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Abstract

The nanostructured materials offer various advantages as they provide more flexible space for ease reconstruction, as their
nanosize expands the limits and results in confinement effect, enhanced mechanical stability, and large surface area, and
make them suitable for photocatalytic activities. The advancement in synthesis techniques provides the freedom to alter its
physical properties as per the demand. This article provides a 360° view point on the nanomaterials which are used for solar
energy harnessing with respect to environmental and energy application. The discussion emphasizes on various synthesis
methods of nanostructured materials, their mechanistic features, usage in demanding applications such as photosplitting of
water for hydrogen production, artificial photosynthesis, and water and wastewater treatment with an endnote highlighting
the future scope of nanomaterials for real-world applications.
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Introduction

The drastic increment in global population has led to a
large increase in energy and water demand. In most cases,
the classical energy resources, i.e., fossil fuel, are widely
deployed; however, they are prone to release large amount
of greenhouse gases as their end product. Being a classi-
cal route of combustion, it is impossible to avoid these
unwanted gaseous products but prolong release of these
gases on the Earth’s atmosphere leads to long term effects
like global warming and climate change [1, 2]. Moreo-
ver, the non-replenishable nature, limited availability,
and environmental deterioration caused by processing
these fossil fuels urged to search new source of sustain-
able energy. The natural resources like solar, wind, hydro-
thermal, and geothermal are some of the well known as
they are replenishable and emission free. Among them,
solar energy is most preferred, because, besides generat-
ing electricity, it can also benefit in water and wastewater
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treatment, hydrogen production, and driving artificial pho-
tosynthesis [1-4].

“Photocatalysis” is a general term which is used for all
the catalysis processes which are light driven in nature
that uses special category of materials called “Photo-
catalysts” [5]. Semiconductor is the major category of
materials which are chosen for this owing to its electronic
structure and intrinsic nature which makes them suita-
ble for this purpose. When the incident light possesses
energy greater than bandgap, it excites the electrons of the
photocatalyst from the valence band (VB) to the conduc-
tion band (CB) leading to the generation of holes in VB.
During the aqueous phase reaction, the generated holes
oxidize water molecule, thus leading to the production
of O, in the VB, whereas electrons in the CB reduce the
H +ion producing hydrogen. Furthermore, the aquatic
phase reaction of electron hole pair results in the produc-
tion of reactive oxygen species (ROS), a strong oxidant
for the degradation of recalcitrant pollutants [2, 4, 5].
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Similarly, CO, can also be directly photoreduced to meth-
ane, methanol, ethanol, acetate, etc., mimicking photo-
synthesis process. Mineralizing several complex aquatic
organic contaminants is one of the unique properties of
light-driven materials. Major categories of pollutants
that have been successfully removed include textile dyes,
phenolic compounds, pesticides, insecticides, aldehydes,
pharmaceuticals, health care products, etc. It has been
observed that intrinsic modifications such as doping, co-
catalyst loading, as well as extrinsic modification such as
addition of external electron acceptor can significantly
enhance the mineralisation rate of these pollutants under
diverse light sources [6—13].

The photocatalytic activity is measured in terms of
apparent quantum yield (AQY) which is given by the fol-
lowing equation [14]:

AQY (%) = (Number of reacted electrons) /

(number of incident photons) x 100.

The quantum yield increases if the photocatalyst is
active in visible or near infrared (NIR) region or combina-
tion of both, since the amount of solar light reaching the
earth surface comprises of ~45% visible light and ~ 50%
NIR as compared to ~ 5% of ultraviolet light [2, 15].

It is evident that the focus of researchers in the cur-
rent days is leaning towards nanomaterials as compared
to bulk. These nanomaterials possess size range between
1 and 100 nm. Some of the well-known advantages of
these nanomaterials are the high surface area-to-volume
ratio, improved physical properties (melting point and
hardness), and tunable electronic properties [16]. The
greater surface area of these nanomaterials allows more
space either for storage or reaction. Nanomaterials are
harder as compared to that of bulk, because the nano-
size prevents the particle from further bending and thus
results in increased hardness of the particle. On the other
hand, increased hardness results in modification of other
physical properties such as malleability, brittleness, duc-
tility, and toughness of the materials. Further reduction of
particle size to < 10 nm results in quantum confinement
effect and increases the bandgap of the materials, thereby
enhancing the charge separation [16, 17]. Moreover, these
nanomaterials can be synthesized into morphologies like
tubes, rods, flowers, sphere, and many more, while the
properties of the specific morphology vary accordingly
[18, 19].

Hence, the present review deals with various types of
nanostructured photocatalyst to harness solar energy for
environmental and energy applications. In specific, the
review details the significance of the synthesis, mecha-
nistic feature, application, and future prospect of nano-
structured materials.

Type of nanostructure photocatalysts
Classical photocatalysts

In general, the classical photocatalysts refers to inorganic
one and includes metal oxides and sulphides. Examples
for metal oxide include TiO,, ZnO, WO;, V,0; etc., in
which TiO, is the most widely studied because of its low
cost, abundance, non-toxicity, and stability. One of its
major disadvantages is the existence of wider bandgap
allowing the excitation only in the ultraviolet light range
(<380 nm). However, numerous modifications have been
carried out to narrow its bandgap for visible light applica-
tion [2]. Dopants like N, S, C, Cr**, Fe**, V>*, Cu**, and
Ce”* have been used for achieving it [20—44]. In the metal
oxide-based semiconductors, the O2p orbital acts as VB
maxima, whereas the cationic part acts as CB minima.
Moving down to sulphide semiconductors like ZnS, CdS,
and SnS, have been predominantly studied [45—48]. In this
category, the 3p orbital of sulphur that lies at less posi-
tive than O2p orbital of metal oxides acts as VB maxima
resulting in a narrower bandgap of metal sulphides [2,
15, 45]. Though the metal sulphides are active in visible
light, their poor photostability restricts their usage. For
an instance, the positive charge carrier in metal sulphide
oxidizes their own S?~ anion instead of water molecule
resulting in photocorrosion [15]. Besides, semiconductors
of phosphides (e.g., InP and Ni,P), selenides (e.g., CdSe,
CuSe, ZnSe, etc.), oxynitrides (e.g., TaON), nitrides (e.g.,
GaN, Ge;N,, etc.), phosphates (e.g., Ag;PO,), and halides
(AgCl and AgBr) origin have been explored [49-65]. The
priority on the selection of semiconductors relies on the
nature of application. For example, GaN and AgBr are
known for their higher photostability, whereas InP for nar-
row bandgap, i.e., 1.25 eV [49, 59, 65].

Apart from these categories, perovskites have also been
widely studied. These photocatalysts possess ABO;-based
crystal structure, which contain two cations A and B, and
three oxygen atoms in one molecule. Almost any cations
in the periodic table can substitute A and B in the ABO,
structure, and therefore, their band structure can be eas-
ily tuned for desirable photoactivity. These perovskite are
highly stable and can be easily synthesized. Some of the
well studied in this category includes SrTiO;, AgNbO;,
NaNbO;, etc. All these metal oxides, sulphides, and per-
ovskite semiconductors have been widely investigated and
applied for water and wastewater treatments in environ-
mental, while for H, production and direct CO, photore-
duction in energy sector [66—68]. Band-gap (Eg) values
(in eV) and the edge potential of CB and VB for above-
mentioned photocatalysts at pH O vs NHE are shown in
Fig. 1 [14].
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Carbon-based nanomaterials

