approach by loading the Ag@SiO plasmonic core-shell
NPs onto the g-C3N4 nanosheets.?®® In view of the distance-dependent plasmonic influence,
the nanogaps between g-C3Ns and Ag NPs were tuned from 8 to 21 nm by modulating the
SiO2 shell thickness (Fig. 13a-f) in order to balance both PRET and FRET effects. The
electromagnetic field intensity induced by Ag NPs could be viewed from the finite difference
time domain (FDTD) simulation, as shown in Fig. 13g-l. By this the nanogap engineering
approach, the optimum activity for the H. production reported by the authors was for the
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system with a nanogap of 12 nm. This optimum distance balanced the positive PRET and the
negative FRET effects on plasmonic photocatalysis (Fig. 13m).?%° This interesting finding
will be particularly helpful to designing more effective metal NPs/g-C3N4 systems for
photocatalytic applications.?®
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Figure 13. (a-d) TEM images of Ag@SiO- core-shell NPs in which the SiO> shell thickness
corresponding to 8 (a), 12 (b), 17 (c), and 21 nm (d). () TEM image of Ag NPs without the
silica coating. (f) TEM image for Ag/g-CsN4 without SiO2 capping.; (g-1) FDTD simulation
for the field enhancements for Ag NPs (g), Ag@SiO2-8 nm (h), Ag@SiO2-12 nm (i),
Ag@SiO2-17 nm (j), Ag@SiO2-21 nm (k), and a hollow SiO. sphere with 12 nm shell
thickness (1). (m) Representation of the mechanism for H. production over Ag@SiO2/g-C3N4
in which the PRET and FRET effects gradually become weakened with the widening of the
nanogap, as well as the Hz evolution rate for each system. Reprinted with permission from ref
269 Copyright 2015 John Wiley and Sons.

Regarding Au NPs, their combination with g-C3N4 presented higher activity for H:
evolution than Pt/g-C3N4, as reported by Di et al.>® They proposed that the Au NPs on the
surface of g-CsNj4 trapped and stored the photogenerated electrons from the substrate. This
shifted the Fermi level to more negative values, promoting the transfer, with low resistance,
of electrons from the conduction band of g-CsN4 to Au. Despite the good activity presented

by the Au NPs, the Au/g-CsN4 photocatalytic system can have its activity further improved
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by combining it with other metals to generate bimetallic compositions as shown in Fig. 14.53
Other bimetallic cocatalysts, such as PtCo,%%® PdAg,*3? AuPd?®" 333 and AuPtO,** also have

exhibited higher H> photocatalytic activity than their monometallic counterparts.
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Figure 14. H, evolution over various bimetallic cocatalysts loaded on g-CsN4 under visible-
light irradiation. Reproduced with permission from ref 53. Copyright 2010 John Wiley and
Sons.

Metal NPs can have an important role in Z-scheme systems as explained in Section 5.6
and some of those properties can be exploited to enhance the photocatalytic activity for the
water-splitting reaction. For example, when sulphur-doped g-CsN4/CdS is decorated with Au
NPs, it becomes almost 2 times more active for Hz evolution and 20 times more active than
only sulphur-doped g-CsNa under visible light irradiation. The Au NPs in this Z-scheme
system act as an intermediate agent between sulphur-doped g-CsN4 and CdS, promoting the
efficient transfer of excited electrons.3%? Ding et al. reported excellent results using a similar
system comprised of an Au-core and CdS-shell (Au@CdS) NPs supported over g-C3Nas. The
author evaluated this Z-scheme photocatalyst for Hz evolution under visible-light irradiation
(A > 420 nm) using methanol as a sacrificial reagent and observed that its activity was about
125.8 times higher than g-C3sN4 (and was even higher than that of Pt/g-C3N4).33 Au NPs were
also successfully used in other Z-scheme systems to improve its activity in water splitting
reaction, such as g-CsN4/Au/CdZnS23 and CdxZn1-xS/Au/g-C3N4.3%7

Another interesting result for improved water splitting was reported by Yin and co-
workers using core-shell nanocubes composed of a Pd-core and CuO-shell (Pd@Cu20), as
shown in Fig. 15. The embedded Pd nanocubes not only promote the electron-hole separation
by trapping the charge carriers from the semiconductors, but also act as a Z-scheme “bridge”

in keeping the strong redox ability of the electrons/holes for surface reactions (as depicted in
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Fig. 15h). The authors observed a H. evolution activity dramatically higher than that of its
counterpart g-CsNa/Cu.0 structure without Pd.3%
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Figure 15. (a) Scheme of the synthesis of the Pd@Cu20/g-C3N4 hybrids. (b-g) TEM and
HRTEM images of Pd/g-CsN4 (b-d) and Pd@Cu20/g-C3N4 hybrids (e-g). (h) Representation
of the photocatalytic mechanism of H: evolution on the Pd@Cu20/g-CsNs hybrids.
Reproduced with permission from ref 338, Copyright 2016 American Chemical Society.

Other Z-scheme system that deserves attention is the g-CsN4/Ag/MoS: ternary plasmonic
photocatalyst. This material displayed a flower-like architecture of about 0.4-0.6 um in
diameter (Fig. 16). It was successfully synthesized by Lu and collaborators.33° The authors
reported that g-C3N4/Ag/MoS; was 8.78 and 2.08 times more active in the production of Ha
out of water than Ag/MoS; and g-C3N4/MoS;, respectively. The excellent photocatalytic
activities were attributed to the synergistic effects of Ag, g-CsN4, and MoS> nanostructures in
the g-CsN4/Ag/MoS, composites, which result in a Z-scheme-mechanism-assisted fast
separation and slow recombination of photoinduced electron-hole pairs and consequently
higher photocatalytic activity.33
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Figure 16. (a) Schematic illustration of hybrids composed of Ag/MoS; nanoflowers on g-
C3aN4; (b) Separation and transfer of photogenerated charges in the Ag/MoS2/g-C3Ns
nanohybrids; (c) SEM image of MoS,/g-C3N4; (d-f) TEM images and SAED pattern for
MoSz; (g-i) TEM images and SAED pattern of Ag/MoS,. Reproduced with permission from
ref 33°. Copyright 2017 American Chemical Society.

A comparison of the photocatalytic activity towards the water-splitting reaction of all the
systems discussed in this section is shown in Table 1.

