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cally by efficiently consuming a large section of the solar spectrum. Scientists are
exploring the wide band gap metal oxides and their nanocomposites as hetero-
geneous photocatalysts for effective performance in solar wavelengths. Increased
surface area, efficient photon absorption, and reduced recombination rate can
be achieved by structural engineering and developing efficient nanocomposites.
A thorough review of recent innovations in ZnO nanostructures/nanocomposites
exclusively for photocatalytic dye degradation has been conducted. The review pro-
vides insight into the effects of ZnO nanostructure and recent advancements in ZnO
nanocomposites to improve the photocatalytic activity of organic pollutants under
different radiations. The review concludes that structural and material engineering

can boost the photocatalytic performance of ZnO structures.
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INTRODUCTION

n the present era of industrial devel-

opment and modern civilization, the

rising pollution level and poor water
management have contaminated natural
water reservoirs. Lack of pure water
has affected the living standards. The
essential requirement for drinkable water
has increased alarmingly in underdevel-
oped countries!. Ensuring the availabil-
ity of healthy water and ecological water
management is a huge concern. Sustain-
able Development Goals (SDGs) seven
is majorly defining the parameters of
clean and drinkable water set by the

United Nations (UN)2. The reclamation
of wastewater is one of the attractive solu-
tions. The excess use of synthetic prod-
ucts in daily life has built up the verity of
persistent organic pollutants (POPs). The
POPs are long polymer chains resilient to
common water treatments. The complex
composition, persistent nature, and detri-
mental effects of these pollutants have
made them difficult to remove during
conventional water treatments®*. Such
pollutants can inculcate through gener-
ations and cause many life-threatening
damages?. Scientists and researchers are
working to resolve this issue by employ-
ing different procedures.
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Various water treatments have been
developed to remove such pollutants
by ionizing radiations®, metal-organic
frameworks (MOF)’, electrochemical
activation of persulfates compounds®,
biodegradation/bioremediation®, elec-
trocoagulation'®,  ultrasonic  treat-
ment ' and many more. These methods
mainly focus on removing the POPs
from liquid; however, the byprod-
ucts are in the solid phase!'"'4, which
requires advanced oxidation processes
(AOPs) for further treatment!'>~!7.
The high production rate of POPs,
costly wastewater treatment reactors
and high energy consumption to break
down the organic pollutants are major
obstacles 820, These issues must be
addressed in a single solution. One of
the efficient and practical solutions is
photocatalysis, as it utilizes the most
extensively available natural resource
of sunlight rather than any external
sources of energy, which reduce the
cost of the reclamation. Moreover, it
is environmentally friendly. Photocat-
alyst is reported to be highly effective
for the degradation of organic pol-
lutants?>!~27, generation of hydrogen
fuel?®, antibacterial activity?*3°, and
air purification®!. The catalytic effects
are more pronounced at the nano level
due to the change in bond polariza-
tion, the shift in the adsorbent range
of wavelength, increased surface area,
and increased reaction site available for
redox reaction as compared to the bulk
material 3233,

Numerous material scientists are
investigating fabricating highly pho-
toactive materials for water purifi-
cation applications. The two classes
of photocatalysts are homogeneous
and heterogeneous catalysts. Homo-
geneous photocatalysis is a mixture
of hydrogen peroxide and Fe’* based
salt commonly known as Fenton’s
reagent. It produces hydroxyl radical
when exposed to UV light, wavelength
above 300 nm>* Whereas heteroge-
neous photocatalysts are semiconduc-
tor oxides, which degrade the organic
pollutes at relatively longer wave-

lengths®3. TiO; is extensively studied
for photocatalytic application. TiO; has
got attention due to its low-cost pro-
duction, chemically inert nature, and
compelling photo activity degradation
of organic pollutants such as water-
soluble pesticides?®, antibiotic ery-
thromycin3’, dinitrophenol (DNP)3%,
organic material with the nitrogen-
based functional group3®, xenobiotic
organic pollutants*?, volatile organic
compounds*!#? saturated and aro-
matic hydrocarbons**#°, TiO, has also
been used to assist the conversion
of aromatic pollutants in fuels*® and
non-biodegradable azo dyes*’* with
a UV light source. The limitation of
TiO, is its wide bandgap (3.2 eV)
and low quantum efficiency’’. Many
attempts are made to improve the pho-
tocatalytic efficiency by doping met-
als>'% and non-metals>®>7, synthe-
sis of nanocomposite ! and surface
alterations27%°. In contrast to TiO,,
ZnO is not well studied in photocat-
alytic activity °°.

ZnO can be a promising entrant with
its numerous morphologies, high sta-
bility, mechanical strength, high bulk
of electron mobility, higher absorption
coefficient, a wide bandgap relatable to
TiO,, and nontoxicity®®. Summary of
structure and properties of ZnO is given
in Table 1. This review is about the
detailed study of morphological effects
of ZnO over photocatalytic activity to
increase its practical application in this
field, in the perspective of the recent
development of ZnO-based materials in
water treatment under ultra-violate and
visible ranges. Moreover, this review
will develop insight into the prospects
and future challenges to exploiting ZnO
for water purification applications and
enable researchers to improve the effi-
ciency and effectiveness of ZnO-based
photocatalyst.

PHOTOCATALYTIC
MECHANISM OF ZnO

The photocatalytic activity is mainly
dependent on incident wavelength and

catalyst bandgap energy. Semiconduc-
tors are mostly used as sensitizers, the
exposure to light stimulates the redox
reaction because of the electronic band
structure 7-68,

The step by step explanation of ZnO
photocatalytic activity are as follows ®:

1. If the incident photon energy
is equivalent to, or higher than the
bandgap of the ZnO causes the elec-
trons in the valance band jump to the
conduction band.

2. Leaving behind the holes in
the valance band, which oxidize the
donor molecule and react with a water
molecule to produce hydroxyl radicals
(OH™).

3. The electron in the conduction
band forms a superoxide oxygen ion
(O*). Ion undergoes a reduction reac-
tion to form water. The redox reaction
on the surface of the ZnO photocatalyst
degrades organic pollutants and gives
green products.

ZnO +hv —>ZnO (e ~(cp)) + (h
VB))

ZnO (h +(v3)) +H,0—>ZnO+H
*+ OH*

ZnO (h +(VB)) +OH™ —> ZnO +
OH*

ZnO (e
Oy *~

0*~ + HY —> HO,*

HO,* + HO»* —> H,0, + O,

ZnO (e 7(CB)) +H;Op ——> OH* +
OH™

H,O, + O*™ ——> OH* + OH™ +
0))

H,0, + hv ——> 20H*

Organic pollutants + OH* ——>
Intermediates

Intermediates —> CO, + H,O

ZnO absorbed photons of energies
equitant or higher than the bandgap.
The electrons in the valance band
get excited and jump to the conduc-
tion band, leaving positively charged
holes in the valance band. The photon
induces the exitron pair to emerge to
the surface of the ZnO nanostructure
and initiate the redox reaction. Hydron
reacts with water and produces OH™
radicals. Electrons react with oxygen

i

“(cB) + 02 —> ZnO +
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Figure 1. Schematic representation of ZnO photocatalytic mechanism.

by giving superoxide anion and later
react to hydrogen peroxide to give out
hydroxyl radical. These OH™ radicals
interact with organic pollutants on the
surface of ZnO to degrade them to
intermediates and then to CO,, H,O,
and other green products %72,

WHY ZnO AS
PHOTOCATALYST?