The predominant electrical, mechanical, and thermal prop-
erties of carbon had gained its attraction in various sectors.
The widely used carbon-based nanomaterials employed
in various energy and environment applications include
fullerene and carbon dots of 0D configuration; single and
multiwalled carbon nanotubes (CNT) of 1D configuration;
graphene, graphene oxide (GO), and reduced graphene
oxide (rGO) of 2D configuration [69]. Addition of small
percent (~ 1 wt.%) of carbon nanomaterial to semiconduc-
tor photocatalysts can enhance their photoactive nature
[70]. Materials like CNT, rGO, and fullerene in composite
with TiO, have shown enhanced photocatalytic activity
by increasing the recombination time of charge carriers
[70]. This is generally achieved by the preeminent elec-
tron capturing and transportation properties contributed
by the carbon [70]. Fullerene that is made up of 12 fixed
penta rings and varies in number of hexa rings possesses
high electron affinity and, hence, is preferred as an electron
acceptor [71-73]. Moreover, it is an n-type semiconductor
allowing high utilisation of UV light rather than visible
[74]. Being an n type, it compliments for the increment of
charge carriers and hence used in photocatalysis applica-
tion [74, 75]. Carbon nanomaterials having size less than
10 nm are categorised as carbon dots (CD) which can be

further subclassified as graphene quantum dots (GCD)
and carbon nanodots (CND) [76]. The carbon dots possess
excellent chemical stability, high specific capacitance, and
enhanced luminescence behavior promoting them as excel-
lent photocatalyst with wide applications in energy and
environment [77-79]. Their low cost and non-toxic nature
along with excellent electron transfer efficacy further sub-
stantiate its application [76]. The CNTs have been used in
almost every field of energy and environment, either as a
catalyst or composite due to its superior electrical conduc-
tivity and surface area [80-82]. The physical and chemi-
cal properties of CNT enhance the chemical resistance,
elasticity, and strength of materials in composite [83]. In
general, the low cost and ease availability of graphite has
promoted it as an attractive carbon material [84]. It has
been widely used in composite with TiO, for enhancing its
photocatalytic activity. It contributes for the suppression
of the charge-carrier recombination and increases the vis-
ible photon absorption rate [84]. Graphene, the honeycomb
atomic scale lattice of carbon, having properties like high
specific surface area and high electrical conductivity is also
an alternative active carbon compound to increase the pho-
tocatalytic activity of semiconductor photocatalysts [85].
This specific compound in combination with metal oxides
has been widely applied in photocatalytic CO, reduction,
water split reaction, and organic degradation [86-91]. It is
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also used to synthesize GO which can further synthesize
rGO possessing different physical and chemical properties
[92]. High surface area and ionisable functional groups of
GO craft it as a preferable scaffold in photocatalysis [93].
It would be an ideal support material for photocatalytic
water splitting under visible light illumination [94]. Simi-
larly, the layered structure of rGO provides superior site
for nucleation and anchors the growth of semiconductor
[95]. In specific, it is used in photocatalytic CH, production
by CO, reduction, in Z-scheme water splitting, and water
treatment [95-97].

Polymer-based nanomaterials

The conductive polymers have found immense potential to
form composites with the various nanomaterials. Polymers
like graphitic carbon nitride (g-C;N,), polypyrrole (PPy),
polyaniline (PANI), polythiophene (PT), polyvinylidene
fluoride (PVDF), polyethersulfone (PES), and cellulose
have been used in composite with TiO, for water purification
[98]. In recent years, g-C;N, has been widely used as photo-
catalyst due to its controllable bandgap, high stability, and
low cost [99, 100]. Its bandgap (2.6-2.7 eV) and properties
like biocompatibility, chemical stability, and photo resistiv-
ity promoted it as a significant visible light photocatalyst
[101]. Doping with selected metals or non-metals suppresses
the recombination of the charge carriers and further pro-
motes the visible light utilisation [101]. It has been widely
employed for H, production, CO, reduction, and organic
pollutant removal [98—102]. It was also found that the con-
jugated polymers like PPy, PANI, and PT addition enhanced
the photocatalytic activity, environmental stability, and
photocorrosion resistance [98]. PT incorporation increased
the photocatalytic activity by reducing the recombination
rate and improving the electron mobility [98]. Having good
light absorption property, its composite has been used for H,
generation [103]. PANI incorporation extended the absorp-
tion in the visible light region; similarly, PPy showed good
catalytic activity and narrowed the bandgap of the compos-
ite [98]. PANI under light irradiation behave as an efficient
electron donor and hole transporter, and, hence, used in
combination with limited metal oxides [104]. In a study,
boron nitride was supported with PANI and thereby applied
to remove carcinogenic dyes [104]. The vinylidene fluoride
monomers enhance the light contact area of the partnering
photocatalyst [105]. Furthermore, the porous structure of the
PVDF helps in steady catalyst deposition for improving the
photodegradation potential. Moreover, the strong adhering
property of PVDF prevents photocatalyst leaching [105].
On the other hand, the ether sulfone network of PES favors
photodegradation owing to its robust photostability and
high porosity [106—-108]. In some recent studies, cellulose,

a renewable natural polymer possessing precised structural
network with high porosity, is also used as a support for
photocatalysts [109, 110]. The presence of hydroxyl group
and features like biocompatibility and hydrophilicity favors
photocatalysis-mediated water treatment [110].

Modifications in photocatalysts

The modifications in photocatalysts are performed to
increase the quantum efficiency of the material. Doping with
metals and non-metals, functionalizing with co-catalysts,
and formulating binary composites with heterojunction and
ternary with an additional co-catalyst are some of the meth-
ods adopted to achieve this. These modification techniques
are discussed in detail below.

Metal or non-metal doping

This is one of the most familiar and classical techniques
to narrow the bandgap of photocatalysts. The narrowing
allows the photocatalyst to be active in visible light, thereby
enhancing its quantum efficiency. D block metal cations
including Nickel, Chromium, Copper, Ruthenium, Ferrous,
and Rhodium ions are most commonly considered under
metal category, while Carbon, Sulphur, Fluorine, Nitro-
gen, etc. are considered under non-metal category. Doping
with metal ions reduces the bandgap by introducing a new
acceptor or donor level within their band structure. The
non-metal ions, however, rarely introduce any new impurity
level, but they change the valence band potential by shift-
ing it upwards [2, 14]. Figure 2 shows band modification
that takes place in photocatalyst when doped with metal or
non-metal [2].

Co-catalyst loading

This technique is usually performed for increasing the num-
ber of active sites on the surface of the photocatalysts. Most
common co-catalysts used are noble metals or metal oxides
such as Au, Ag, Pt, Pd, Ru, NiO,, RuO,, etc. [2, 4, 111].
Sometimes, these noble metals are covered with a protective
coating of chromia (Cr,05) which forms a shell around the
co-catalyst for specific reasons. At first, they prevent back-
ward reactions on the surface of the photocatalyst when the
noble metals are used as core (i.e., reaction between H, and
O, to form water in the water split reaction). Second, they
prevent the metal oxide degradation in the reactant solution
when the metal oxides are used as core [112, 113]. Figure 3
illustrates a schematic of the aforesaid mentioned mecha-
nism of shell and core concept [111].

a
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Fig.2 Schematic showing the impurity level introduced in semiconductors by metal doping (a), and upshifting of valence band through non-
metal doping (b) (the figure is adopted and reproduced with permission from Ref. [2])
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Fig.3 Schematic showing chromia shell preventing O, molecule pho-
toreduction on both noble metal and metal oxide core (the figure is
adopted and reproduced with permission from Ref. [111])

Heterojunction structure

These structures are synthesized by coupling two semicon-
ductors whose band structures are aligned in such a way that
they allow for enhanced charge separation compared to the
single system. Maximum of two alignments are feasible with
this binary combination, viz., type I and typell [3, 114]. A
schematic of the band alignment of the nanocomposites for
both heterostructures is shown in Fig. 4 [114].
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Fig.4 Band alignment of nanocomposites in type I and II hetero-
structure (the figure is adopted and reproduced with permission from
Ref. [114])

In the type I alignment, both the VB and CB edge poten-
tial of either of the semiconductor lies within the bandgap of
the other semiconductor as the latter possesses wider band-
gap. Since one is having lower VB and CB potentials than
the other, therefore, both the bands act as hole and electron
collecting sites and are evident from Fig. 5.