Table 1. Photocatalytic H2 evolution on metal NPs/g-CsN4 heterostructures

Total
Fraction of . Light source Activity
Catalysts mass of Reactant solution QE (%) Ref.
cocatalysts (wavelength-nm) (umol h 1)
catalysts
100 mL of 10 vol%
300 W Xe lamp
g-CsN, - 0.1g TEOA and methanol 0.1-4 <0.1% 13
. (>420 nm)
aqueous solution
300 W Xe lamp 6.29%
CDots/ g-C3N, 0.016 wt%  0.080 g 150 mL of water 8.4 128
(>420 nm) (420 nm)
300 W Xe lamp
Pt/g-C3N,4 1.13 wt% 0.080 g 100 mL of water 0.531 N/A %1
(>400 nm)
100 mL of 10 vol% 500WHBO lamp
Au/g-C3N, 1.0 wt% 0lg TEOA aqueous (> 420 nm) 8.6 N/A 58
solution
50 mL of 25 vol%
300 W Xe lamp
CdS/Au/g-C3N, 2.0 wt% 0.1g methanol aqueous 19.0 N/A 335
. (>420 nm)
solution;
100 mL of 10 vol%
300 W Xe lamp
Ptsingle-aom/3-CsNs  0.16 wt% 0.05¢ TEOA aqueous 318 N/A 818
. (>420 nm)
solution;
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PtCo/g-C3N,

PdAU/g-C3N4

PdAg/g-C3sN,

PtOAU/g-Cg \

Rh/g-C3N,4

Ni/g—CgN4

Ni/g-C3N4

Ni(singte site)/3-C3Na

NiS/Ni/g-CsNs

Ag/g-C3N,4

AgQC/g-C3N,

Ag/CQDs/g-CsNy

Fluorescein/Ag/g-
CsNy

CdznS/Au/g-
CsN,

Cdo_gZﬂo_zS/AU/g-
C3Ny4

g-C3N,4/Pd/Cu,0

g-C3N4/Ag/MoS,

1.0 wt%

0.5 wt%

1.0 wt%

1.0 wt%

0.25 wt%

10 wt%

10 wt%

0.1 wt%

0.5 wt%

~8%

7.46 Wt%

3 wt%

2.95 wt%

2.0 wt%

2.0 wt%

0.05g

0.05g

0.01g

0.05g

0.1lg

0.05g

0.05g

0.05g

0.05g

0.01g

0.01g

0.005 g

0.005 g

0.1lg

0.05g

0.015g

010g

100 mL of 10 vol%
TEOA aqueous
solution;

100 mL of 10 vol%
TEOA aqueous
solution;

22.5 mL of 10 vol%
TEOA aqueous
solution;

80 mL of 25 vol%
methanol aqueous
solution;

36 mL of 11 vol%
methanol aqueous
solution;

100 mL of 10 vol%
TEOA aqueous
solution
100 mL of 10 vol%
TEOA aqueous
solution
50 mL of 10 vol%
TEOA aqueous
solution
100 mL of 15 vol%
TEOA aqueous
solution
40 mL of 25 vol%
methanol aqueous
solution;

40 mL of 25 vol%
methanol aqueous
solution;

70 mL of 14 vol%
TEOA aqueous
solution;

70 mL of 10 vol%
TEOA aqueous
solution;

100 mL of 0.25 M
Na,S and 0.35 M
Na,SO3 aqueous
solution;
70mLof0.1M
glucose agueous
solution;

20 mL of 10 vol%
TEOA aqueous
solution;

20 mL of 10 vol%

300 W Xe lamp
(>400 nm)

300 W Xe lamp
(>400 nm)

Solar Irradiation
(840 Wm?)

350 W Xe lamp
(>400 nm)

Xe Arc Lamp
(320 mw/cm?)

500 W Xe lamp

500 W Xe lamp

Xe lamp (125
mw/cm?);
(>420 nm)

300 W Xe lamp
(160 mwW/cm?);
(>420 nm)

Solar simulator

Solar simulator

300 W Xe lamp

300 W Xe lamp

300 W Xe lamp
(>420 nm)

300 W Xe lamp
(>420 nm)

300 W Xe lamp
(100 mw cm?);
(>400 nm)
300 W Xe lamp

48

16.3

1250

16.9

14.9

15.66

8.41

55

515

2.8

2.43

626.93

2014.20

6150

123

325

10.4

N/A

N/A

8.7%

N/A

N/A

0.4%
(365 nm)

N/A

2.6%
(420 nm)

N/A

N/A

N/A

4.81%
(400 nm)

N/A

N/A

N/A

0.9%
(420 nm)

N/A

296

297

334

259

340

290

292

326

326

327

328

336

337

338

339
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TEOA aqueous (172 mW cm2);
solution; (>420 nm)

6.2 Photocatalytic Reduction of CO2

Over the past century, our society has become heavily dependent on fossil fuel sources
such as coal, gas, and oil to produce our daily energy needs and chemicals.®*! The carbon
dioxide produced by these non-renewable carbon sources has been significantly altering the
climate on Earth342 and our heavy reliance make them more expensive and less abundant.34
A larger demand on fossil resources for the next few decades is expected since the global
economy will continue to grow steadily.*® Recently, a great effort towards reducing the
regional and global CO; emissions has been pursued. However, a breakthrough technology
which allows converting CO- into energy-bearing products is required. Inspired by the
natural photosynthesis, the photocatalytic conversion of CO into energy-bearing products
has been regarded as an alternative option to address the diminishing of fossil resources and
mitigate the greenhouse gas effect to attain solar energy conversion.3*4 34 |n this artificial
photosynthesis approach, a photocatalyst directly captures CO> and solar energy and converts
them into hydrocarbon fuels. The photocatalytic CO> reduction process is a multielectron
transfer process. The possible reaction processes and corresponding redox potentials (vs.

reversible hydrogen electrode, RHE) are shown below:

(1) CO, + 2H* + 2¢" — HCOOH (Eredox= -0.20V)
) COz+ 2H* + 26" — CO + H;0 (Eredox= -0.12V)
(3) CO, + 4H* + 4e" — HCHO + H;0 (Eredox= -0.07V)
(4) CO, + 6H* + 66" — CHzOH + H20 (Eredox= +0.03V)
(5) CO, + 8H* + 8e- — CHy + 2H,0 (Eredox= +0.17V)

The CO2 reduction reactions are complex with many pathways and products. Moreover,
the CO2 molecule is extremely difficult to be activated and further reduced at room
temperature due to its thermodynamic stability. These factors make photocatalytic CO>
reduction very challenging.?

Despite the very low efficiency, pure g-C3N4 (without any cocatalyst) can catalyse the
reduction of CO; into other chemicals (e.g. CO,3* CH3;CHO3*" and CH43*"), and the nature of
the major CO- reduction product in the presence of water vapor can be modulated by the
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band structure of bulk g-C3sNs and g-CsNa nanosheets, as reported by Niu et al.34" Other
studies about the influence of electronic structure of g-C3Ns-based systems on the product
selectivity in COz reduction were also performed and proposed that not only band position is
responsible by this effect, but also the electron sink effect as well as the promoted charge
transfer between composite components,24: 277, 348-352

Similar to photocatalytic water splitting, noble metals can be used as efficient cocatalysts
for enhancing the photocatalytic CO> reduction performance of g-CsN4 (as summarized in
Table 2). Yu et al. reported a great enhancement on the photocatalytic activity of g-CzNs4 for
reduction of CO> into hydrocarbon when Pt was added as cocatalyst in a range from 0.25 to 2
wit%. More interestingly, they also reported an important influence on the product by the Pt
loading (Fig. 17a).2’® Other research group reported the reduction of CO2 to CH4 using g-
C3Ns loaded with 0.5-10 wt% of Pt. As shown in Fig. 17b, better yields for CHs were
obtained over the 2Pt/g-CsN4 with an optimal 2 wt% content of Pt, this catalyst presented
reaction rate 5.1 times greater than pure g-C3Na. The noticeably improved photoactivity of
Pt/g-CsN4 was assigned to the increased light absorption and effective interfacial electron
transfer from g-C3N4 to Pt due to its lower Fermi level that prohibited the recombination of
electron-hole pairs (Fig. 17c). In order to better understand the role of noble metals in the
photocatalytic CO- reduction process, Gao and collaborators investigated the photocatalytic
COz reduction over g-C3zN4 modified with single-atom of Pd or Pt by using DFT calculation.
Comparing the rate-determining barriers of different possible reaction pathways, they found
that the HCOOH was the favourable product of CO> reduction on the Pd/g-CsN4 catalyst,
while over Pt/g-C3N4 was CH4 (Fig. 17d-e). This work provided a theoretical support for the