The major parameters determining the
photocatalytic activity are crystal struc-
ture, shape, size, and active surface
area of the catalyst. Moreover, reaction
temperature, pH levels, light intensity,
amount of photocatalyst and concen-
tration of pollutants in water are con-
trolling factors of the activity’!7374,
ZnO is an II-VI compound n-type semi-

conductor with a direct wide bandgap
of 3.37 eV. ZnO has high excita-
tion energy of 60 meV and a higher
absorption coefficient at ambient tem-
perature than TiO;. Moreover, vari-
ous ZnO morphologies can easily attain
anisotropic growth relative to the other
semiconductor materials. The crystal-
lized site is photoactive at UV and vis-
ible wavelengths and produces rapid
electron-hole pairs”>. The Wurtzite
crystal structure of ZnO, controllable
shape, size, and number of active sites
at nano levels makes ZnO an effi-
cacious contender for photocatalytic
studies 7*. However, the recombination
rate is yet to control to increase effi-
ciency. The cost of ZnO production is
75% lower than the TiO, and Al,Os3
nanoparticles (NPs)’®. Additionally,

the mechanical”’, electrical and opti-
cal properties”® of ZnO are very sup-
portive for the photocatalytic applica-
tion”74. The surface area increase,
along with the polar faces, due to its
unique P63mc space group of ZnO.
Zn*? jons and O~2 ions are linked
via two connecting tetrahedral lattices,
which increases the polar symmetry
in the c-axis resulting in piezoelec-
tricity and spontaneous polarization of
ZnO nanostructures, specifically two-
dimension (2D) nanosheets and thin
films”®, which makes them effective
photocatalysts. The large surface-to-
volume ratio, numerous active sites
and large surface area enable a larger
number of contaminants to attach to
hydroxyl radical. Hence the degrada-
tion rate can be increased effectively.
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Table 1. General overview of characteristics of ZnO.

Colour

Crystal structure

a=b (lattice constant)
¢ (lattice constant)

c/a

Band gap in bulk (Eg)
Band Gap (direct)
Binding energy

Formation Energy / Atom

Density
Refractive Index n

White powder  Dielectric constant 10.53
Waurtzite Piezoelectric Modulus (d33)  1.28562 C/m?
325 A° Poisson’s Ratio 0.36

52 A° Elastic Anisotropy 0.13

1.6 Bulk Modulus 130 GPa
337eV Shear Modulus 41 GPa
0.732 eV Space Group P63mc

60 MeV Zn-O bond length 1.89 A
-1.799 eV Cp (specific heat) 0.497 (J/g K)
5.44 g/cm’? Melting point 1975 K

2.32 Debye Temperature 416 K

In the discussion below, the morpho-
logical effect of ZnO will be studied in
detail with the improvement perspec-
tives.

ZnO MORPHOLOGIES

The division between nanostructures is
based on the total number of dimen-
sions in the nanoscale. Nanorods,
nanowires,  nanotubes,  nanonee-
dles and nanofibers are included in
one-dimension (1D) nanostructures.
Nanosheets (NSs) and thin films come
under the umbrella of two-dimension
(2D), and nanoflowers are covered in
three-dimension (3D) nanostructures.
Quantum dots (QDs) and nanoparti-
cles (NPs) are zero-dimension (0D)
nanostructures because all three dimen-
sions are in the nanoscale®’. The quan-
tum confinement effects are very pro-
nounced at nanoscales. QDs arrays,
elongated arrays, planar arrays and
ordered structures are a division of
nanostructures in the perspective of
quantum effects. Morphologies of
ZnO are vital for their use in different
applications majorly, including photo-
voltaics and photocatalysis. The attrac-
tive attributes of ZnO nanostructures
are high electron mobility and high
mechanical strength. Chemical stabil-
ity and non-toxicity are the researcher’s
reasons for increasing curiosity about
ZnO for different practical applica-
tions 8182,

ZnO thin film transmission is
increasing to 75%, and the bandgap
is tailored from 3.17eV to 2.79 eV
with doping of Co transition metal
ion®3. The tailored bandgap and trans-
mission make ZnO a good candidate
for photovoltaic, higher frequencies
device operation®, optoelectronics®
and conductive film application®® .
ZnO QDs and nanowires are used
for cancer diagnostics and treatment
due to their sustainability, biocom-
patibility, high isoelectric point, and
tunable morphologies®. The unique
feature of ZnO nanowires is molecular
identification, mechanical strength, the
flexibility of ZnO nanorods, and their
sensitivity to different gases®’, and
ultraviolet light enables them for sens-
ing application®8%. ZnO nanowires
are grown aramid fabrics that enhance
impact resistance’®!, which makes
them a potential candidate for soft body
armour in defence and sports fields.

Zero-dimensional ZnO

The largest active surface area, higher
quantum yield and stability of ZnO
QDs and NPs make them attrac-
tive for photocatalyst application”. A
larger number of organic pollutants can
absorb onto NPs and QDs surfaces.
Resulting in rapid degradation sites for
the organic pollutant.

Quantum dots
The large number of polar facets in
ZnO QDs and increases reactive sites

make them an effective option for pho-
tocatalyst. The availability of a con-
trollable bandgap for the photoactive
redox reaction and the high surface-to-
volume ratio have opened new vistas
for research.

ZnO QDs prepared by the modified
wet chemical method by Mohamed,
W.A. et al.,, The reported crystalline
size is 2.9 nm with a tailored band
gap of 3.57 eV and a surface area of
312.1 m%/g. The profound blue shift
is observed in observation peek at 315
nm and fluoresce spectra shifted to 500
nm due to the decrease in crystallized
size and prominent quantum confine-
ment. The ZnO QDs show 25% decay
of Coomassie Brilliant Blue R (CBBR)
dye in 330 minutes under sunlight irra-
diation. After nine cycles, the photo-
catalytic activity is not significantly
affected®?. However, the low degrad-
ability has argued the researchers to
develop an advanced technique by tai-
loring the ZnO bandgap.

Doping is an effective technique
to tailor a bandgap within semicon-
ductors. Sowik, J., et al., modified
ZnO QDs bandgap doping lanthanides
(Eu, Er, Tb, Yb, Ho and La) met-
als. Rarer earth metal doped ZnO QDs
(ZnO/RE) are synthesized by the sol-
gel method. ZnO/La is reported to
increase the quantum yield to 81%.
ZnO/Er shows exceptional photocat-
alytic removal of phenol up to 90%
in an hour under UV-Visible light.
ZnO/La is showing lower values of
fluorescence and PL intensities rele-
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vant to pristine ZnO QDs. The maxi-
mum absorbance is reported at 340 nm.
The lattice constant “a” almost remain
almost unchanged, whereas “c” varies
with doping of different rarer earth met-
als from 5.179 to 5.198 (A°). The effec-
tive increase in photocatalytic activity
is observed in ZnO/Er due to the addi-
tional electronic state 3d/4f introduced
by Ert3 rare earth metals ion in the
bandgap of ZnO QDs. Which increase
the absorption spectrum, assist exci-
ton excitation and reduce the recom-
bination rate?*. The introduced defects
by doping majorly different ionic radii
and excessive stress within crystal lat-
tice are responsible for the weak Zn-O
bonding. It directly influences the opti-
cal properties and quantum yield of the
doped ZnO QDs. The high cost and lack
of availability of rare earth metals are
limiting factors for their extensive use.