Examples of some of the successfully employed type
I heterostructure includes CdS/ZnS, BiOCI1/BiOI BiOl/
TiO, heterostructure and few more [115-117]. Consider-
ing CdS/ZnS heterostructure, it is a core—shell assembly in
which ZnS with wider bandgap forms the shell, while CdS
forms the core. The BiOCI/BiOI and BiOI/TiO, were of
non core—shell assembly in which BiOI was having narrow
bandgap, and thus, its edge potential lies within the wider
bandgap of BiOCl and TiO,, respectively.
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Fig.5 Schematic showing
electron transfer pathway in
type I nanocomposite (the figure
is adopted and reproduced with
permission from Ref. [3])

ceecoocececocococco

VBI

In the type II heterostructure, CB position of the first semi-
conductor lies above that of the second, whereas its VB lies
within the bandgap of the second. Thus, the photogenerated
holes have a tendency to migrate to the VB of first one, whereas
the excited electrons have a tendency to migrate to the CB of
the second. The first and second implies to the position either
of the photocatalyst occupy. The mentioned band position and
migration of the charge carriers is depicted in Fig. 6a [4]. In
general, the type II heterostructure is widely preferred, because
it allows the migration of electrons and holes in opposite direc-
tion [3]. On the other hand, an alternative pathway that the
electrons can follow is Z-pathway. In this scheme, the elec-
trons after photoexcitation in VB of one semiconductor jump
to higher potential CB of the second. The oxidation reaction
takes place in the VB of the first semiconductor that is located

(a)

oxidationD

h*h*h*h*h*h*

h* transfer

at higher potential than that of the second [3, 4]. This Z-scheme
interaction is pictorially represented in Fig. 6b [4]. Since both
the redox reactions are occurring at higher potentials, there-
fore, the Z-scheme pathway results in higher redox efficiency
as compared to the redox efficiency of type II. g-C5N,/SnS,,
g-C;N,/NaNbO;, Ag;PO,/Agl, CdS/WO;, WO,4/g-C;N,, etc.
are some successfully synthesized heterostructures that follow
either type II or Z-pathway. These have shown good photoca-
talysis performance for driving direct reduction of CO,, water
split reaction, and wastewater treatment [118—122].

Quantum dots (QDs)

QDs are zero-dimensional semiconductor nanomateri-
als having particle size close to Bohr radius. QDs possess

Fig.6 Heterostructure formed by semiconductors and their electron mobilisation in type II (a) and Z scheme (b) [4]
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comparatively enhanced material properties than usual
nanomaterial owing to the confinement of electrons and
associated holes. The energy emitted by excited photons in
QDs varies according to the semiconductor used and could
be adjusted by varying the particle sizes through quanti-
zation or quantum size confinement [123, 124]. It appre-
ciably enhances the photostability of the adjoining photo-
catalyst, increases electron hole separation, and, thus, helps
in improving the overall quantum efficiency of the photo-
catalyst [77]. The carbon QDs (CQDs) in combination with
Ag;PO, and Ag showed enhanced visible light photocataly-
sis with a clear quantum confinement [77]. Therefore, the
QDs or CQDs in standalone or in combination with noble
metal and photocatalyst of any origin act as an efficient
energy material for photocatalysis applications.

Each of the modifications mentioned above are having
their own advantages and disadvantages. Doping by the met-
als or non-metals internally changes the band structure of
the photocatalyst which makes them active in the visible
region and thus aid in increasing the quantum efficiency,
whereas co-catalyst loading increases, the number of active
site present on the surface of photocatalyst thus is helpful
in increasing the product yield. QDs are quite new in this
area and are responsible for the quantum confinement effect
which results in changes in several properties of the nano-
material as well as a better charge separation and stability
of the photocatalyst. Furthermore, the application of hetero-
structures is revolutionizing, since it allows composite con-
sisting of two photocatalysts to be present in a system. Their
appropriate band alignment results in better absorption of
visible light and charge separation than the single [125, 126].

Synthesis of nanostructure materials

There is a wide variety of synthesis technique available for the
synthesis of aforementioned nanostructure materials. How-
ever, the selection depends on the need and availability of
the method and material for the application. The most com-
monly adopted synthesis method for some specified energy
and environmental applications are discussed below, and their
respective schematic representation is shown in Fig. 7.

Chemical vapor deposition

Chemical vapor deposition (CVD) is a multidirectional
conformal deposition technique in which a substrate sur-
face is coated with the desired nanomaterial. The deposi-
tion is facilitated by a heat treatment followed by a chemi-
cal reaction with precursor gases. The sequence of steps
is as follows: (1) reactant advent inside the reactor; (2)
reaction of reactor gas; (3) diffusion of the reactant gas on
substrate surface; (4) adsorption of the gaseous molecules

* @ Springer

Fig.7 Schematic representation of various synthesis methods. a Arc
discharge (the figure is adopted and reproduced with permission
from Ref. [269]). b Sonochemical (the figure is adopted and repro-
duced with permission from Ref. [270]). ¢ Exfoliation (the figure is
adopted and reproduced with permission from Ref. [271]). d Hydro-
thermal (the figure is adopted and reproduced with permission from
Ref. [272]). e Solvothermal (the figure is adopted and reproduced
with permission from Ref. [273]). f Microwave-assisted synthe-
sis (the figure is adopted and reproduced with permission from Ref.
[274]). g Polyol synthesis (the figure is adopted and reproduced with
permission from Ref. [275]). h Chemical vapor deposition (the fig-
ure is adopted and reproduced with permission from Ref. [276]). i
Ball milling (the figure is adopted and reproduced with permission
from Ref. [177]). j Flame spray pyrolysis (the figure is adopted and
reproduced with permission from Ref. [277]). k Microemulsion (the
figure is adopted and reproduced with permission from Ref. [278]).
1 Sol-gel method (the figure is adopted and reproduced with permis-
sion from Ref. [279]). m Electrodeposition (the figure is adopted and
reproduced with permission from Ref. [280])

on substrate surface; (5) surface reaction; finally, (6) by-
product desorption and removal. Material of construction
of substrate, reactant gas applied, and temperature and pres-
sure exerted in the reactor chamber are essential factors
on which the CVD process depends. The temperature and
reaction time are crucial that influences the product forma-
tion. For example in a study involving MWCNT formation
in the range of 590 and 850 °C, it was found that the higher
temperature disrupted the alignment of the nanotubes. The
diameter of the tubes increased from 16 nm to 45 nm with
increment in temperature. Furthermore, increasing the reac-
tion time resulted in longer tube formation [127]. The CVD
can be further classified depending upon energy source,
substrate, pressure, etc. as rapid thermal, laser-induced,
plasma-enhanced, non-porous, atmospheric pressure,
ultrahigh vacuum, direct liquid ejection, and many more.
The major drawback of this method is its high cost and
unsuitability for fabricating certain materials. It is widely
employed technique for CNT, CNF synthesis, and synthesis
of metal oxides posing specified morphology. These include
granular, broccoli-like, crystallite facetted texture, semi-
hexagonal shape, high crystallinity and hexagonal structure,
triangles, etc. [128-132].

Apart from the above-mentioned CVD, aerosol assisted
is recently developed technique and gains attention owing to
its low atmospheric pressure operation [133]. It is an easily
scalable single-step technique in which the solution contain-
ing the substrate is atomised and transported with the help
of a carrier gas in the deposition chamber [134]. It finds
applications in synthesizing photocatalysts with mixed phase
deposition. In one such typical synthesis with SnO,/TiO,,
the surface morphology changed from cassiterite SnO, to
anatase TiO,, while synthesizing ZrO,/TiO, results in dense
array of facets [133, 134]. Similar synthesis for a pure SnO,
resulted in flattened and uniform morphology possessing
round-shaped crystals and flattened grains [135].
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(e) Solvothermal (f) Microwave Assisted Synthesis
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Sol-gel

Sol-gel is one among the synthesis methods that can yield
high-purity nanomaterials at room temperature. It adopts
colloidal with transitional solution and gel-phase formation.

i

0 Uk ™

O
%

In general, metal alkoxides are used as precursors and these
precursors serve as monomers for polymerisation which is
followed by hydrolysis, condensation, and crosslinking to
yield the desired gel. It is widely used flexible technique to
form ceramics and composite materials with high surface
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area. Its limitation includes the use of costly precursors
and development of unwanted cracks on drying. pH and
temperature are the factors upon which the sol-gel process
depends; for instance, in PbO-TiO, formation, lower tem-
perature (~30 °C) and acidic pH resulted in anatase struc-
tured TiO,, while incremental (~ 70 °C, Alkaline) resulted
in tetragonal structure of PbTiO; [136]. Materials like
spherical-shaped C-TiO,, 3D ordered macroporous 3DOM
PW,,Co-APS-TiO, with interconnected honeycomb pore
structure, spherical crystal ZnO, shapeless Fe,05-TiO,,
metal ion-doped TiO,, irregular Bi, WO4Porphyrin/SiO,/
Cp*Rh(bpy)Cl1 Hybrid to mimic chloroplast, etc. [137-143].