empirically observed product selectivity of photocatalytic CO; reduction.3%3
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Figure 17. (a) Hydrocarbon yield produced by g-CsN4 decorated with Pt displaying different
metal loadings (0-2.0 wt%) under the simulated solar light irradiation for 4 h of reaction.
Reprinted with permission from ref 2’8, Copyright 2014 Royal Society of Chemistry; (b)
Total yield pf CH4 over g-C3N4 loaded with Pt (0.25-2 wt%) after 10h of reaction. Reprinted
with permission from ref 277, Copyright 2014 Royal Society of Chemistry; (c) Schematic
representation of the reduction of CO, with H>O to CHs catalysed by Pt/g-CsNs
heterostructures. Adapted with permission from ref 2’7, Copyright 2014 Royal Society of
Chemistry; (d) Reaction pathways for CO- reduction to HCOOH, CH30H, and CHs4 on the
Pt/g-C3sNa4 catalyst and (e) Pd/g-CsNa4 catalyst. Under standard conditions (pH 0, p(H2)=1 bar,
U = 0 V vs SHE), the total energies of H"aq + € and (1/2)Hzg are equal. The reference
energy (the total free energy of the catalyst, isolated CO>, and four Hy) is set to zero. Color
code: Pd, pine green; C, gray; O, red; H, white. Reprinted with permission from 3%,

Copyright 2016 American Chemical Society.

Tu and collaborators have studied the impact of tuneable nitrogen vacancies on
photocatalytic activities of Pt/g-CsNa4 towards the CO> reduction into CO.3?! They observed a
synergistic effect between nitrogen vacancies and Pt NPs, in which the density of nitrogen
vacancies in an optimum range has a positive effect on the photocatalytic activities. This was
due to the gradual enhancement of light harvesting, efficient charge separation and
transportation, and the uniform binding of Pt on g-C3N4 as active reaction sites (Fig. 18).

However, further increase of nitrogen vacancies decreased the photocatalytic activity,
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because the deeper midgap states induced by overdoped nitrogen vacancies could become
recombination sites of photogenerated electron-hole pairs.®?! Pt NPs cocatalyst on g-CsN4
were also used in combination with other heterostructures and tested to reduce CO; into CHg,
such as NaNbO3 nanowires®** and KNbO3.3% Enhancements in the photocatalytic activity

were observed in these systems.

<l >

Figure 18. Schematic illustration of g-C3Ns4 nanosheets with nitrogen vacancies (VN) for
photoreduction of CO2 to CO and H evolution. Paths 1, 2, and 4 refer to the electron
excitation from the valence band to midgap states, the electron trapping from the conduction
band to midgap states, and the electron transfer to reaction sites, respectively. Path 3 refers to
deeper midgap states that act as recombination sites for trapping photogenerated electrons
and holes. Reprinted with permission from ref 321, Copyright 2017 American Chemical

Society.

The nature of the exposed facet in noble metals (shape effect) can also significantly
influence the product selectivity in CO; reduction, as demonstrated by Bai et al.?®® The
authors investigated the facet-dependent selectivity of CO> reduction over Pd cocatalysts in
the Pd/g-CsN4 system employing Pd NPs with {100} and {111} surface facets (cubes and
tetrahedrons, respectively). The photocatalytic CO> reduction activity was significantly
higher for g-CsN4 loaded with Pd tetrahedrons. Analysing the facet-dependent CO reduction
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process by first-principles calculations, it was found that the adsorption energy of CO; on the
Pd-{100} (Ea = 0.064 eV) was lower than that for Pd-{111} (Ea = 0.230 eV). Moreover, the
activation barrier Eg was reduced from 7.15 to 3.98 eV and from 6.79 to 4.15 eV for Pd-
{111} and Pd-{100} facets, respectively, when two electrons were brought to the surfaces to
initiate the activation of CO> (Fig. 19). This observation helped to explain why the Pd-{111}
facets were more reactive for the reduction of CO». The Pd/g-C3sN4 system works essentially
similar to the Pt loaded system. When it is irradiated by light, the photoexcitation of electrons
took place in g-CsN4. Due to larger work functions of Pd-{100} (5.05 eV) and Pd-{111}
(5.23 eV) as compared with the g-CsN4 (4.31 eV) (Fig. 19e-f), the photoexcited electrons
were rapidly shuttled to the Pd cocatalysts to retard the recombination of charge carriers,
resulting in increased CO> reduction to CHs, CO and CoHsOH.?® 282 Similar results were
reported by Cao et al. They found that during this reduction reaction, tetrahedral Pd NPs with
exposed Pd-{111} facets are more active than cubic Pd NPs with exposed Pd-{100} facets.
Their mechanistic investigation revealed that the structure-sensitive photocatalytic CO-
reduction activity is mainly attributed to the more preferable electron sink effect, CO>
adsorption capability and CH3OH desorption capability of the Pd-{111} surface, as compared

to Pd-{100}, due to their different surface atomic structures.>®
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Fig. 19. (a and b) Top and side views of CO> adsorption configurations for Pd-{001} (a) and
Pd-{111} (b) and their respective adsorption energy (Ea) according to the geometry
optimization simulations; (c) Optimized configurations for the adsorption of CO. on the Pd-
{100} and (d) Pd-{111} facets and their respective potential energy along the bond length O-
C of the CO2 molecule adsorbed under neutral conditions or charged with two electrons, from
which the activation energy Eg of CO: is subtracted; (¢) Model systems and (f) calculated
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potentials with work functions for CasN4, Pd-{100}, and Pd-{111}; (g) Energy level diagrams
for C3N4 and Pd before and after forming the interfaces for electron transfer based on first-
principles calculations. Reprinted with permission from 283, Copyright 2014 Royal Society of
Chemistry.

Park and co-workers have investigated Pd/g-CsN4 on the direct synthesis of HCOOH
under neutral conditions from CO.. The g-CzN4 support was able to adsorb CO» and provide
an activated form of carbonate or formate species to the Pd NPs. As a result, the activity of
Pd/g-CsNj4 catalyst was remarkably higher when compared to an inert support such as CNT.
Moreover, the Pd/g-CsN4 catalyst exhibits remarkable stability during the catalytic reaction
under neutral conditions, which is an essential property for the practical applications.®*’ Pd
NPs were also tested as a cocatalyst on g-CaN4 combined with layered double hydroxides
(LDH). The authors reported that the close interaction of LDH nanosheets with g-CsN4 and
Pd NPs leads to a more efficient interlayer CO3? reduction as compared with the system
without LDH.3%8