The hybrid formation is a new strat-
egy to exploit two effective materials
for an application. CuO is an exten-
sively used heterogeneous photocata-
lyst95’97. Fakhri, A., et al., combined
both the CuO and ZnO effectively. CuO
NSs decorated by ZnO QDs by the
hydrothermal method. The crystalline
size of CuO NSs has reduced drasti-
cally from 12.5 nm to 3.2 nm along
with the reduction of the bandgap from
2.01 eV to 1.86 eV by adding ZnO
QDs to CuO NSs. Upon the irradia-
tion of sunlight and UV light, tetanus
toxin (TeNT) decays up to 75%°%%.
The effective hybrid (ZnO QDs/CuO
NSs) formation is due to the cou-
pling of CuO NSs, and ZnO QDs
enhanced the photoactivity. Moreover,
the active surface area available for
the organic pollutant is increased along
with the reduced recombination rate of
the charges. However, the dose of pol-
lutant used for the study as the model
is very low (in Table 2)., which does
not encourage the trade use of ZnO
QDs/CuO NSs hybrid.

Vattikuti, S.P., et al., synthesized
hybrids photocatalyst. ZnO/SnO, QDs
(SZ) are deposited on graphitic carbon
nitride nanosheets (g-C3N4) by the in-

situ co-pyrolysis method. The photo-
catalyst reported being active in visible
light and effective for producing hydro-
gen fuel applications. The surface area
of SZ/g-C3Ny4 hybrid has almost dou-
bled to 46.38 m? g~ ! from 24.7m? g~ .
The pore size is also increased to 0.234
cm® g~!, which is one of the major
factors in increasing the efficiency due
to the increase in the active site. The
bandgap of hybrid lies in the visible
range, i.e., 2.75 eV. The SAED pat-
tern ant HRTEM image clearly indi-
cate ZnO and coating SnO, (in Fig-
ure 2 (a and b)) and The Rhodamine
B (RhB) dye is 99% degraded under
visible light in 60 minutes (in Figure
2 (¢)). During four cycles, the photo-
catalyst remains stable and keeps up
its performance®. The hybrid struc-
ture shows outstanding results because
of the synergic effect, rapid electron
mobility, bandgap tailoring, reduction
in recombination rates, the larger num-
ber of active sites and increased surface
area. The in-situ growth enables better
interfacial strength and random disper-
sion of ZnO/SnO, QDs over the NSs.
The approach to designing an SZ/g-
C3Ny hybrid is very appealing further
research is required to see the response
to different organic pollutants at differ-
ent pH, temperature, wavelength, and
other influencing factors to the perfor-
mance.

Kumar, K.A., et al., synthesized het-
erojunction of ZnO QDs with reduced
graphene oxide (rGO). ZnO QDs are
prepared by simple chemical precip-
itation, and rGO is prepared by in
situ hydrothermal methods. The clears
placement ZnO QDs over rGO can be
seen in TEM images (in Figure 3 (a
and b)) Crystalline size of hybrid is
reduced to 3.2 nm along with the reduc-
tion in band gap to 2.1 eV. Increase
in surface area from 60 m? g~! to 135
m? g~!, whereas the size of the pores
reduces from 43.1 A to 37.9 A, esca-
lating the hybrid photocatalyst’s effi-
ciency. The heterojunction is exploited
for the degradation of tetracycline (TC)
and hexavalent chromium (Cr (VI)).

The heterojunction is active in the visi-
ble range for 120 min. It degrades tetra-
cycline (TC) and hexavalent chromium
(Cr (VI)) pollutants up to 68% and
84% respectively (in Figure 3 (c))%.
The excited electron can move along
the surface of rGO, which reduces the
recombination of excitons. The elec-
tron on the surface of rGO is widely
available to the organic pollutants for
photodegradation. The time required
for redox reaction is a limiting factor
for the high performance of photoactive
decay by the ZnO/rGO heterojunction.

Wang, X. and J.J.O.M. Li, prepared
ZnO QDs coated with Ag by facile
sol-gel method. Ag coated ZnO QDs
are reported to be photoactive under
artificial sunlight. The performance is
99% in 80 min to minimalize methy-
lene blue (M.B). The crystalline size
of 11.86 nm of ZnO/Ag. Ag coating
of approximately 0.37 nm was done on
the ZnO QDs Bandgap energy drops
to 2.92eV at point B in figure 4a from
3.38 eV at point A. Density functional
theory calculations indicate that further
decrease can be achieved to 1.744 eV
by increasing surface defects (in Fig-
ure 4(b and c)). The designed pho-
tocatalyst exhibits stable nature after
three successive cycles of photodegra-
dation'% Ag does not cover the ZnO
Q.D.s completely. The impartial coat-
ing developed the easy flow of exitron
during the redox reaction. The band
tailoring, reduction in the recombina-
tion rate and surface plasmon reso-
nance by imperial coating Ag atoms
has significantly enhanced the perfor-
mance of the nanocomposite. However,
an enormous amount of photocatalyst
(in Table 2) is used for photodegrada-
tion of M.B., Which is not practically
supportive for the frequent use in water
purification applications.

Fakhri, A. et al., decorated CuO
NSs with ZnO QDs. Photocatalyst is
reported to be effective in UV light for
the degradation of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) and
Tetanus toxin (TeNT). In 60 minutes,
the toxins are degraded up to 80% in
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Figure 2. (a) SAED pattern of the SZ/g-C3Ny catalyst. (b) HRTEM image and (c) Photocatalytic activities of different photo-
catalysts for the degradation of RhB under visible light irradiation®®. Reprinted with permission from ref. 1

UV and 75% in UV with the assistance
of a microwave. The hydrothermal
method prepared the ZnO QDs/CuO
NSs with a crystallite size of 3.2 nm.
The bandgap is significantly reduced to
1.86 eV with an absorption spectrum in
the green region. The photocatalyst was
stable for ten consecutive cycles. The
operational temperature range between
70 to 320°C for photocatalytic reac-
tion. The MPTP and TeNT solution was
introduced to the wastewater reactor at
250 °C!°1 Due to the high redox reac-
tion temperatures, ZnO QDs/CuO NSs
photocatalyst is unsuitable for exten-
sive use.