Pyrolysis

Pyrolysis is a vapor phase synthesis technique occurring at
high temperature. It is further classified as follows:

Flame spray pyrolysis

A high-energy flame is produced in this technique using a
laser employing carbon dioxide in a closed chamber. The
precursors are first passed into the reaction chamber in the
form of aerosol where they undergo flame treatment fol-
lowed by rapid cooling to achieve the desired product. Thus,
temperature is only the governing factor that can influence
this technique. This can be substantiated by the BiVO, syn-
thesis, where, at relatively low temperature, scheelite-mon-
oclinic phase was observed, while, at higher temperature,
the phase changed to tetragonal [144]. It is generally used
for synthesizing crystal-modified CuS, classical non-metal-
doped photocatalysts, and heterojunction composite with
higher surface area [145-148].

Laser pyrolysis

It is a technique in which the substrates are decomposed
in an anaerobic environment using infrared laser source.
Aerosol precursor formation occurs when the reactant mol-
ecules are dissolved in a solvent followed by ultrasonic
spraying. These aerosols are subjected to laser treatment
resulting in final desired product [149]. The nanomate-
rial possesses small diameter without any agglomeration
of particles [150]. Nanomaterials formed by this method
include spherical-shaped N-doped and Au-loaded TiO,
arranged in chain geometry and partially facetted TiO,/
SnO, [151, 152].

Hydrothermal
The hydrothermal technique employs autoclave for heating

the precursors in water solvent at elevated temperature and
pressure. In general, the temperature used for heating is above

* @ Springer

100 °C and less than 300 °C. This high temperature of the
closed system generates high-pressure environment aiding
solubility of reactants. This hydrothermal method is a crys-
tallisation process that involves nucleation and crystal growth
as predominant steps. Due to its ease and simple operation,
this method is most widely used for various nanomaterial
preparations. Since temperature is the only direct controlling
parameter, it has a significant influence on the product. For
example, in a typical ZnO nanorod synthesis, dimensions of
the nanorods were directly proportional to the temperature
[153]. Moreover, the residence time could also play an effec-
tive role, as the nanorod diameter increases with increase in
reaction time [153]. In the same study, pH also influenced the
ZnO synthesis by changing its structural morphology, i.e.,
acidic pH favored nanorod morphology, whereas alkaline
favored flower-like structure [153]. A variety of nanomateri-
als were produced by this method including heterostructures
like g-C3N,/Bi,WOg [154]. The obtained g-C;N, showed
aggregated laminar structure, while Bi, WO, exhibited flake-
like morphology. Similarly, photocatalyst possessing irregu-
lar sheet morphology, irregular particles, flower-like spheres,
spherical-shaped nanoparticles, and hexagonal morphology
was also synthesized by this method [155-159].

Solvothermal

The solvothermal method is similar to the hydrothermal
method; only difference is that the solvent used in this tech-
nique is non-aqueous. This process depends on factors like
solvent, temperature, and pressure. Organic solvents like 1,
4-butanediol produce thermally stable nanomaterials as com-
pared to toluene [160]. In some instance, increase in tem-
perature directly influenced the synthesis by significantly
decreasing the particle size of the nanomaterial [161]. This
method can be considered if the researchers are looking for a
photocatalyst with defined morphology as listed: Gd-doped
TiO, bearing hollow flower morphology, hierarchical TiO,
of chrysanthemum flower morphology, Bi,WO, with flower
morphology, and many more [162—-166]. In recent years,
microwave-assisted solvothermal synthesis method has gained
attention and deployed for synthesizing materials with more
uniform structure with tunable intrinsic properties. This is due
to uniform and even temperature induced by the microwave
throughout the reaction [167, 168]. Few cases include synthe-
sis of a-Fe,05 nanosheet consisting of uniform hierarchical
hollow mesoporous with microspheres structure and Bi,Os1,
having uniform microsphere geometry [167, 168].

Microwave-assisted synthesis

This method employs microwave for heating of reaction
mixture to synthesize nanomaterial. The rapid attainment
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of high temperature and pressure by microwave heating
enhances the reaction rate and homogeneous mixing. It
has also made remarkable use in combination with other
synthesis methods like solvothermal, sol-gel, CVD, polyol
synthesis, etc. The faster reaction product with a better yield
by implementing microwave with other techniques is the
key factor for its application. Some of the nanomaterials
obtained by synergistic effect of this method are Ag/g-C;N,
having crystalline Ag nanoparticle and CdS having smaller
particles with enhanced monodispersity, etc. [169, 170].

Sonochemical

In sonochemical synthesis method for nanomaterials, an
indirect interaction between the precursor and ultrasound
via “acoustic cavitation” takes place. In this process, the
ultrasound wave leads to the formation of bubbles in the
sample which oscillate with collecting ultrasonic energy
and grew in size. The excessive growth in size ultimately
leads to its implosive collapsing leading to the release of
stored energy which promotes the formation of nanomateri-
als. It is a preferred technique as the reaction takes place
at ambient temperature. The pH is the major factor that
affects the nanomaterials formed in sonochemical synthe-
sis. When BiPO, is prepared at very low pH (~ 1), it forms
irregular cluster; upon increasing (~ 5) results in rod-shaped
structure, and at highly alkaline condition (~ 12), irregular
particles were obtained [171]. The nanomaterials like N,
Cl-co-doped TiO,, Graphene-Ce-TiO,, and Graphene-Fe-
TiO,, Ag-modified Bi,Ti;0,,, and rGO decorated with zinc
sulphide, StMnO;, etc. are formed by sonochemical method
[172-176].

Microemulsion

Microemulsion is a type of liquid-phase synthesis method
in which reverse micelle serves as reaction unit. Oil in water
or water in oil microemulsion depending on the surfactant
used reactants collides with each other to nucleate and form
the desired nanoparticle. Microemulsion is a facile and effi-
cient synthesis technique providing control over the struc-
ture, shape, and porosity of the resulting nanomaterial [177].
The concentration of aqueous solution and reaction tem-
perature are the major parameters that influence the product.
In a particular TiO, synthesis, increasing the concentration
of aqueous solution increased the particle size of the TiO,.
Moreover, by increasing the reaction temperature from 20
to 50 °C favored the increment of particle size [178]. The
pH also influenced the product, as increase in pH from 8
to 10 decreased the particle size [178]. It is employed for
the synthesis of a wide range of nanomaterials with defined
shaped and some of them are Zn-doped TiO, with globular
shape, BiOCI possessing hollow hemispherical shells with

sheet-like structure, 2D and 3D Bi,O5Br,, ZnO/ZnWO, het-
erojunction, etc. [179-182].

Arcdischarge

In this technique, an arc is produced between two electrodes
kept in an inert environment which leads to the deposition
of nanomaterial on the electrode surface. A direct current
is supplied to the electrode chamber which sublimates the
anode and deposits it as nanomaterial on the cathode. The
method is predominately employed for the production of
fullerene and CNT. The precursors used along with its con-
centration are the factors upon which the product formation
by arc discharge depends. A study of Wang et al. using poly-
vinyl alcohol (PVA) and iron as catalyst for CNT formation
showed that higher PVA concentration produced entangled
MWCNT with 60-190 nm diameter; however, when the
concentration of iron was higher, no MWCNT formation
occurred. Moreover, using PVA alone yielded MWCNT of
diameter range of 30-60 nm [183]. Apart from that, it is also
used in synthesizing materials like ZnO-graphene hybrid
nanostructure, TiO,/C having spherical morphology, multi-
walled carbon nanotubes (MWCNTs), single-walled carbon
nanohorns (SWCNHs), and multiwalled carbon nanohorns
(MWCNHs) having fine well defined and straight walls, hex-
agonal wurtzite ZnO, and rutile TiO, consisting of nanorods
and nanospherical structures, etc. [184—187].