Au NPs have been tested towards the CO2 reduction in a g-C3aNs-based system only in Z-
schemes, where the Au NPs and g-C3sN4 are coupled with BiOBr.3>° Bai et al. studied the
influence of the Au NPs size in Au/g-C3N4/BiOBr system for photocatalytic CO- reduction.
The results revealed that larger Au NPs (100-150 nm) mainly displayed Z-scheme bridge role
and presented higher photocatalytic activity than g-CsN4/BiOBr under 380 nm
monochromatic light irradiation. Smaller Au NPs (10-20 nm) mainly displayed LSPR effect
and showed higher photocatalytic activity than g-C3aN4/BiOBr under 550 nm monochromatic
light irradiation.3® Ag NPs were also tested in a Z-Scheme for CO> reductions. He et al.
observed the photoreduction of Ag* in AgsPO4/g-CsN4 after 1h of irradiation (500 W Xe
lamp). The resulting AgsPO4/Ag/g-CsN4 system presented an enhanced photocatalytic activity
for CO2 reduction due to efficient separation of electron-hole pairs by a Z-scheme
mechanism. The optimal AgsPO4/Ag/g-CsN4 photocatalyst showed a CO> conversion rate of
57.5 umol h? gear?, which was 6.1 higher than pure g-CsNa, under simulated sunlight
irradiation.3®° Ag NPs were also tested in a system combining g-CsN4 and TiO». Despite not
claimed by authors, the reported system seems to work in a Z-scheme. They reported that
Ag/g-C3N4/TiO2 was 12.7 times more active for CO reduction than TiO2 and 7.9 relatives to
g-CsNa. According to the authors, the Ag NPs deposited on the g-C3N4/TiO> surface played
an important role. They not only retarded the recombination of electron-hole pairs through

extracting electrons from the conduction band of TiO> but also utilized the LSPR effect to

43



enhance the energy level of electrons accumulated on their surface.®! It is important to
highlight the urchin-like a-Fe203/g-CsN4 hybrid in Z-scheme recently reported by Jiang and
collaborators, which presented excellent activity (10.3 pmol g h™?) to reduce CO; into CO
without cocatalyst and sacrifice reagent.®®® A comparison of the photocatalytic activity for
CO2 reduction of all the systems presented in this section is shown in Table 2.

Table 2. Photocatalytic CO> reduction on metal NPs/g-CsN4 heterostructures

Total

Fraction of Light source o .
Catalysts mass of Activity (unit) QE (%) Ref.
cocatalysts (wavelength-nm)
catalysts
CH30H: 6.28 umol g* ht 0.18%
g-CsN, - 0.20g 300 W Xe lamp (>420 nm) 351
C;HsOH: 4.51 umol g*h™* (420 nm)
g-CsN, nanosheets - N/A 300 W Xe lamp (>420 nm) CH,: 7.47 ymol g'ht N/A 362
Pt/ g-CsN,4 2 wt% N/A 15 W LED-Lamp CH,: 13.02 umol g* N/A 2
CHg4: ~0.1 pmol
Pt/g-CsN, 0.75 wt% 0.10g Solar simulator CH30H:~0.12 umol N/A 218
HCHO:~0.05 pmol
CH,: 0.18 pmol gt h'?
Pd-(111) /g-C3N, 11.6 Wt% 0.01g 300 W Xe lamp (>400 nm) CO: 14.90 pmol gt h'? N/A 23
C;HsOH: 1.72 umol g* ht
CHg4: N.d.
Pd-(001) /g-C3N,4 11.9 wt% 0.01g 300 W Xe lamp (>400 nm) CO: 5.6 umolgth N/A 283
C;HsOH: 7.4 pymol g h'?
AgsPO./g- .
CO; Reduction rate: 57.5
AgsPO./AQ/g-C3N,  C3N, molar 0.15¢g 500 W Xe lamp (>420 nm) N/A 360
) umol gt ht
ratio: 30%
) CH,: 28 umol g*
Ag/g-C3N4/TiO, 55 Wt% 0.05g 300 W Xe lamp N/A 361
CO: 19 umol g*
Pt/g-CsN4/NaNbO; 0.5 wt% 0.05g 300 W Xe lamp (>420 nm) CH,: 6.40 pmol g h'? N/A 354
Pt/g-C3No/KNbO; 0.5 wt% 0.109g 300 W Xe lamp (>420 nm) CH,: 0.25 pmol h* N/A 355
CHg: 3.7 pmol
0.093%
Pd/g-CsN4/LDH 0.5 wt% 0.20g 500 W Hg (Xe) lamp CO0: 0.1 umol (420 nm) 356
nm
C;He: 0.06 umol
. CH,: 0.39 umol gt h'?
Au/g-C3N,/BiOBr 1.0 wt% 0.10g 300 W Xe lamp N/A 359
CO: 0.05 umol gt h?
300 W Xe lamp 0.96%
a-Fe,03/g-CsN, - 0.025 g CO:10.3 umol gth? 309
(0.21 Wcm?) (420 nm)

6.3 Photocatalytic Degradation of Pollutants

Environmental pollution is a serious problem faced by the human race, hindering our
sustainable development. In this context, the photocatalytic degradation of pollutants and
environmental remediation constitute an important and wide-impact concern of the scientific

community.?® Photocatalysis has proven to be a promising strategy for environmental
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decontamination due to its high efficiency and low cost.%63-365 g-C3N4 is a promising
photocatalyst for pollutants degradation, due to its band position which exhibits moderately
high oxidation ability. Its photogenerated electrons can reduce O> to produce *O2", while the
photogenerated h* in some g-C3Ns-based heterojunctions can oxidize OH™ to produce the
highly oxidant radical *OH. These active species (h*, *O.~, *OH) can be put towards the
oxidation of certain pollutants to mineralization (CO2 and H20). In general, the photocatalytic
degradation reactions over g-C3sN4 can be categorized into two types: liquid phase removal of
organic pollutants and gas phase degradation of pollutants, as summarized in Table 3. The
photocatalytic degradation of pollutants also represents a simple approach to evaluate the
photocatalytic activity of g-CsNs-based composites. Therefore, many studies which focus on
the mechanistic investigation of the photoactivity of g-CsNs-based composites employ the
photocatalytic degradation of pollutants as a model transformation.

Table 3. Utilization of g-CsN4-based photocatalysts in the degradation of pollutants

Total
Fraction of Light source Photocatalytic .
Catalysts mass of . Activity (%) Ref.
cocatalysts (wavelength-nm) Experiment
catalysts
500 W Xe lamp
Degradation of o
g-CsN, - 0.04¢g (36 mW cm?) RhB 100% degradation in 3.3h 366
(>420 nm)
Degradation of MO 98.2% degradation in 9
500 W Xe lamp min
Ag/ g-CsN, 4.0 Wt% 0.10g ) o 37
(>420 nm) Degradation of MB 99.3% degradation in 45
min
800 W Xe lamp Degradation of o
Ag/g-CsN, 8 .0Wt% 0.10g 92.0% degradation in 0.5h 368
(>420 nm) RhB
500 W Xe lamp . o
Ag/g-CsN, 1.0 wt% 0.15¢g Degradation of MO 100% degradation in 3h a2
(>420 nm)
300 W tungsten
Ag/g-CsN, 5.0 wt% 0.10g halogen lamp Degradation of MO~ 92.0% degradation in 1h s
(>420 nm)
500 W Xe lamp . 100% degradation in 5
Ag@g-CsN, 0.5 wt% 0.025 g Degradation of MO ) 52
(>420 nm) min
300 W tungsten . .
Degradation of 100% degradation in 25
Ag/mpg- CsN, 3.0 Wt% 0.10g halogen lamp ) 268
RhB min
(>420 nm)
. 95% degradation in 10
70 wt% Degradation of MO .
Ag@AgBr/g-C;N Ag@AgBr/ 0.10 300W Xe famp Di dati f min 369
r/g- I . egradation o
9EAGENGat 989 g (>400 nm) J 92% degradation in 10
g-C3N4 RhB )
min
. 350 W Xe lamp Degradation of o
CsN4@Ag-Bi,WOs 2.7 Wt% 0.05g 70% degradation in 1.5h 870
(>420 nm) RhB
g-C3N4/Ag/MoS, 6.7 Wt% 0.10g 300 W Xe lamp Degradation of ~100% degradation in 1h 339
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g-C3N4/Ag/A93VO4