Igbal, A. et al., ZnO QDs adsorbed
on TiO, anatase by sol-gel assisted
hydrothermal method. The highly
porous ZnO QDs/TiO, nanocompos-
ite with an average crystalline size of
9.22 nm with an average pore size of
510 nm. The induced oxygen vacancies
and surface defects indicate the quan-
tum confinement effect. Bandgap was
3.24 eV, relatively less than ZnO. The
catalyst is used for the breakdown of
tetracycline (TC). It is effective under
fluoresce light. TC is degraded up to
98% in 90 minutes. The effenciay is
not significantly effective after four
cycles'®. High energy excitons are
produced due to the quantum confine-
ment effect. The z-scheme heterojunc-
tion delay recombination of charges.

The large active surface area and high
quantum confinement effect enable
the ZnO QDs/TiO2 nanocomposite for
photocatalytic activity. Nevertheless,
the sensitivity to a specific wavelength
of fluoresce-light limits its practical
use.

Zhou, Q., et al., reported ZnO QDs
decorated ZrO,-TiO, hollow spheres
for degradation of Congo red (CR) up
to 94% in 120 minutes under UV, vis-
ible light, and simulated sunlight. ZnO
QDs@Zr0,-Ti0O; is prepared using a
sol-gel and colloidal template method.
the SEM and HR-TEM images vividly
exhibits the morphology and phase of
all the components of the hybrid (in
Figure 5 (a-c)). The bandgap is reported
in the visible range of 2.95¢V, less
than both TiO, and ZnO. The sur-
face area increases 46.14 m? g~! with
pores size of 13.39 nm. The aver-
age crystalline size was reduced to
15.78 nm from 16.5 nm. Photocatalytic
efficiency reduces by 10% in three
consecutive cycles!??. The two junc-
tions are developed. One is between
anatase and rutile TiO;, another junc-
tion between TiO, and ZrO, along
with synergic effects between ZnO
QDs and ZrO,. The structure has
both homojunction and heterojunction,
which are highly effective for photo-
catalytic activity. however continuous
decrease in the effenciay of the photo-

catalyst is encouraging for the commer-
cial preparation.

ZnO QDs have a high surface-to-
volume ratio, and a pronounced quan-
tum confinement effect makes them
a good candidate for photocatalytic
application. The larger surface area
allows larger numbers of pollutants to
react at the surface of ZnO QDs. Their
combination with different elements
such as doping, hybrid and heterojunc-
tion formation allows researchers to
tailor bandgap and reduce recombina-
tion rate significantly. The introduc-
ing stresses in the crystal structure of
ZnO QDs shift the absorbance wave-
length, which shifts the photoactive
response to the visible range. More-
over, the hybrid with other nanostruc-
tures enhances the system’s synergic
effects and charge mobility. The inter-
facial effects within nano junctions and
hybrid develop better charge separa-
tion. Excited charges are available for
a longer time to react with organic pol-
lutants.

Nanoparticles

Many studies investigate the role of
ZnO NPs in photocatalytic activity
to decompose organic pollutants. The
surface-to-volume ratio and availabil-
ity of active sites are majorly affecting
the catalytic efficiency.
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Figure 3. (a) TEM images of ZnO (inset: lattice fringes of ZnO), (b) ZnO/rGO composite, (c) Photodegradation TC and (d)
Cr(VI) by ZnO, rGO and ZnO/rGO®. Reprinted with permission from ref. 2

Mahdavi, R. and S.S.A.J.U.S.
Talesh synthesized ZnO NPs by the
sol-gel method. ZnO NPs are exposed
to ultrasonic waves. Later, ZnO N.P.s
are used to study photocatalytic degra-
dation of methyl orange (MO) under
the radiation of ultraviolet light up to
98% in 180 mins. MO degradation rate
increases, whereas crystal and parti-
cle size decrease with an increase in
power and time of exposure to ultra-
sonic waves. Untreated samples are not
as effective as ultrasound-treated sam-

ples %%, The increase in efficacy is due
to the rapid shift of localized pressure
within the reacting chamber. The sur-
face atoms of ZnO N.P.s are weakly
linked to the main lattice structure. The
excess energy provided to these atoms
will contribute to the availability of
active, reactive sites. The redox reac-
tion sensitivity to the visible light is
archived, but the long exposure time
for the azo dye to photodegrade urges
the scientist for further research.

Ghaderi, A. et al., MO is also
removed up to 99% in just 35 min-
utes ZnO/SnO, hybrid synthesized by
sol-gel method. The weight percentage
of SnO; is directly proportional to the
time of incident UV light and perfor-
mance (in Figure 6 (a and b)). 99% MO
decay under UV light in 35 mins. The
bandgap was reduced to 3.25 eV com-
pared to the bulk due to the size reduc-
tion of ZnO nano levels!?1% The
Zn0O/SnO;, hybrid’s compound effect
increases the rate of redox reaction
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Figure 5. (a) SEM images of 0.5 ZnO ODs@ZrO,-TiO,, (b) HR-TEM images of 0.5 ZnO QDs@ZrO,—TiO, (c) Enlarged
image of the selected area'"’. Reprinted with permission from ref. 4

due to the excessive exciton excita-
tion. The availability of free charges
enhances the release of hydroxyl rad-
icals, hence the photocatalytic activity
increase. Only sensitive to UV-light is
a limiting factor for the extensive use of
Zn0O/Sn0O, hybrid for water treatments.

Mahdavi, R. and S.S.A.J.AP.T.
Talesh, synthesized Al-doped ZnO by
sol-gel method. The crystal size is
10 nm of Al-ZnO photocatalyst. MO
is degraded under U.V. light up to
65% degradation after 180 minutes.
The band gap decreases to 2.93 eV;
however, the absorbance wavelength
increases to 370 nm relative to the
pure ZnO NPs. An interesting fact is
that the increase in doping %age of
Al changes the morphology and crys-
tal size (in Figure 7 (a-f))'"7. The
vivid shift in morphologies is due to
the addition of Al*3 charges replacing

Zn™? in the crystal lattice. At higher
weight %age of Al doping, the planer
defect increase. The intrinsic polarity
of nanostructure causes surface energy
to quick anisotropic growth in some
other direction; hence the nanostructure
changed from nanospheres to nanorods.
The change in morphology eventually
influences the performance of the pho-
tocatalyst.

Zhang, X. et al., made another effort
with Al-doped ZnO NPs. 99% of MO is
degraded in 30 minutes under UV light.
Al-ZnO photocatalyst was prepared by
the sol-gel combustion method with a
crystallite size of 6.4 nm and a band gap
of 3.23 eV 1%, The increase in photo-
catalytic activity is due to the reduction
in particle size, increase in the surface
area and availability of excess hydroxyl
ions for MO degradation. Despite the
high performance, Al doping is not

suggested to be utilized commercially
because the study above used enor-
mous amount of photocatalyst for water
purification (in Table 2).