Electrodeposition

Electrodeposition is a flexible, low cost, and widely used
method for coating a substrate surface with nanomaterials
with the aid of current. In general, it is a surface technique
to improve its characteristics performed at room tempera-
ture. The electrodeposition process employs an anode and
a cathode (substrate) dipped in electrolyte solution. When-
ever the electricity (in the form of direct current) is passed
through the electrolyte solution, the cations in the solution
gets reduced and attached to the cathode surface forming
a thin layer of desired nanomaterial. The thickness of the
deposited nanomaterial depends on the time and intensity of
current passed. Apart from them, the electrolyte temperature
is a major factor influencing electrodeposition. Cu,O thin-
film formation was highly influenced by electrolyte tempera-
ture and exhibited different phase and structure at different
temperature [188]. The only drawback of electrodeposi-
tion is its uneven plating thickness at the substrate surface.
However, this technique can synthesize varieties of nano-
materials with specified structure and composition. Some
of this includes spherical-shaped Bi,WO¢/graphene with
hierarchical structure, uniform well-aligned MnO,/TiO,
nanotube arrays, granular and densely agglomerated mul-
tiphase CulnSe, with spherical structure, WO, consisting of
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irregular nanocrystalline particle, and Cu/FTO possessing
hexagonal nanoslice structure [189-193].

Polyol synthesis

It is a liquid-phase synthesis method in which multivalent
alcohols called polyol with precursors and capping agents
are subjected to high boiling. Mostly ethylene glycol, dieth-
ylene glycol, glycerol, and butanediol are used as solvent
and simple metal salts like sulphates, nitrates, halides, etc.
are used as precursors. The high boiling point (200-320 °C)
of polyol facilitates crystalline nanomaterial formation. The
pH of the solution influences the product formed by polyol
synthesis as in reduces the particle size with an increase in
pH and the case was observed in Sn synthesis [194]. This
method was also adopted for synthesizing materials of speci-
fied shape. Some of the reported shapes include rose flower
resembled Cu,O, highly dispersed SnO,/TiO,, and hierar-
chical spherical nanoflower-structured CuS [170, 195-198].

Exfoliation

Exfoliation is mainly used to prepare “ultrathin 2D nano-
materials”. The exfoliation method can be further divided
into two types.

Mechanical exfoliation

The nanomaterials are obtained by peeling of substrate
surface with a scotch tape. It is a time-consuming and low
yielding method, and is mostly preferred to synthesize gra-
phene from graphite rather than any other materials.

Chemical exfoliation

The exfoliation or peel off of substrate surface takes place
in chemicals. The oxidation of substrate takes place either
by ultrasonication or mechanical stirring that weakens the
bonding of substrate layer to yield desired nanomaterial. As
like mechanical, this method is mainly employed to syn-
thesize graphite oxide from graphite. In some instance, it is
used for synthesizing photocatalyst like hexagonal SnS, of
plate morphology, TiO,-MoS, hybrid-bearing dense TiO,
crumpled on MoS, nanosheet, and irregular g-C;N, of tis-
sue-like 2D nanosheet [199-201].

Ball milling
In ball milling, the samples are in powder form and are sub-
jected to mechanical treatment for obtaining finer homo-

geneous nanoparticles. The sample is charged in a mill-
ing chamber-containing balls which perform the grinding
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operation. The chamber along with the balls is then rotated,
causing collision to break the samples into smaller frag-
ments. It is used for synthesizing selective nanomaterials
and some of them are as follows: MoS,-TiO, having layered
MoS, dispersed on TiO,, C;N,/TiO, consisting of irregu-
larly agglomerated elliptic particles, CoFe,0,~rGO hav-
ing evenly fixed CoFe,O, nanoparticles on the stacked and
wrinkled rGO sheets, CoO micropowder having nanocrystal
structure, Ag/ZnO possessing aggregated crystalline struc-
ture, etc. [202-206]. High-energy ball milling is the recently
preferred ball-milling technique used to synthesize several
nanomaterials like Ag/BiVO,, CusFeS,, etc. [207, 208].

Mechanistic features

The behavior of nanostructured material mostly depends
upon the origin of material, its composites, method adopted,
and various governing parameters of synthesis. The physical
morphology of a particle significantly impacts the behavior
of energy harnessing materials. It is a known fact that nano-
structured materials possess distinct properties as compared
to bulk. Equivalently, the surface characteristics also play a
vital role, and moreover, the centric of the review is focused
on the structure-defined mechanistic features. Over a period
of years, significant efforts have been made on developing
materials using various synthesis methods for achieving sev-
eral morphological features. These unique features of nano-
structured materials can be further tailored and engineered
specifically to tackle the current challenge. The different
type of nanostructures that we would be concentrating on are
quantum dots, thin films, sheets, tubes, rods, fibers, wires,
and various other 0-D, 1-D, and multidimensional structures.
Hereon, we would discuss on the relationship between mech-
anistic features of the materials and the methods used for
synthesis followed by its photocatalytic performance.

Zero-dimensional materials
QDs

QDs are achieved by decreasing the size of bulk semicon-
ductor to nanometer level and the behavior of the atomic and
subatomic particles impacts photon upconversion, thereby
shifting the absorption towards a shorter wavelength. In a
study by Zhao et al., higher charge separation leading to
extended lifetime of photoinduced charges and lower recom-
bination rate was obtained by depositing MoS, quantum
dots on the surface of TiO, nanotubes. This achievement is
attributed to quantum confinement effect [209]. In a similar
study, CdSe quantum dot over WS, composite prepared by
Hao and team showed efficient separation of electron hole
pairs, thereby decreasing photoluminescence and enhancing
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Fig.8 SEM image of a W 30,y/g-C;N,, b g-C;N,/SrTiO;, and ¢ HRTEM image of g-C;N,/SrTiO; (the figure is adopted and reproduced with

permission from Refs. [213, 214]

photocatalytic performance [210]. Thus, the synergism of
all these properties makes it an efficient material for light-
driven applications. Although quantum dots are very attrac-
tive dimensionless material, it has drawbacks such as cyto-
toxicity, poor photostability, and material recovery, and
hence, further research is required before it is considered
for real-world applications [211].

Thin films

One of the most common and easy ways of synthesizing
nanostructured materials is thin films coated on various
substrates. Nanosheets and nanomembranes have similar
structure as like thin films but without the support of a sub-
strate. Dimensionally, such materials can be classified as
2-D, but most of their light-driven mechanism takes place
in the third nanodimension, classifying it as a 0-D material.
Light-driven application of thin films were first investigated
by Fujishima’s group in the early 1990s, wherein TiO, thin
films were prepared over a silica substrate sintered at 450 °C

yielding exceptional photocatalytic property as compared to
classical P-25Degussa [212].

CVD and electrodeposition are the most popular and
well-practised techniques for depositing desirable materi-
als onto a substrate [128, 129, 131, 133-135, 192]. On the
other hand, mechanical or chemical exfoliation can deliver
photoefficient materials in the form of plate and sheet geom-
etry [199-201]. Thin films provide excellent support sys-
tems for introducing various micro- and nanostructures onto
the planar films and membranes. For example, as shown in
Fig. 8(a), Zhang et al. grew rod-shaped grass-resembling
monoclinic W,gO,9 through solvothermal route and bun-
dled it onto g-C;N, sheets by exfoliation through sonication.
The obtained defined structures of the composite exhibited
heterojunction through Z-scheme mechanism, resulting
in enhanced visible light photocatalytic activity [213]. In
similar work as shown in Fig. 8b, ¢, Leong and co-workers
wrapped the classical perovskite (SrTiO;) onto amorphous
g-C;N, nanosheets by a facile thermal method giving sym-
biotic interaction resulting in enhanced solar photocatalytic
behavior [214]. Likewise, BiIOBr@graphene oxide was

* @ Springer
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Fig. 9 SEM images of different
samples of melamine foam (the
figure is adopted and repro-
duced with permission from
Ref. [215])

synthesized through solvothermal approach and wrapped
around melamine foam by Huo et al.. The final ternary ends
up with a structure, wherein the pollutants are transferred
through channels provided by the melamine foam leading
to enhanced mass transfer and visible light photocatalysis
[215]. The schematics of the above-discussed materials mor-
phologies are presented in Fig. 9.