g-

CiNs@Ag@AQG:PO,

AgQC/g-C3N4

g'C3 N4/Ag/A92C 10,

g-C3N4/Ag/AgzPO4

g-C3N4/Ag/A92PO4

g-C3 N4/Ag/Ag2PO4-
(111) facet

g-C3N4/Ag/A92PO4

g-C3N4/Ag/Ang03

Ag/SrTazoelg—C3N4

Ag/AgO/ g-C3N,

Pt/g'C3 N4

Pd/mpg- CsN,4

AU/g'C3N4

AU/TiOz/g-C3N4

Au/g-C3N4/F6203

AU/CNT/g-CaN,

Au/graphene/g-CsN4

AU/GO/g-C3N4

CdS/AU/g-C3N4

1.5 wt%

30 wt%

7.46 wt%

8 wt%
(Ag:CrOu/g
-CoNy)

N/A

25 wt%
(Ag2PO./g-
CsN,)
10 Wt% (g-
CsNa/
Ag:PO,)
2.1 wt%
(Ag2PO./g-
CsN,)
25 Wt% (g-
CsNa/
Ag,CO3)

2.0 wt%

10 wt%

2.0 wt%

1.5 wt%

N/A

2.0 wt%

N/A

5.5 wt%

1.0 wt%

1.0 wt%

N/A

0.05g

0.006 g

0.05g

0.05g

0.04g

N/A

0.04g

0.005 g

0.10g

0.025 g

0.10g

0.10g

0.10g

0.045 g

0.20g

0.05g

0.05g

0.10g

0.05g

0.05g

(172 mW cm?)
(>420 nm)
250 W Xe lamp
(>420 nm)
350 W Xe lamp
(>420 nm)
100 W Halogen
lamp (>400 nm)

300 W Xe lamp
(>420 nm)

LED white-light

lamp

300 W Xe lamp
(>400 nm)

300 W Xe lamp
(>400 nm)

300 W Xe lamp
(>400 nm)

300 W Xe lamp
(>400 nm)

300 W Hg lamp
(3.45 mw/cm?)
(>420 nm)
12 lamps of 100
Oreva)

300 W Xe lamp
(>420 nm)

Solar simulator

500 W Xe lamp
(>400 nm)

150 W Xe lamp
(>400 nm)

N/A

Visible light
source
(50 mw/cm)
500 W Xe lamp
(>420 nm)
500 W Xe lamp
(>420 nm)
300 W Xe lamp

RhB

Degradation of
RhB
Degradation of
RhB
Degradation of MB
Degradation of MO

Degradation of MB

Degradation of
RhB

Degradation of MO

Degradation of MB

Removal of NOx

Degradation of
sulfamethoxazole
(SMX)

Degradation of
RhB

Degradation of MO
Cr% photoreduction

Degradation of
Acid Violet-7
Degradation of
PCP
Degradation of
BPA

Degradation of MO

Degradation of
PCP
Degradation of
BPA
Degradation of
RhB

Degradation of
RhB

Degradation of MB

Degradation of
RhB
Degradation of

95% degradation in 1.75h

94.8% degradation in 1h
~90% degradation in 0.5h
~90% degradation in 1.8h

58% degradation in 2h
95% degradation in 10
min
100 % degradation in

5min

100 % degradation in 0.2h

49.3% removal

100 % degradation in 1h

100% degradation in 0.5h

100% degradation in 1.2h
100% reduction in 1.7h

98% degradation in 10

min

~100% degradation in 7h

93.9% degradation in 3h

92.6 % degradation in
2.5h

46% degradation in 1h

37% degradation in 1h

100% degradation in 50

min

~100% degradation in 50

min

96.7% degradation in 4h

99.4% degradation in 2h

90.1% degradation in 10

371

372

326

373

374

375

377

378

379

380

276

284

264

381

382

383

384

385

386
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(>400 nm) RhB min

2.0 wt% .
500 W Xe lamp Degradation of TC- o
Au/Pt/g-CsN, (Au) 0.10g 93% degradation in 2h 387
(>400 nm) HCI
0.5 wt%(Pt)
3.0 Wt%
450 W Xe lamp Degradation of o
Au-Ag/g-CsN, (Au) 0.10g 90% degradation in 4h 388
(>400 nm) RhB
1 Wt%(Ag)
32 .
Solar Ligth .
at%(Au) Degradation of o
Au-Pd/g-C3N, 0509 (600-900 W m 94.4% degradation in 5h 389
6.0 at% Phenol
2)389
(Pd)
300 W Xe lamp . .
Cu/g-C3N, 33 wt% 0.04¢g Degradation of MB ~ ~100% degradation 0.25h 390
(>400 nm)
Degradation of MO 99% degradation in 40
300 W Xe lamp . .
Cu,0O/Cu/g-CsN, 20 at%( 0.05¢g Degradation of min 391
(>420 nm) .
Phenol ~100% degradation 4h
Degradation of 94.3% degradation in 2h
RhB
Bi@BiOCIl/g-CsN, N/A 0.02g 300 W Xe lamp Degradation of 80% degradation in 2h 301
DCP
Cr8* photoreduction 82.3% reduction in 1.3h
Degradation of MO 70% degradation in 2h
Degradation of 100% degradation in 0.5h
. . 300 W Xe lamp
Bi/g-CsN,@Bi,WO¢ 4.6 wt% 0.109 RhB 392
(>400 nm) . L
Degradation of 70% degradation in 3h
DCP
150 W Tungsten
Bi/g-CsN, 11.8 wt% 0.20g halogen lamp Removal of NO, 60.8% removal in 1h 393
(>420 nm)
300 W Xe lamp
Ag/g-CsN, 10.0 wt% 0.20g Removal of NOy 54.3% removal 304
(>400 nm)
Ag/g-CsNJ/WS, 2.0 wt% 0.10g 300 W Xe lamp Removal of NO, 72.5% removal in 1h 395