Carbon has outstanding properties
which push researchers to investi-
gate them for different applications.
The carbon-based nanostructures are
exploited in water purification systems
as well. Low cost and easy availability
are the factors which increase the inter-
est in carbon materials'%®. Liang, H.,
et al., prepared the visible light active
catalyst by L-CQDs/ZnO hybrid. The
steaming ammonia and hydrothermal
method are used to create a hybrid. The
ZnO NPs particle size range between
10 to 40 nm and L-CQDs 1-3 nm.
The bandgap of the hybrid is 2.69 eV.
Phenol is degraded as a model pol-
lutant, up to 99% in 5 hours. More-
over, the photocatalyst was used for
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Figure 6. (a) Photocatalytic degradation of MO in ZnO: SnO,,1:0.5 hybrid, influence of concentration, (b) Photocatalytic
degradation of MO in ZnO: SnOy,1:2 hybrid, influence of concentration'?”. Reprinted with permission from ref. 5

up to 10 cycles without any major
decrease in efficiency ''°. The increase
in photocatalytic activity is due to the
bandgap compatibility of ZnO and L-
CQDs. The charge transfer enhanced
the absorption to the visible range. Fur-
ther research is still required to control
the amount of photocatalyst for redox
reactions (in Table 2).

The defects in GO enhance the inter-
action between ZnO NPs. Interfaces
to ZnO and GO improve the photo
electron mobility from ZnO to GO
and reduce the recombination rates,
increasing the photoactivity of the cat-
alyst and reducing the catalyst amount
for the reaction. The increase in polar
facets reasonably increases the efficacy
of the catalyst'!!. Pruna, A., et al.,
Zn0O/GO hybrid synthesized by elec-
trochemical deposition. The bandgap is

Figure 7. TEM images of (a) ZnO, (b) Al-ZnO 1%, (c) Al-ZnO 3%, (d) Al-ZnO 5% and (f) Al-ZnO 7%'%7.

reduced, and the effenciay is improved
to 10 folds. The increased oxygen
vacancies and high polar interfacial
surfaces enhance photocatalytic activ-
ity. 99% of Methylene blue (MB) photo
decay under UV irradiation in 120 min-
utes 2. The graphene sheets trap elec-
trons and reduce the charge recombina-
tion rate, which is responsible for the
excellent performance relative to the
other samples in the study. However,
the dose of the pollutant is very low,
which does not properly anticipate the
performance for commercial use.

C3Ny is another carbon-based mate-
rial extensively used for photocatalytic
activity. A combination of both C3Ny
and ZnO must exhibit efferent perfor-
mance. Md Rosli, N.I., et al., coted
the surface ZnO NPs with gC3Ny by
impregnation. The surface modifica-

tion enhances the degradation ability
to 99% phenol degradation in 60 min-
utes under simulated sunlight irradia-
tion (in Figure 8: (b)). The HR-TEM
image clearly expresses the 4.2 nm
coating of gC3N4 over ZnO (in Figure 8
(a)). The bandgap is decreased to 3.28
eV and the surface area to 2.56 m2/g-
1. The particle size lies between 200
nm to 400 nm. The decrease in pho-
toluminescent intensities indicates the
effective synergic effects of the catalyst
for photocatalytic activity!'3. Result-
ing in increased photo activity. gC3Ny
increase in hybrid enhances the trap-
ping of charges, prolongs the electron’s
lifespan, and reduces the recombination
rate. The photocatalyst used for model
study is huge, which does not make
the ZnO/gC3Ny an effective option for
commercial use (in Table 2).
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Faraz, M., etal., used a gel combina-
tion route to dope ZnO with Sm. Pho-
tocatalytic activity in the visible range
is for malachite green (MG) degra-
dation. Band gap and crystallite size
were reduced to 3.05 eV (in Figure 9
(a and b)) and 29.3 nm. In 80 min-
utes, MG decays up to 99% in the vis-
ible range (in Figure 9: (c))''4. The
total organic carbon decrease is directly
proportional to MG degradation. The
aggravated decomposition of dye is due
to the rapid decay of aromatic inter-
mediates. The separation of charges is
due to the 4f orbital of Sm2+ ion. This
result in the effective performance of
Sm-ZnO photocatalyst. However, inor-
ganic ions’ presence is reported to cut
down the photocatalytic activity, more-

over the toxic effects of Sm metal are
also not supported for the water treat-
ments.

Besides being effective in the visi-
ble range, active, environment friendly
and nontoxicity of catalyst is also a
huge concern. As the residue cata-
lyst in main drinkable water will be
affecting the pollution. Araujo, F.P.,
et al., created a novel green photocat-
alyst. Karaya gum and Arabic gums
are embedded in ZnO NPs by the sol-
gel method. The activity is observed
in the visible range for decomposition
of methylene blue. Photo luminance
(PL) emission is observed in the visi-
ble range of mesoporous structure with
a pore size of 0.143 cm’/g for Ara-
bic gum and 0.117 cm®/g for Karaya

gum with a bandgap of 2.98 eV and
2.95 eV, respectively. The degradation
efficiency was reported to be 91 % in
karaya gum and 81.5% in Arabic gum
under visible range in 120 minutes (in
Figure 10 (a)). Multiple cycle study
no significant change in photocatalytic
activity (in Figure 10 (b))''*. AGZ and
KGZ are an attractive option for pho-
tocatalytic degradation. The effenciay
ought to be increased along with detail
study of multiple factors such as pH,
temperature, light intensity, exposure
time and etc before commercial use.

ZnO NPs active surface area and
weak link to the surface atoms make
them an attractive option for photo-
catalytic reaction. The availability of
the charge on the surface facilitates the
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degradation of organic pollutants and
aggravates the decomposition of inter-
mediates. The increased charge separa-
tion and prolonged lifetime of charges
are important factors for the increased
efficiency of the catalyst. Summary of
0D nanostructures and their photocat-
alytic performance is shown in Table 2
and 3.

One-dimensional ZnO

The interfaces between the catalyst
and organic pollutants are responsi-
ble for photocatalytic reactions. The
engineered morphology, modified
nanostructures and activated surfaces
majorly affect the performance of pho-
tocatalyst.''® Low crystallinity and
high defects in 1D nanostructures
increase photocatalytic activity. The
reduced recombination rate and longer
lifetime of charges increase the effen-
ciay of the photocatalyst. The excess
number of hydroxyl groups bond with
the catalyst and enhance the photoac-
tivity 7.

Nanobelts

Nanobelts are an emerging morphology
exploited for photocatalytic purposes
because of their single crystalline struc-
ture along the surface. Understanding

electron transfer in 1 dimension, while
a wider surface is exposed, is relevant
to the other 1 D nanostructures.

Sun, T., et al, prepared ZnO
nanobelts by carbothermal reduction
route over SnO2-coated Si wafer as
a substrate. ZnO nanobelts were pho-
toactive in UV light to degrade methyl
orange up to 94% in 5 hours. The width
of the belts was in hundreds of nm
with a length of micrometers. The
absorption edge was at 380 nm with PL
response at 382 nm wavelength '16-118,
Size reduction is responsible for the
increase in the surface-to-volume ratio.
The ability of charge transfer on the
surface is much improved, and effec-
tive surface area is increased hence the
performance. The ample time for pho-
todegradation has urged the researchers
to investigate further in this direction.