* @ Springer

c) BiBr@MF

() BiOBr@GO@MF

To further enhance the photocatalytic activity of a
desired material, doping of transition metals is widely
practised and provides synergetic change in behavior of
excitons. The controlled composition of precursors makes
it easy to dope metals or elements during synthesis. Imani
et al., adopted sol—gel approach for doping Cr into tita-
nia thin films forming cubic, hexagonal, and worm-like
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morphologies due to varied dopant concentration. The Cr
doping increased the lattice mismatch, resulting in micro-
structural coarsening [216]. Sayikan and team approached
hydrothermally to synthesize Sn-doped TiO, nanoparticles
and further developed a thin film by spin coating. As a
result, the doped material showed a better photocatalytic
degradation than that of undoped TiO, [217]. The use of
non-metals is also practised for doping various semiconduc-
tors to improve the efficiency of energy materials [146, 147,
172]. This is achieved through a more favorable flame and
laser pyrolysis route [146, 147, 151]. Using this technique,
Smirniotis’s team synthesized N-doped and S-doped TiO,
thin films, while a team led by Ahmad prepared C- and
S-doped and mixture of C- and S-doped TiO, thin films
via the traditional sol—gel technique [146, 147, 218]. Ulti-
mately, all the developed doped materials exhibited good
visible light photocatalytic activity.

The above-discussed zero-dimension nanostructures
owing to its unique properties obtained from quantum
confinement effect have demonstrated appreciable photo-
catalytic activity. Furthermore, the appreciation should also
be attributed to high surface area with uniform pore size
distribution, thereby effectively moving the activated elec-
tron—hole pairs to the surface consequently increasing the
availability of active sites for reaction.

One-dimensional materials

The basic category of one-dimensional semiconductor
comprises of solid nanostructures that grow in a single
direction and some classical examples are wires, rods,
and simple 1-D hollow tubes. These structures have their
own set of unique properties which are further reviewed
and discussed in Table 1. Therefore, just by introducing
various structures with unique properties has improved
the photocatalytic activities of semiconductors. A sche-
matic illustrating synthesis of 1-D nanotube arrays utiliz-
ing multiple light reflection phenomena is presented in
Fig. 10 [219].

Multidimensional hierarchical hybrid materials

The advancement in the development of sophisticated instru-
ments significantly improved and modified the synthesis
approach. As a result, fabrications of multidimensional hier-
archical structures were realistic. These multidimensional
structured materials were economically obtained with the
support of hydrothermal, solvothermal, and sol-gel meth-
ods. Such multidimensional semiconductor nanomaterials
usually bear composite structures, which further tends to
improve the surface area and other photocatalysis govern-
ing intrinsic properties. Recently, the focus has shifted on
the formation of multidimensional semiconductors with

hierarchical structures for the purpose. The most significant
among those were presented in Table 2 with their salient
features.

It is evident that, in most cases, the surface chemistry of a
concentric core shell structure is restricted to the outer shell
only, thereby urging the need to introduce a new-generation
hybrid structure of non-centrosymmetric nature. The picto-
rial representation of such non-centrosymmetric nanostruc-
tures as described by Weng et al. is presented in Fig. 11
[220].

It is clear from the figure that the structure holds series
of multiple functional units where each subunit is indepen-
dently capable of functionalisation, leading to its synergi-
sation, resulting in commanding photocatalytic activities.
Although a rudimentary study was conducted by Weng et al.,
a further detailed investigation is required to understand its
complete mechanism [220].

Noble metal deposition

Noble metal deposition onto desired metal surface is a
common approach practised over decades. This is generally
achieved by chemical and photo reduction or by direct depo-
sition of chosen noble metal on to desired material [221,
222]. Interfacial contact between support and noble metal
is one among the important factors on which the photocata-
lytic activity depends. Hence, for better interfacial contact,
researchers used a direct defect-mediated growth for deposit-
ing noble metal [222]. On the other hand, the size of noble
metals also has a significant effect on light-harvesting activi-
ties. This was very well revealed by a team led by Kamat,
where they demonstrated the intrinsic inherent feature,
i.e., shift in Fermi energy level attained by varying the Au
size onto TiO,. A greater shift in Fermi energy level was
observed in smaller Au particles than the larger one. The
study also showed the influence of the same on the recom-
bination of the charge carriers, concluding the contribution
of Au for visible light shift in TiO, and improved quantum
efficiency [223].

In most cases, silver is opted by the researchers owing to
its cost and delivery of better mechanistic features for light
harvesting. However, a detrimental report was observed
by Barakat and co-workers in which they utilised TiO, as
a desired semiconductor. This unusual contradiction was
attributed to the change in structure from fibers to rods with
an increase in the silver content and the same was revealed
by the team [224]. Ma and team embedded Pt on molyb-
denum carbide through an in situ route. This embedment
allowed for better interface properties, thereby enhancing
the photocatalytic activity of molybdenum carbide [225].
Though many such reports were available in the scientific
database most of them were critically reviewed and reported
elsewhere [226].
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Table 1 (continued)

Refs.

Mechanistic feature Unique properties

Synthesis technique

Shape

Material

[289]

The photocatalytic degradation

Microrods, microtubes and nanorods Co-precipitation and wet chemical ~ Change in precursor from Fe(II)-

Fe,0,/TiO,

efficiency increases as the mor-

oxalato to Fe(II)/Fe(IlI)-oxalato
which resulted in change from
microrod to microtube

method

phology changes from microrods

to microtubes to nanorods due to

higher number of available active

site

[46]

The granular structure and higher

ZnS shell layers gave a granular

Hydrothermal sulfidation reaction

Nanorods with ZnS shell layers

ZnO-ZnS

crystallinity along with increase

structure to the ZnO-ZnS com-

posite rods

in the formation of defects in ZnS
shell layers are the reasons for the
improved light-harvesting ability

[290]

Micro- emulsion synthesis gave a Defect free homogeneous morpho-

Microemulsion, precipitation,

Porous nanoparticles

Ag,CrO,

logical structure has shown to

more homogeneous structure

hydrothermal

have higher photocatalytic activity

[291]

Defects were intentionally intro- Defects are present on the edges,

Atomic layer deposition, rapid

Nanorods

Defect-induced ZnO

thus giving a better electron trans-
fer and light trapping sites, lead-

duced using different synthesis

methods

thermal annealing

ing to improved dye degradation

Application of nanostructured materials

In energy conservation and generation, photocatalysis can
aid in two particular ways: (1) water splitting reactions for
H, production and (2) direct photoreduction of CO,. Pho-
tocatalysis in a sequence can be described as follows. The
first step in photocatalysis involves absorption of suitable
wavelength of solar energy, such that its energy exceeds
the band-gap energy. In the second step, thus, the photo-
excited electron moves from valence band to conduction
band forming an electron—hole pair favoring redox reaction
at the valence and conduction band. Hence, an effective
photocatalyst is one which possesses low band-gap energy,
resisting ability to prevent recombination of electron-hole
pairs, and high redox potential. This section discusses vari-
ous operation parameters, its interplay with the performance,
some challenges and strategies adopted in the application of
nanostructured materials in energy, environmental safety,
and remediation. Table 3 presents various photocatalysts
that have been used for water splitting reaction, CO, pho-
toreduction and degradation pesticides, and other persistent
organic pollutants (POPs). This section emphasizes on the
modifications that have been performed for the light-driven
energy applications.

Water split application of the nanostructure
photocatalyst

Titanium oxide is one of the most widely studied photo-
catalysts as it has low toxicity, high chemical and biologi-
cal inertness, and high photocatalytic reactivity [227]. Its
limitation is that it is naturally activated by UV radiations
which form a very low percent of solar spectrum [228].
However, doping with transitional metals such as Pt, V, Cr,
or Fe have enabled the absorption spectrum towards vis-
ible. In a similar effort, hierarchal porous structure (HPT-
500) TiO, was deposited with Pt and Zinc phthalocyanine
(PCH-001) to form a composite. The results showed that
Pt-HPT nanocomposite with 0.25 pumol/15 mg of nanocom-
posite (HPT-0.25) exhibited maximum H, evolution. The
H, yield was found to be 2260 umol at 4 >450 nm (300 W
xenon arc lamp) and the turn over number was found to be
18,080. Highest apparent quantum yield (AQY) of 11.97%
was achieved at 690 nm for HPT-0.25 [229].