6.3.1 Liquid Phase Degradation of Pollutants

The removal of pollutants in wastewater effluents, especially organic pollutants (e.g. dyes,
antibiotics, bisphenol A, phenols), has been addressed by advanced oxidation processes
commonly catalysed by a variety of photocatalysts, which include g-CsN4-based materials. In
these studies, the dyes methyl orange, methylene blue and Rhodamine B (RhB) have been
employed as model molecules (so that the reaction can be monitored by a
spectrophotometer). In the context of water purification, H.O> is one of the most widely used
green oxidants, which typically requires a catalyst for activation into more reactive oxidizing

intermediates.?® 366 Cui et al. have demonstrated the metal-free activation of H20; by g-CsNa4
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under visible light irradiation, using the decomposition of RhB in aqueous solution as a
proof-of-concept reaction. The authors reported that g-CsN4 was capable of activating H2O>
to generate reactive oxy-radicals, which in turn led to the mineralization of the dye.36¢
Interestingly, other studies have used O2 as oxidant. For example, Yang et al. exploited the
LSPR effect of Ag NPs in Ag-deposited g-CsN4 plasmonic photocatalysts towards the methyl
orange degradation. In general, when g-C3N4 is excited by visible-light, the generation of
*O,~ and h* takes place. Here, its band structure does not promote the formation of «OH
species. It was found that for Ag/g-CsNs systems, «OH radicals also took part in the
photocatalytic reactions, thus giving the direct evidence to contribute to its increased catalytic
performance.?’® The same research group later reported the fabrication of Z-scheme
plasmonic photocatalyst Ag@AgBr/g-CsN4 to further enhance the photocatalytic activity.
The high activity achieved in the degradation of methyl orange was attributed to the Z-
scheme system, which retained the photoinduced electrons with strong reduction power in the
conduction band of g-CsN4 and h* with strong oxidation power in the valence band of
AgBr.36°

Recently, Ag NPs have been used to improve photocatalytic activities in g-CsN4-based Z-
scheme systems.?99 339, 370, 3% Eor example, Xiao et al. reported enhanced photocatalytic
performances for degradation of RhB by a CsN4@Ag-Bi,WOs material .3 Ag NPs also have
been used in a Z-scheme system for RhB3% 3. 372 and methyl orange (MQ)3%: 373
photodegradation. Several studies have reported the spontaneously photodeposition of Ag
NPs during the photocatalytic reaction for Ag compounds/g-CsN4 materials due to the Ag*
photoreduction to generate Ag NPs under light irradiation.3”® 374 397 g-C3N4 have been
reported to construct Z-scheme systems via the formation of Ag NPs during the
photocatalytic reaction with AgsPQ4,36% 374-377. 397 Ag,Cr04%73 and Ag.C03.%7® Generally, the
Ag-compounds/g-C3N4 system behaves according to a traditional heterojunction. However,
the excited electrons have enough reduction ability to convert Ag* into Ag®. Consequently,
the two-phase system is gradually transformed into a three-phase Z-scheme system under
light illumination. Notably, Ag NPs can strongly absorb the visible light by LSPR effect.3%-
400 1t has been reported that Ag NPs can simultaneously exhibit the LSPR effect and serve as
electron mediators in some Ag-compound/Ag/g-C3N4 systems improving its photocatalyst
activity.299' 339, 369, 401

g-CsNgs-based Z-scheme systems were also applied for NO oxidation3® and Cr(VI)
photoreduction.®”® Su et al. decorated SrTa;Oe/g-CaNs with Ag NPs as catalysts. An

enhancement of the visible light absorption efficiency and a promotion of the photocatalytic
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activity by a factor of 2.8 for Cr(V1) photoreduction and 4.6 for methyl orange degradation
were observed as compared with only SrTa:0e/g-CsNs (Fig. 20a-d). Ag decoration on
SrTa;06/g-C3N4 not only extended the visible light absorption region due to LSPR effects but
also act as an electron mediator for efficient migration of photogenerated electrons and

simultaneously prevent the recombination of photogenerated electron-hole pairs (Fig. 19¢).37°
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Figure 20. Change in methyl orange concentration (a and c) and in Cr(VI) concentration (b
and d) as a function of the irradiation time for SrTa2Oe/g-C3N4 (a and b) and Ag/SrTa,0s/g-
CsN4 photocatalysts. Reprinted with permission from ref 37°, Copyright 2015 Elsevier; (e)
Schematic representation of a possible mechanism for Cr(VI) photoreduction and methyl
orange degradation over Ag/SrTa;Os/g-C3Ns4 photocatalytic system under visible light

irradiation. Adapted with permission from ref 37°, Copyright 2015 Elsevier.

Ag NPs also display antibacterial activity. Bing and co-workers successfully improved
visible-light-driven antibacterial activity and dispersal of biofilms by embedding Ag NPs on
g-C3N4.2"t The Ag/g-CsNas hybrids were much more effective to reactive oxygen species
(ROS) generation under visible light. The composite was efficient as a bactericidal agent for
both Gram-negative (G") E. coli and Gram-positive (G*) Staphylococcus aureus (S. aureus)
under visible-light illumination.?”* Mufioz-Batista et al. tested Ag/g-CsNa biocidal capability
against E. coli and it system displayed significantly higher antibacterial capabilities compared
to the single components of Ag NPs and g-CsN4.2° Upon UV light illumination, the Ag/g-
Cs3N4 system was demonstrated be more effective on charge separation, which left hole-
related radicals at the g-CsNa4 support and electrons on the Ag NPs. Meanwhile, under visible
excitation, the LSPR effect of Ag played an essential role in the biocidal action. In this
regard, a complex phenomenon involving adsorption, radical attack as well as deactivation

process of the interaction between microorganism and photocatalyst took place
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simultaneously.?’ It is noteworthy that the bactericidal action was greatly influenced by both
electron and hole-related charge species, which could be confirmed by the EPR
measurements of the charge radicals produced from the photoactivity.?®

In addition to Ag, Au also has been widely used to improve the g-CsN4 photodegradation
performance. Cheng et al. reported superior photocatalytic activities for the decomposition of
methyl orange under visible-light after decorating ¢g-CsNs4 nanosheets prepared by
ultrasonication-assisted liquid exfoliation of bulk g-CsN4 with Au NPs deposited via green
photoreduction of HAUCI4.26* Chang et al. reported an Au/g-CsN4 nanorods with high activity
for photodegradation of a range of pollutants, such as RhB, 4-chlorophenol (4-CP),
tetracycline (TC) and reduce (Cr(V1)).4%2 Au NPs also have been used to decorate g-CsNa
combined with other heterostructures (e.g. TiO2,%8! Fe,03%2 and CdS)%¢ for the
photodegradation of pollutants. It is noteworthy the results obtained by Zada and co-workers
using the ternary component Au/TiO2/g-CsN4), which presented an improvement of 5.11-
folds for photodecomposition of 2,4-dichlorophenol (2,4-DCP) when compared with pure g-
C3Ns. They reported an exceptional visible-light for the fabricated Au-(TiO2/g-C3Na)
nanohybrids, which was attributed to the extended visible-light response due to the Au NPs
LSPR and its catalytic function, and to the enhanced charge separation by transferring
electrons from g-CsN4 and Au to TiO». This promoted electron transfer for the TiO> favored
the formation of hydroxyl radicals (*OH), which are very effective in the photocatalytic
oxidation process of 2,4-DCP.3! Furthermore, Au NPs also have been widely used in
combination with carbon nanostructures, such as CNT®2 and GO.3 This carbon
nanostructures, in general, work as an electron transporter and acceptor facilitating the charge
transfer and avoiding the recombination of photoexcited electron-hole pairs.3%

Despite its more restrict use in photodegradation applications, possibly due to its
prohibitive price, the activity of Pt NPs has also been evaluated to degradation of pollutants.
In order to minimize the influence of the Pt price in the application feasibility of Pt/g-C3Na
for photodegradation, Xu and collaborators wisely coupled the photodegradation of the
macrolide antibiotics Roxithromycin (Rox) with H> production reaction. The authors found
that macrolide antibiotics present in water act as a sacrificial agent to consume H2O> (side
product from Hz production), itself being degraded, leading to an enhancement of the H>
yield (Fig. 21).4% Pt NPs were also tested on g-CsNa4 nanotubes towards the photodegradation
of p-chlorophenol, p-nitrophenol, methylene blue and RhB, under visible-light irradiation.