Likewise, another study is con-
ducted by Wang, M., et al., to increase
the photoactivity in ZnO nanobelts. The
porous nanostructure was exploited
with increased surface area. Oxi-
dized ZnSe nanobelts prepared ZnO
nanobelts with Hj-assisted thermal
evaporation. The ZnO nanobelts have
a slight decrease in efficiency after
ten consecutive cycles of the degra-
dation of methyl orange. The pho-
todegradation reaction was performed

in a mercury lamp with a wavelength
of 365 nm. SEM and TEM results
show high porosity; hence a large
number of active sites were available
for redox reaction (in Figure 11: (a-
¢)) 19120 The cracks capture O, * ions
and reduce the recombination rate of
charges. The performance is relatively
improved from the previous study,
but the designed photocatalyst is still
unsuitable for extensive water treat-
ment use. The excessively high dose
of photocatalyst (in Table 3) and non-
reproducibility are limiting factors.

Another approach to increase the
effenciay is developed by Li, X, et
al., Hydrothermal method synthesizes
ZnSe/ZnO heterostructure. For the dis-
coloration of RhB in the visible range.
The activity is reported to be much
more effective than the pure ZnSe and
ZnO nanobelts. Moreover, the stabil-
ity of the catalyst is effectively high 12!
The increase in performance is due
to fast charge separation and a lower
recombination rate. However, the ZnSe
toxic nature cannot be ignored for water
treatments.

CeO; is another well know hetero-
geneous photocatalyst'>%123 A com-
bined heterojunction of ZnO and CeO,
is a logical approach to increase the
effenciay 124126, Zhang, Qi., et al., syn-

Materials Innovations | 2022 | https://materialsinnovations.hexapb.com/

235


https://materialsinnovations.hexapb.com/

Review Article

http://doi.org/10.54738/M1.2022.2901

Table 2. The zero-dimensional ZnO nanostructures

Improvisation

ZnO QDs

ZnO/RE (Eu, Er,
Tb, Yb, Ho and
La) metals

ZnO QDs/CuO
NSs

SZ/g-C3N4

ZnO/rGO

ZnO/Ag

ZnO QDs/CuO
NSs
Zn0O QDs/ TiO,

ZnO
QDs@ZrO;-
TiO,

ZnO NPs
Zn0O/Sn0O,
Al-ZnO
Al-ZnO

L-CQDs/ZnO

ZnO/GO

Zn0O/gC3Ny4
Sm-ZnO

AGZ
KGZ

Method

Modified wet
chemical
Sol-gel

Hydrothermal

In-situ co-
pyrolysis

Simple chemical
precipitation and
hydrothermal
Facile sol gel

Hydrothermal

Sol-gel assisted
hydrothermal
Sol-gel reaction
and colloidal
template

Sol—gel
Sol—gel
Sol—gel
Sol—gel
nation
Steaming ammo-
nia and
hydrothermal
Electrochemical
deposition
Impregnation
Gel combination
route

Sol—gel

combi-

a ¢ Crystalline
(A°) (A°) size
(nm)
QUANTUM DOTS
- - 2.9
32475179 - -
5.198
- - 32
26 - -
23 1.56 4.5-3.2
-1.35
26 24 10.71,
12.87
3.2
9.22
3.8 9.6 15.78
NANOPARTICLES
322 52
10
2.6 6.4
2.8
327 5.25 29.3
325 5.21 22
52 21
3.25

Particle Surface

size area

(nm) (m’g~ 1)

- 312.10

- 46.38

- 135
46.14

15-24

7

10-40

200-400 2.56
32.59
27.59

PL

(nm) (nm)

545

442

530

559

470

475

487
440,
473

478,
549

Amax

315

340

350

360

590

435

360

325

460

370
400

400

416
420

Band Ref
gap

(eV)

3.57 [92]

1.86 [98]
2.75 [94]

2.1 [99]

2.92 [100]

1.86 [101]
3.24 [103]
2.95 [102]

- [104]
3.25 [105]
2.93 [107]
3.23 [108]

2.69 [110]

- [112]

3.28
3.05

[113]
[114]
2.95 [115]

2.98
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Table 3. The zero-dimensional ZnO nanostructures and their perfromance
Performance

Improvisation Active range  Pollutant % Decay Pollutant Catalyst Reaction Cycles  Ref

decay time Dose dose temp

(min)  (mg) (mgh) (°C)

QUANTUM DOTS
ZnO QDs Sun light CBBR  25% 330 2.8 50 RT 9 [92]
ZnO/RE (Eu, Er, UV-Vis Phenol  90% 60 20 50 10 - [93]
Tb, Yb, Ho and
La) metals
ZnO QDs/CuO  Sunlight and TeNT 75% 90 1 10 25 - [98]
NSs uv
SZ/g-C3Ny Visible RhB 99% 60 - 40 RT 4 [94]
ZnO/rGO Visible TC 68% 120 20 50 RT - [99]

Cr (VD) 84%

ZnO/Ag Sunlight MB 99% 80 1 20,000  RT 3 [100]
ZnO QDs/CuO UV MPTP 80% 60 1 100 250 10 [101]
NSs TeNT
ZnO QDs/ TiO,  Fluorescelight TC 98% 90 20 250 RT 4 [103]
ZnO UV, Visible CR 94% 120 RT 3
QDs@ZrO;- and Simulated
TiO; sunlight

NANOPARTICLES
ZnO NPs Visible MO 99% 180 20 40 RT - [104]
ZnO/Sn0O, uv MO 99% 35 10 60 RT - [105]
Al-ZnO uv MO 65% 180 15 30 RT - [107]
Al-ZnO uv MO 99% 30 200 700 RT - [108]
L-CQDs/ZnO Visible Phenol  99% 300 50 1000 RT 10 [110]
ZnO/GO uv MB 99% 120 3 RT [112]
ZnO/gC3Ny Simulated Phenol  99% 60 5 1000 RT - [113]

sunlight

Sm-ZnO Visible MG 99% 80 5 100 RT - [114]
AGZ Visible MB 81.5% 120 4 500 25 3 [115]
KGZzZ

91%

|

Figure 11. (a) SEM image of the porous ZnO nanobelts on Si substrate. The scale bar is 500 nm. (b) TEM image of a single
porous ZnO nanobelt. The inset is HRTEM of several ZnO nanoparticles. The scale bar is 50 nm. (c) TEM image of a single
solid ZnO nanobelt. The inset is SAED. The scale bar is 500 nm'!’. Reprinted with permission from ref. 19
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thesized hybrid CeO,/ZnO nanobelts
by one-step electrospinning method.
The methylene blue (MB) is used as a
model dye to degrade. In 60 minutes,
the degradation is almost 95% under
visible light. The nanobelts’ diameter
range between 340-410 nm (in Figure
12: (a-c)) with a bandgap of 2.91 eV.
The surface area increases to 165.52
m?/g with a decrease in average pore
size of 3.2 nm. The decrease in total
organic carbon after the degradation of
MB indicates high efficiency. Despite
that, the performance is decreased after
four cycles!?’. The increase in pho-
toactivity is 3-fold due to the prolonged
separation of electron/hole pair com-
pared to the pristine CeO2 nanobelts.
The increase in surface area is respon-
sible for the TOC decrease and increase
in the overall performance of the photo-
catalyst. The lack of reusability directly
influences the commercial usage.