Exfoliation is a technique that can either modify or reduce
the size of the photocatalysts. One major advantage of using
exfoliation is that it does not alter the crystal structure. Due
to reduction in size, the migration distance of charge carriers
is reduced and the surface area of the catalyst is increased
[230]. In spite of this, one challenge faced in the exfolia-
tion is excessive time consumption and low-scale produc-
tion. To address this issue, Yuchao and Liejin engineered a
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Fig. 10 Formation mechanism of rGO-Pt/TiO, nanotubes (a) and multiple light reflections in rGO-Pt/TiO, nanotube structure (b)

new ultrasonic method for rapid and high yield of (TBA/H)
Pb,Nb;0,, by exfoliation. The obtained (TBA/H)Pb,Nb;0,,
was loaded with Pt and used as visible light photocatalyst
for production of hydrogen (4>415 nm), thereby making it
as a first and foremost visible light-driven AB,Nb;0,,,. The
perovskite yielded 50 mmol/h and 17 mmol/h of H, under
full-arc and visible light irradiation, respectively. The study
concluded that, due to smaller migration distance of charge
carriers, efficiency of electrons for hydrogen production
improved [231]. Perovskite nanosheets can also improve the
photocatalytic activity. In one such study, experiment with
HCa,Nb,TaO,, was performed. This particular perovskite
displayed a quantum yield of 80% at 300 nm for H, evolu-
tion. This study concluded that the composition of metal
oxides played a key role in determining the photocatalytic
activity [232].

CQDs along with graphene QDs have become very popu-
lar in photocatalytic energy applications. The desired feature
of the CQDs is broad optical absorption accounting for pho-
toluminescence [233, 234]. In addition, the optical absorp-
tion is in the range of UV—Vis and up to near IR [235].
Hence, the core carbon nanoparticle can use the visible light
to generate necessary charge carriers for catalytic energy
conversion. Similar property is also exhibited by graphene
QDs and other carbon-based QDs [236]. However, in pre-
sent scenario, many reported catalysts suffer low quantum
efficiency with solar-to-hydrogen (STH) ratio less than 0.1%,
high cost, and poor stability [237]. To combat this issue,
Carbon nanodot-carbon nitride (C;N,) has been reported
with high performance for water splitting reactions using
solar energy. Carbon nitride is found in high quantity on the
earth crust, and thus, it lowers the cost of production. This
composite exhibited a decreased bandgap of 2.77 eV with
increased visible light absorption and quantum efficiency
of 16%. The overall solar energy conversion efficiency was
reported to be 2.0% [238].

Shinde et al. reported improvement in photocatalytic
activity of g-C;N, under visible light irradiation by dop-
ing it with carbon dots and TiN nanoparticles. The pre-
pared composite showed sixfold increases in photocatalytic
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activity as compared to pure g-C;N,. Doping with carbon
dots eliminated the problem of C;N, poisoning by H,0,
[238]. Utilizing the broadband plasmonic resonance of
TiN nanoparticles increased the absorption spectrum from
UV-Vis to NIR (320-700 nm), thereby convalescing the
performance of photoelectrochemical water splitting. The
calculated incident photon-to-current efficiency for pure
C;N, was found to be in the range of 0.089-0.00077%
and that for TiN-C;N,-C dots was 1.143 to 0.0056% for
400-700 nm [239].

Graphene has some distinct properties like high work
function, intrinsic electron mobility, and optical transmit-
tance which make it highly suitable for photocatalytic activ-
ity [240]. Thus, it rapidly accepts, transfers electrons, and
decreases the recombination rate. Graphene has been used
as a co-catalyst in a study by Mateo et al., where a few layers
of graphene were used to support Cu,O nanoplates bearing
2.0.0 facet. The prepared Cu,O strongly interacted with gra-
phene and improved hydrogen yield to 19.5 mmol/g in the
presence of 300 W Xe lamp [241].

Nanostructure photocatalyst for driving artificial
photosynthesis

Photocatalytic conversion of carbon dioxide into methane
(fuel) has been considered as an efficient and viable tech-
nique for dealing with the global environment challenge of
carbon sequestration. TiO, and CdS are popular semicon-
ductor nanomaterials employed for this purpose; however,
the problem with most is that they get excited only in the
UV region [242]. Lin et al. created a photosystem with
g-C;N, as a photocatalyst with triethanolamine (TEOA) as
hydrogen and electron source. Here, Co** ion when coordi-
nated with bipyridine ligand activated the electron transfer
process. g-C;N, was coated with cobalt oxides (oxidative
catalyst) which aided in transfer of light generated elec-
tron—hole pair with a turnover number of 4.3. The reduction
of CO, resulted in 3.7 umol of CO and 0.6 pmol of H,. It
was also noted that low Co®" concentration was beneficial
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ascribed to the efficient visible light

tion and oxygen removal of already

available Cu(OH), NWAs

followed by thermal anneal-
ing and SILAR method

photoelectrode

absorption by 3-D NWAs and efficient
charge carrier transfer of 1-D nanow-

ire structure

[300]

The effect of nanotube arrays and Pt

Pt sol infiltration into the PbTiO;

nanotubes

Hard templating on a transpar-

Nanodot, nanotube array

Pt nanodot deposited PbTiO,

infiltration on the inner side leads to

ent conducting glass

nanotube array photoelectrode

augmentation of charge-carrier separa-
tion and decrease in recombination

rates

for selective reduction of CO,, whereas an increase in Co**
favored the H, production [243].

In a recent path breaking study, strontium titanium
nanorods were used as UV light-harvesting photocatalyst
along with Cu, O nanocluster and cobalt phosphate as co-
catalyst to enhance the selectivity of CO, using water as
the donor molecule. The team constructed an artificial,
wireless leaf like plate using SrTiO; film deposited with
Cu,O by simple impregnation method. As a co-catalyst,
cobalt and phosphate nanoparticles were later deposited on
the film using photoelectrochemical method. TEM reports
showed that the deposited co-catalyst was highly dispersed
onto the porous structure of STO, enhancing electron—hole
pairs. The result was first of its kind as it displayed 80%
selectivity for CO generation over H, production using
Hg—Xe lamp. The reported co-catalyst-loaded SrTiO; film
showed 2.5 times more CO formation than bare SrTiO;
film [244].

Fabrication of noble metal-free polyoxometalates (POM)
reduces the cost of photocatalysts to a great extent. One such
effort is seen in a study by Zhou et al. while synthesizing Co,
doped g-C;N,. Modification with Co, increased the oxidative
capacity of g-C;N, and led to increased reduction of CO, and
enabled ease charge transfer. This hybrid displayed higher
yield of CO from CO, in the order of 107 umol g~' h™" (43%
wt. of CoO,) at 1<420 nm with 94% selectivity. Prolonging
the irradiation up to 10 h, CO yield surged to a maximum of
896 umol g~! h™! [245]. Rhenium has been widely explored for
reducing CO, due to desirable photocatalytic properties of the
former. In a study Re;(5-dmb)**/fac-[Re(bpy)(CO);(MeCN)]*
was used as photocatalyst for conversion of CO, to CO. Tri-
nuclear Re ring were used as a redox photosensitizer and fac-
[Re(bpy)(CO);(MeCN)] as a catalyst. The z—x interaction in
the Re ring increased the lifetime of the electrons in excited
state. This combination reduced the CO, to CO with the highest
quantum yield of 82% at A=436 nm [246].

Wang et al. obviated the use of expensive noble met-
als by replacing with CuO-ZnO. Both ZnO and CuO was
synthesized in the wire form where ZnO was deposited
on CuO using atomic layer deposition technique. ZnO
grew epitaxially, demonstrating island growth mechanism
that favored recombination free transfer of electrons. The
defects created by ZnO increased the life time of the elec-
trons. The maximum CO yield under UV-visible-NIR
(250 nm <1 <810 nm) was 1.98 mmol g-cat™! h~! for
eight cycles of atomic layer deposition of ZnO with lower
quantum yield [247]. Tungsten selenide in composite with
graphene was attempted for direct CO, reduction. The pho-
tocatalytic efficiency was increased for WSe, by efficient
reduction in recombination of electron—hole pairs with
increase in electron transport facilitated by graphene. The
study utilized an additional sacrificial agent in the form of
Na,S/Na,SO;. The CO, was reduced to methanol with a
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maximum yield of 4.3257 umol g~! h™! under visible light
and 5.0278 umol g~! h™! under UV light [248].