The authors reported a superior photocatalytic activity as compared to only g-C3N4 nanotubes
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and attributed it to the synergic effect of Pt NPs on the unique tubular nanostructure of g-

C3N4 nanotubes.276
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Figure 21. (a) Photocatalytic water splitting to H> catalyzed by 40 mg of 2 wt% Pt/g-C3Ns in
100 mL of water with different amounts of Rox; (b) Proposed reaction mechanism for the
enhancement in the simultaneous water splitting and degradation of the Rox reaction by using
Pt/g-C3sNa under the visible light irradiation. Reprinted with permission from ref 403,
Copyright 2017 American Chemical Society.

Bisphenol A (BPA) is another common pollutant. It is widely used in the manufacturing of
consumer goods. Owing to its wide application, a large amount of bisphenol A has been
released into the environment, leading to ubiquitous presence of bisphenol A in natural
water.4%* Thus, an extensive research effort has been devoted to the remediation of this
problem. Chang et al. investigated the degradation of BPA in water by Pd decorated
mesoporous g-CsN4 (Pd/mpg-CsN.).28* The catalyst modified with Pd NPs presented a higher
photoactivity compared with only mpg-CsNs. This higher activity was attributed to the
enhanced light absorbance in the UV-VIS region, along with the ability of the Pd NPs to act
as electron traps and facilitate the separation of charge carriers.?®*

There are some successful examples where g-C3N4 was decorated with bimetallic NPs in
order to improve its photocatalytic activity towards photodegradation reactions. Xue et al.
fabricated Au/Pt co-decorated g-CsN4 heterostructure by a facile calcination-photodeposition
technique, which displayed enhanced photocatalytic activity for antibiotic tetracycline
hydrochloride (TC-HCI) degradation. The degradation rates were up to 3.4 times higher than
that of pure g-CsN4 under visible light irradiation. The authors attributed this enhancement in
the photocatalytic activity to the LSPR effect of Au and electron-sink function of Pt NPs,

which improve the optical absorption property and photogenerated charge carriers separation

51



of g-CsNa, synergistically facilitating the photocatalysis process.®®” Gondal et al. used a
different approach, instead of using co-decorated bimetallic NPs, they used AuAg NPs alloys
in order to take better advantage of the LSPR properties of these NPs. As a result, AuAg/g-
CsN4 photocatalysts exhibited significantly higher activity for the decolorization of RhB in
the visible light as compared to the monometallic Ag and Au NPs counterparts on g-C3sNa.388
Bimetallic AuPd NPs alloys on g-CsNs was recently applied for photodegradation of
carcinogenic phenolic compounds and displayed superior photocatalytic activity compared
with the previously reported AuPd/rGO. Photoluminescence results demonstrated that the
efficient charge separation and delayed recombination of photo-induced electron-hole pairs in
the AuPd/g-C3N. nanocomposite were responsible for its superior activity.38°

Besides the noble metals, non-noble metals such as Bi and Cu can be very useful to
improve photocatalytic properties of g-CsNs. The most common strategy consists in making
use of the plasmonic properties of the metal NPs to improve visible light absorption and
reduce the recombination of electron-hole pairs. This strategy has been reported by Sierra et
al. for the Bi spheres/Bi mixed oxides/g-C3sN4 nanohybrids*®® and Gao et al. for the system
Cu-g-C3N4 synthesised by a supramolecular approach.3® Other interesting example using the
low-cost metal Bi to improve progradation was reported by Wang et al.3® The authors
deposited plasmonic Bi NPs on g-CsN4+@Bi>WOe microspheres via a hydrothermal method.
Bi NPs inserted in the interlayer between g-C3N4 and the surface of BiWOs microspheres
worked as an electron-conduction bridge enhancing the visible light absorption due to the
LSPR effect, consequently facilitating the efficient electron-carrier separation. As a result,
they observed an extraordinary enhanced photocatalytic activity for decomposition of 2,4-
DCP relative to the g-C3sNa, Bi2WOs, and g-C3N4(20%)@Bi-WOes samples. It implies that the
heterostructured combination of g-C3N4, metallic Bi NPs, and Bi2WOs microspheres
provided synergistic photocatalytic activity via an efficient electron transfer process. The
low-cost metals Bi and Cu were also used to fabricate Z-scheme systems, such as
Bi@BiOCIl/g-C3sNs and Cup0/Cu/g-C3N4,** which were applied for photodegradation of

pollutants.30*

6.3.2 Gas Phase Degradation of Pollutants

The use of metal NPs/g-C3sNa4 heterostructures in the topic of gas phase photodegradation
is essentially limited to the oxidation of nitric oxide (NO). Nitrogen dioxide and nitric oxide,

also known as NOy, are common air pollutants generated from the combustion of fossil fuels
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and vehicle exhaust. They are responsible for atmospheric pollutions (e.g. acid rain and urban
smog). In view of these facts, there is a growing environmental concern and thereby an
intense search for efficient catalysts capable to oxidize NO.?® Sano et al. were the first to
report the application of g-C3N4 photocatalysts for the oxidation of NO. However, the authors
observed low oxidation rates under visible light.*% Despite the efforts of Wang and co-
workers a few years later trying to improve the surface area of the g-CsN4 hoping to obtain
higher oxidation rates, no satisfactory improvements on the NO oxidation was observed.
Thus, the combination of g-CsN4 with a cocatalyst seems to be an interesting strategy to
improve the photocatalytic activity for NO oxidation reaction.*%” Sun et al. resorted to this
strategy by hybridizing g-CsN4 with Ag NPs. Their results showed that the decoration of Ag
NPs not only enhanced the visible light absorption of the hybrid but also benefited the
oxidation of NO to the final products (NO2 and NOgs’). The authors attributed the visible
enhancement in light absorption due to the LSPR of Ag NPs and the increase in the NO
oxidation due to improved separation and transfer of photoinduced carriers over Ag/g-CaNa
composites, which was supported by the PL spectra.3®* Ma and co-workers reported even
more significant increment on the activity for NO oxidation in g-C3N4/WS; decorated with
Ag NPs. Their optimized system was 3.70, 1.90 and 1.17 times more active for NO oxidation
than that of g-C3Na, WSy and g-C3N4/WS2, respectively.3%

Another promising cocatalyst for NO oxidation due to its low-cost is Bi. Jiang et al.
reported the deposition of Bi NPs on g-C3N4. This system was employed as a photocatalyst in
removing ppb-level NO in a continuous gas flow under visible light illumination. The Bi NPs
significantly enhanced the performance of g-CsNas, and this enhancement arises from the
heterojunction effect and LSPR effect of Bi NPs. However, Jiang et al. also investigated the
contribution of each effect (heterojunction and LSPR effect), since they are highly dependent
on the size of Bi NPs. By tuning the size of Bi NPs, the authors concluded that Bi NPs with
12 nm represents the optimum size to favor the synergy of these two effects (Fig. 22¢-d).3%
In another paper, Dong et al. constructed an Bi NPs/g-CsNa4 displaying highly enhanced
visible-light photoactivity and stability for NO purification as compared to that of pristine g-
C3N4.28 The strengthened photocatalytic performance was attributed to the co-contributions
of the notably improved light-harvesting, owing to the LSPR effects of Bi nanospheres, and
the increased separation efficiency of electron-hole pairs due to the electron trapping effect of
Bi metal in the heterostructured system. The local electromagnetic field arising from the
LSPR effects of Bi was simulated with a rigorous Maxwell’s solver based on the finite

integration techniques (Fig. 22a), where a significant enhancement of electromagnetic field
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under visible light could be observed. This electromagnetic field accelerates the photoexcited

electrons and holes separation. Furthermore, the nearby Bi NPs can act as electron traps to

facilitate the separation of photoinduced electron-hole pairs (Fig. 22b).28
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Figure 22. (a) Simulation of the LSPR-induced local electromagnetic field in the Bi NPs

when it is illuminated by a plane wave with a wavelength of 420 nm from the z-direction. A

three-dimensional view and two-dimensional cross-sections perpendicular to the X, y, and z-

axes are shown. The scale bar shows the relative increase in field enhancement T = |E/Einc|*.