ZnO nanobelts are widely explored
nanostructure as photocatalysts. The
single crystal facet at the surface
enables profound electron mobility and
better photoactivity. The decrease in
crystalline size and increase in the sur-
face area enables a larger number of
organic pollutants to degrade at the sur-
face. The heterojunction and porous
nanobelts structure increase the elec-
tron capturing and superoxide ions and
reduce charge recombination.

Nanorods
The nanorods are another one-
dimension nanostructure exploited

for photocatalytic studies. The high
aspect ratio and the surface-to-volume
ratio dictate the catalyst’s perfor-
mance. Many techniques are implied
to develop an effective photocatalyst
by ZnO nanorods.

Fu, D., et al., reported ZnO nanorod
for photoactive degradation of MB up
to 80% in 40 min. Nanorods were
synthesized by the combination of
facile sol-gel and hydrothermal meth-
ods. Bandgap decreased to 3.17 eV
with an average length of 51 nm and an
average diameter of 12 nm. The perfor-

mance is slightly decreased after five
cycles 1128 The humongous amount
of catalyst is not encouraging for com-
mercial use (in Table 3). The efficiency
was reported to be more effective than
P25 (TiO;) commercially used photo-
catalyst, which urges further research
for water treatments.

Another effort was made to degrade
MB by ZnO nanorods of different
aspect ratios and variations in anneal-
ing temperatures by Zhang, X., et al.,
Mechanical assisted thermal decompo-
sition method in an aqueous solution
was used to synthesize ZnO nanorods.
The aspect ratio is directly propor-
tional to the photocatalytic activity and
oxygen defects increase. The methy-
lene blue was degraded up to 99% in
80 mins under high-pressure sodium
lamp with wavelength of 400—650 nm.
The band gap decreases to 3.27 eV.
Extensively long nanorods of 800 nm
with diameter range between 30 to
50 nm. At higher annealing temper-
atures and shorter lengths, nanorods
were formed (in Figure 13). Photo-
catalytic effenciay also decreases due
to the reduction in surface area and
aspect ratio!'!”-12°, During annealing,
the crystalline phase and facets on sur-
faces remain the same. However, the
aspect and defects ratios vary, which
are responsible for the different perfor-
mance effects. The charge separation
is due to the variation in aspect ratio
and facets of electronic structures. The
surface defects enhance electron trap-
ping, and reduction in recombination
increase photoactivity. The effenciay is
almost same after 5 cycles but the high
dose (in Table 3) and lack of repro-
ducibility reduce the scope of the pho-
tocatalyst.

Hsu, M. H., et al., decoration of
Ag-doped ZnO nanorods over stain-
less steel mesh shows sensitivity to
visible light. MO and food black 2
(FB2) dyes were targeted during the
study (in Figure 14: (b)). The bandgap
was reduced to 3.1 eV with 0.26
nm d spacing (in Figure 14: (a)).
The range of diameter lies 60 to 110

nm. The enhanced hydrophilic nature
and heterogeneous interface of Ag-
ZnO increase its effenciay. The effen-
ciay was reported to be almost 99%
for both dyes after three successive
cycles 30131 The stainless-steel wire
mesh is supportive of the flow of photo
degraded electrons. The enhanced life
span of electrons decreases the recom-
bination of charges which is mainly
responsible for enhanced photocat-
alytic activity. The charge separation
reduces the issue of photo corrosion as
well. Despite the performance, the pos-
sibility of mesh oxidation and polluting
the drinkable water cannot be ignored.
However, the above mentioned photo-
catalyst can be used for water reclama-
tion other than drinking water.

Sin, J. C., et al., synthesized Sm
doped ZnO nanorods effenciay is
observed to have higher performance
relative to the pristine ZnO nanorods.
The red shift in the band gap is 3.23
eV with the photoactive range in visi-
ble light. The diameter decreases with
Sm doping to 43-103nm from 68-139
nm, and the length was hundreds of
nm. Absorbance edge has also shown a
reduction from 400 nm to 390 nm. Pho-
todegradation of phenolic compounds
during multiple cycles up to 99%!32.
The effenciay of Sm/ZNRs is enhanced
due to the increase in reactive sites. The
surface area and presence of catalyst
sites are reasonably larger than the pris-
tine ZnO nanorods. The performance
for phenolic compounds is better than
pure ZnO nanorods, i.e., 71.2% and
commercial TiO2, i.e., 58.9%. How-
ever, the high toxicity of Sm is the
major limiting factor of water purifica-
tion application.

ZnO-based visible light active pho-
tocatalyst constraints are not limited
by doping, but the heterojunction and
hybrids are also effective and advanced
approaches. Kumar, S., et al., devel-
oped heterojunction of ZnO nanorods
and graphene QDs by facile hydrother-
mal method. The bandgap of ZnO-
GQDs was reduced to 3.08 eV with
exceptionally long nanorods. Hetero-
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Figure 12. (a) TEM; (b) HRTEM; and (c) the corresponding SAED images of CeO1/Zn-0.03"". Reprinted with permission
from ref. 20
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Reprinted with permission from ref. 21

-~ MO (10 ppm)
-8 FB2(10 ppm)

20 40 60 80 100
Time(min)

Figure 14. (a) TEM; (inset) HRTEM images and SAED patterns of Ag-ZnO nanorods and (b) decolorization of MO and FB2
dye solutions (10 ppm), decolorization of MO dye solution'3?. Reprinted with permission from ref. 22
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Figure 15. TEM images of (a) ZnO nanorods, (b) ZGOD?2 and (c) HRTEM image of ZGQD2'33. Reprinted with permission

from ref. 23

junction shows photocatalytic activity
in both UV and visible light. The MB
and carbendazim fungicide (CZ) are
reported to decay under sunlight up to
95% in 70 minutes. The TEM image
of catalyst clearly exhibits 0.26 nm d
spacing of ZnO (002) plane (in Fig-
ure 15). The surface area of 353.447
m?g~! was reported with good adsorp-
tion capacity with organic pollutants,
subsequently increasing the photocata-
lyst’s efficiency. Moreover, the ZnO-
GQD heterojunction can be recycled
for degradation after recovering by cen-
trifuging and thorough washing. The
photocatalytic activity is 91% even
after the four cycles, while the crystal
structure is still intact 133, The enhanced
photoactivity is the attribute of better
absorption of organic pollutants and
photosensitization within the hetero-
junction, which enables the catalyst
to absorb a wider range of sunlight.
The effective charge carrier separation
onto the surface of photocatalytic inter-
faces and faster rate of electron transfer
was due to the better interaction at the
interfaces between ZnO nanorods and
graphene QDs. Despite the advantages
the dose of the catalyst for photo reac-
tion is huge which limits the usage at
market level.