Nanostructure photocatalysts for water
and wastewater treatment

Nanostructured photocatalytic materials are widely used to
purify both water, wastewater and they are known for degrad-
ing the recalcitrant organics. The most common materials
widely used include TiO,, ZnO, WO;, g-C;N,, etc. [6-12,
249-256]. Photocatalysts have proven to be helpful in degrad-
ing several categories of organic contaminants including POPs
and endocrine disrupting compounds (EDCs). Various param-
eters that affect the photocatalysis include pH, availability of
solar light, band structure of the photocatalyst, concentration
of the photocatalyst, concentration of pollutant, etc. pH of the
reaction mixture exhibits profound effect on the degradation of
pollutants, for instance, in an experiment performed by Yosefi
and Haghighi [249], it was found that the photocatalyst het-
erojunction (p-BiOI/p-NiO) was able to degrade acid orange
7 more effectively at strong acidic condition as compared to
neutral. The acidic condition modified the surface charge of
the photocatalyst and thus enhanced the degradation process.
Other important parameters that can affect the degradation
process are photocatalyst dosage and pollutant concentration.
Higher concentration of photocatalyst can lead to agglomera-
tion, while pollutant can prevent sunlight from reaching the
surface of photocatalyst [249].

A major challenge observed by the researchers was sepa-
ration of nanoparticles after the completion of the treatment.
This was overcome by decorating TiO, with ferromagnetic
(N-Ti0,@Si0, @Fe;0,), which imparts magnetic properties
leading to easy separation [250]. Another approach adopted
by researchers to solve this problem is immobilisation of
nanoparticles. This strategy prevents the photocatalyst from
washing out as well as increases its reusability. However, a
major problem associated with immobilisation was the poor

degradation rate of pollutant because of its decreased surface
area-to-volume ratio. Furthermore, to resolve this problem,
Tototzintle and group used H,0O, as an external electron
acceptor. The usage of H,0, increased the production of
hydroxyl radicals, thereby enhancing the photocatalysis
[251]. A usual problem faced by most researchers with metal
sulphide was their instability caused by the self-oxidation
of sulphide ions. The conjugation of chitosan with metal
sulphide (ZnS) eliminated the self-oxidation issue where the
chitosan acted as a capping ligand. [252].

Synergizing photocatalysis with processes like adsorp-
tion can show a greater impact. In a similar approach, a
Fe;0,/BiVO, heterojunction was synergised with Pinus
roxburghii-derived biochar and studied for the degradation
of methyl paraben. It was found that the photocatalyst was
able to degrade only 74.98% of methyl paraben, whereas the
photocatalysis adsorption synergised was able to degrade
95.64%. The presence of biochar clearly acted as adsorbent
which accumulated larger amount of methyl paraben mol-
ecules on its surface and thus allowed its easier degradation.
Furthermore, the presence of Fe;O, allowed easy separation
of the composite after treatment [253]. Several other chal-
lenges faced by the researchers and the respective strategies
chosen to solve the issue are presented in Table 3.

Future prospect

Environmental challenges and energy crisis are the biggest
concern of this era; however, its solution is hidden in an out-
skirt domain of “nanotechnology”. It refers to the exploita-
tion of the incredible physiochemical properties of materials
which have been attained by manipulating the size and struc-
ture of the material. After the discovery of light-assisted
catalysis, engineered nanostructured material has become
more popular tool to harvest photon energy from solar
spectrum [254, 255]. Later, this technology was extended
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predominant emission of 365 nm

radiation)

to develop more efficient nanostructured assemblies with
captivating designs for enhancing surface plasmonic, since
the manipulation in morphology and topography of mate-
rials can modify the intrinsic properties of nanomaterials.
Therefore, architecting of nanomaterials in varying fashion
to enhance the efficacy and surface plasmonic performance
has piqued the global attention and becomes a fascinating
approach [255, 256].

These reviewed designs and approach are attractive in
the arena of nanotechnology. Yet, biomimicking is emerg-
ing as a pioneer technology to revolutionize the scientific
world with a modern notion to light-assisted designs. Bio-
inspired duplicating of hierarchical structures demonstrates
great design that instigated the distinctive architectures of
biological world. A few such reports include replicate of
photosynthetic pigment of cyanobacteria, scale of butterfly
wings and snake, plant leaves, and spine of some marine
polychaete worms [226, 257, 258]. For example, absorb-
ance of wide range of solar light (300-800 nm) has been
inferred in the wings of Paysandisia archon moth owing to
the nanostructured fabrication of wing scale. The hierarchi-
cal assembling of various pigmentary nanostructures of 3D
photonic crystals in the upper lamella of wing scale is finely
tuned with light absorption to perform the photocoloration.
A highest visible and NIR light utilisation was observed for
dark black-colored spotted areas of wings, while the lowest
for white-colored spots [259]. Therefore, this nanostruc-
tured fabrication of wing scale can be a good alternative to
develop energy materials [260, 261]. Similarly, biomimick-
ing of natural photosynthesis phenomenon to construct the
artificial novel photosynthetic antenna is another promising
green approach to maximise the harnessing of the photons
[141]. The metabolic and photosynthetic activities of floral
pigments of biological world were emulated for enhancing
the photon utilisation and CO, transformation. However, in
some cases, the characteristics of chlorophyll stacks were
tailored for effective electron transfer [262, 263]. In a typi-
cal study, graphitic nitride nanopaper has been employed to
synthesize the biomimicked photosynthetic nanostructured
leaf along with zeolitic imidazolate frameworks (ZIF-9
metal organic framework) and Au stacked like thylakoids.
The ZIF-9 in the composite performed electron transport
and redox reaction to reduce the CO,, while Au enhanced
the light-harvesting capacity of the material. The coupling of
graphene-nitride nanolayer with ZIF-9 MOF created inter-
ferences at the junctions and modified the band structure.
This ternary was successfully tested for water splitting and
CO, reduction [257]. The design and mechanistic utility
of the fabricated materials is illustrated in Fig. 12 [257].
Similar mechanism of marine diatoms for mimicking the
photosynthetic properties of Photosystem I (PSI) was imi-
tated to architect the artificial diatom frustules with graphitic
nitride material (C;N, (DE-g-C;N,). Here, the reduction of
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Fig. 12 Design and mechanistic
of artificial photosynthetic util-
ity [257]
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nicotinamide adenine dinucleotide phosphate (NADP) to
NADPH acts as an electron transporter and helps to convert
the photon energy into chemical energy [264-266].

In another study, artificial moth eye structure was fabri-
cated through the impregnation of perovskite on the glass
frame which was coated with a layer of polydimethylsi-
loxane (PDMS) and phenyl-C61-butyric acid methyl ester
(PCBM), while Ag was introduced as co-catalyst to enhance
the trapping and scattering of low-energy photons. This
moth eye framework provided a dramatic enhancement in
the external quantum efficiency. Meanwhile, free absorption
of electromagnetic spectrum was obtained which improved
the surface plasmon resonance activity [267, 268]. Thus,
above-discussed nature inspired nanostructure harbored with
carbonaceous materials, surface modified semiconductors,
and noble metal would be a new future perspective to devise
intelligent energy materials.

Conclusion

The review has emphasized the distinct mechanistic features
of nanostructure materials that lend them unique proper-
ties with potential benefits towards energy and environment.
Though all nanostructure materials are potent for the pur-
pose, the metal oxides established its excellent photostabil-
ity after being modified through doping. The doping has
expanded the absorption of the solar light that promoted
water splitting and CO, reduction. It was clearly seen that
the hydrothermal synthesis method can encompass the syn-
thesis of various nanostructure materials such as zero-D,
one-D, two-D, and three-D, and bring down the synthesis

cost. Thus, the nanostructured materials have offered an
economically feasible route for upgrading the technologi-
cal approach. Meanwhile, biomimicking of nanostructure
materials on the principle of nature’s design also provided a
pathway to solve the critical challenges of engineering and
technology to develop highly intelligent and smart designs.
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