(b) Visible-light-induced charge separation and a proposed mechanism for NO oxidation

photocatalysed by Bi/g-C3sNa. Reprinted with permission from ref 3% Copyright 2015

American Chemical Society. (c) Photocatalytic activity for NO oxidation catalyzed by gCsN4
and Bi/gCsN4 materials containing Bi NPs of different sizes (Bi loading of 11.8 + 4wt%); (d)

Schematic of the synergy of the size-dependent heterojunction and LSPR effect of Bi NPs on

the photocatalytic activity. Reprinted with permission from ref?. Copyright 2017 Elsevier.

7.5 Other Photocatalytic Applications
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In addition to the transformations presented in the previous sections, metal NPs/g-C3Na
have also been employed for other transformations. For example, Verma and collaborators
studied the photocatalytic C-H activation and oxidative esterification photocatalysed by Pd/g-
CsNa. The authors reported excellent yields (>90%) for the conversion of a broad scope of
aromatic alcohols into esters. Although only preliminary investigations about the reaction
mechanism been performed, it is possible to affirm that the reaction proceeds via a C-H
activation, which depends on O to occur. The activated carbon is then attacked by the
alcohol used as reaction solvent, in this case methanol, leading to the ester as final product.*®

It is important to note that the applications of carbon nitrides are not limited to only
photoreactions. Despite not being reviewed in this publication, carbon nitrides and metal
NPs/g-C3Ns hybrids have been put to work in electrocatalysis, hydrogenations, and
oxidations. Moreover, a number of emerging intrinsic properties of g-CsN4 allow its novel
applications outside of conventional catalysis. Recently, Antonietti et al. compiled these
unconventional applications in an excellent review, covering applications of g-C3Ns in a
range of areas, such as sensing, bioimaging, photovoltaic cells, templating, and the

construction of carbon nitride based devices.*%°

7. Conclusions and Perspectives

We presented herein a comprehensive overview of metal NPs/g-CsNs-based
heterostructures, focusing on their design principles, photocatalytic applications, and charge-
transfer mechanisms. The versatility of the g-CsN4 with respect to control over its electronic
band structure, composition, crystallinity, vacancies sites, porosity, and active sites at its
surface, make this material an exceptional candidate for the formation of hybrids with metal
NPs. The metal NPs can possess a range of tunable properties (e.g. optical and catalytic
properties as a function of shape, size, and composition) that, when combined with a g-CaNa,
can be harnessed for improved photocatalysis. The recent and intense investigation in the
synthesis and application of NPs/g-CsN4-based hybrids confirm that these materials represent
an important class of photocatalysts for transitioning towards a sustainable future.

Despite the great progress in the area, we believe that we are still at the early stages in
terms of material design and photocatalytic efficiency, which remains low for widespread
applications. In order to overcome these challenges, we believe that several issues need to be

addressed as described below:
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(1) A fundamental understanding of the mechanism behind the charge transport in metal
NPs/g-C3Ns-based photocatalysts is critical. It is essential to unravel the charge
cascading process in detail to allow an optimum utilization of light through
photogenerated charge carriers for driving charge-transfer reactions. It is required to
understand the charge generation, separation, and transportation across the nanoscale.
This is especially important for Z-scheme systems, which remain poorly understood.
For instance, in situ characterization can be very valuable for probing the electron-
hole transfer pathways, being quite promising for enabling the design of more
efficient metal NPs/g-C3Ns-based photocatalysts having higher quantum efficiencies
and thus economic viability.

(2) The interface of metal NPs/g-CsNs-based photocatalyst is a complex system, but very
important for photocatalytic activity. Consequently, it is imperative to investigate
interface effects in detail, especially regarding metal-support interactions, shape
effect, nanoscale assembly, composition, density of defects, vacancies, and bandgap
adjustment.

(3) The development and utilization of theoretical models and approaches to understand
metal NPs/g-C3Ns-based systems, such as electronic structure modelling of surface-
adsorbate interactions and its integration it with the effect of light excitation.

(4) Metal NPs/g-CsNas systems exhibit high photocatalytic activities. However, their
practical application is limited by the high price and low abundance of noble metals.
This limitation can be circumvented by replacing the expensive metal by for low-cost
alternatives. This review presented some examples of low-cost metals (e.g. Cu, Bi,
and Fe) being used as alternative photocatalysts to noble metals. Another strategy is to
enhance the atom utilization efficiency of noble metals, for example by synthesizing
highly active systems containing noble metals (which enable one to reduce its loading
in the reaction) and single-atom noble metal-deposited g-CsN4 materials. So far, facile
and efficient methods for preparing single-atom noble metal modified g-CsN4 systems
are challenging and deserve further exploration. The stability of these systems it is
also extremely important to make them economically viable. Hence, it is critical to
address chemical corrosion and/or degradation of the photocatalysts.

(5) Finally, synergistic efforts in the areas of controlled synthesis, precise characterization
(both ex and in situ), mechanistic investigation, and modelling will be needed in order

to move beyond the state-of-the-art in the field of photocatalysis and enable the
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widespread utilization of metal NPs/g-CsN4 materials towards sustainable molecular

transformations.

It is a consensus in the scientific community that a sustainable economy must have its
process driven by sunlight. Hence, photocatalytic systems will have a protagonist role in our
journey to a green future. In this context, photocatalytic systems based on earth-abundant
elements, such as g-C3sNa4, are particularly attractive. Furthermore, the synthesis of metal NPs
and g-C3sN4 have been recently successfully scaled-up to the kilogram scale,®? 419 411 which
make these hybrids photocatalysts, even more, promising for future practical applications.

The precise understanding of the charge transport mechanism combined with the high
level of control over the materials syntheses, their combination, and characterization can take
the topic of photocatalysis with g-C3Na4 to a new level, potentially enabling us to move from
an observation-driven to a design-driven approach (Fig. 23). In this case, specific properties
and the performance of the photocatalytic systems can be planned in advance, and the target
material synthesized accordingly. We are confident that the continuous efforts of the
scientific community in synthesis, characterization, and mechanistic understanding,
modelling, and assessment in photocatalysis is paving the way for cleaner energy generation

as well as more efficient and sustainable processes.
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Figure 23. Schematic representation of the critical points which must be understood in
photocatalysis promoted by metal NPs/g-CsN4 to allow the transition from an observation-
driven to a design-driven approach.
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