Xu, T., et al., developed a novel
ternary photocatalytic system. ZnO
nanorods hybrid with reduced graphene
oxide (rGO) infused with CulnS; QDs
were active in visible light. The ZnO
nanorods are synthesized by the solid-
state synthesis method, and the facile
hydrothermal reaction is used to make

a hybrid with rGO. CulnS, QDs
were prepared with a one-pot colloidal
chemistry method and later added with
ZnO/rGO hybrid. Possible mechanism
of exitron transportation during the
reaction is shown in Figure 16. The
hybrid maintained the length of ZnO
nanorods at 50 to 100 nm, which
assures the mechanical strength of
ZnO nanorods. ZnO-RGO-CulnS, was
responsive to RhB photoactive decay
up to 99% in 120 min under visible
light.13*. The increase in performance
is due to enhanced light absorption and
charge transfer. Moreover, the syner-
gic effect supports the degradation of
organic pollutants. The system’s lack
of recombination and prolonged life
of photoelectrons is a major attribute.
The system needs further investigation
for different factors such as the sys-
tem’s responsibility, the effect of inten-
sity, pH, temperatures, and reusability
before commercialization.

The crystalline phase, aspect ratio,
facets and defects on the outer surface
can be increased by doping, heterojunc-
tion, and hybrid formation. The same
phase on the surface is a supportive
point for the charge transfer along the
surface. Whereas a charge separation
and reduced recombination rate pro-
foundly increase the performance. The
effective surface area is another fac-
tor in utilizing the nanorod structures.
However, the performance remains less
than the zero-dimensional nanostruc-
tures due to their lack of surface area.

Nanowires

The easy synthesis of nanowires is
one of the many reasons that scientists
were more interested in their photocat-
alytic activity. The better control over
this nanostructure enables researchers
to exploit them for different applica-
tions.

Well-arranged ZnO nanowires were
exploited for the degradation of MR in
UV light by Liu, Y., et al., The c-axis
growth of nanowires with 0.52 nm d-
spacing. An average diameter was 120
nm on average, and the length of the
nanowire was outstandingly long (3000
nm). The results of nanowire arrays
were improved compared to nanorods
arrays, 38% from 14.6%, respectively,
along with the redshift in PL intensity
to the visible edge. The enhanced oxy-
gen deficiency was reported, which is
a prime factor in the improved pho-
todegradation performance '3>13¢. The
surface reaction of organic pollutants is
a stepwise process of dispersion, dif-
fusion, adsorption of organic dye and
eventually desorption. Every step con-
trols the performance of the photo-
catalysts, but dispersion is governing
step. Effective surface area and oxygen
defects promote photocatalytic activity.
The efficiency of pure ZnO nanowires
is not attractive for extensive use. How-
ever, the performance can be improved
by deploying different strategies.

Doping is a well-known method for
band tailoring and lowering the sensi-
tivity to the longer wavelengths, which
results in improved photocatalytic per-
formance. Udom, 1., et al., synthesized
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Figure 16. Schematics of the ZnO-RGO-CulnS, 13*. Reprinted with permission from ref. 24

Ag-doped ZnO nanowires have shown
that the photodegradation of methylene
orange in visible light in four hours is
almost 1.2% better than in pristine ZnO
nanowires. The Ag-ZnO were prepared
by the scalable hydrothermal process
with a diameter ranging between 40-
70 nm and a length of a few hundred
nm. The performance of Ag-ZnO has
shown a decrease in four consecutive
cycles¥7. The enhanced performance
relative to pure ZnO nanowires is due
to the electrons captured within the
Ag-ZnO nanostructure. The reduced
recombination rate is also a factor
in influencing photoactivity. However,
the performance is far less than other
one-dimensional nanostructures.

The carbonaceous material has
shown better performance for pho-
todegradation. Ebrahimi, M., et
al., decorated ZnO nanowires with
graphene QDs are reported to improve
the photocatalytic degradation of MB
3-fold in comparison to pristine ZnO
nanowires. The nanowire was syn-
thesized by anodizing Zn foil, and
graphene QDs were obtained by the
one-step electrochemical process led
by spin coating for GQD/ZnO NWs
hybrid formation. The absorbance edge

was observed in the visible range. With
a bandgap of 2.65 eV, the length of
ZnO NWs was 1200 nm, and the diam-
eter ranges between 170 to 250 nm 138,
Graphene QDs are an effective optical
absorber in the visible range. The effec-
tive charge separation and increased
surface area are responsible for the
increase in performance. The perfor-
mance is far less than the ZnO nanorods
because of the lack of surface area and
active reaction sites.

The ZnO nanowires are having
large surface area and better-controlled
growth. The electron capturing capac-
ity is high, but the photocatalytic
efficacy is far less than other zero-
dimensional nanostructures. The aspect
and surface-to-volume ratios are not
as high as zero-dimensional nanostruc-
tures, and so do their performance.

Nanotubes
Various ZnO nanostructures have been
well studied in the context of their
application in a photocatalyst. ZnO
nanotubes are explored for photodegra-
dation.

In-situ electrochemical etching of
electrodeposited ZnO nanotubes was
used to create ZnO nanotubes for

degradation of MO as a probe pol-
lutant by Xu, F., et al. Large sur-
face to volume ratio of nanotubes an
attribute to high photocatalytic activ-
ity. The length of nanotubes ranges
between 300-400 nm with a bang
bandgap of 2.4 eV due to the exces-
sive surface defects introduced by etch-
ing. The effective surface area enables
numerous organic pollutants to attach
to the catalyst’s surface. Moreover, the
oxygen vacancies are easily excess to
start a redox reaction. Quantum effi-
ciency is improved by 23% compared
to 3.53% in nanorods '3°. The ZnO nan-
otubes have better performance than
other one-dimensional nanostructures.
It has a better quantum efficiency of
photo-generated electrons and a larger
surface-to-volume ratio. The reusabil-
ity and catalyst dose are factors yet
to be investigated. The mechanical
strength of the nanotubes is compro-
mised due to excessive etching.

Chu, D., et al., synthesized ZnO
nanotubes by facial two-step chemical
bath method to decompose MO dye
under UV light. The average length
of nanotubes was ~600 nm. After
five cycles, the effenciay was gradu-
ally decreasing 140, Higher surface area,
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Figure 17. (a) AFM image of the GODs. The inset shows the height profile of GODs corresponding to the white line. (b) TEM
image of the GODs. (Top inset) HRTEM image and (Bottom inset) size distribution. (c) TEM images of GOD (0.4 wt %)/ZnO
NWs. [138] Reprinted with permission from ref. 138

polar facets and oxygen vacancies are
major attributes of enhanced photo
activity. The decrease in performance
after cyclic use, the dose of catalyst
is unclear, reproducibility and high pH
requirement are quite discouraging for
excess use.

H. Wa et al., synthesized porous
ZnO nanotube. Enhanced photocat-
alytic activity for degrade MO was
observed due to the enhanced sur-
face area by the nonuniform distribu-
tion of the nanohole over the surface.
In Figure 18, the mechanism of syn-
thesis of porous ZnO nanotubes has
been shown. The activity was observed
in the UV range. Figure 18 (f) has
shown the mechanism of the acceler-
ated diffusion of dye molecules into the
inner part of the nanotube to enhance
photocatalytic activity. The ZnO nan-
otubes of a uniform length of 500
nm and diameter of 250 nm were
formed. %141 The porous nanotubes
have a large surface area. Both inside
and outside surface areas contribute to
photocatalytic activity. The fast diffu-
sions enabled by nanoholes enhance
the chances of encountering the photo-
generated electrons with organic dye.
Hence increasing the photocatalytic
activity. After multiple cycles, the per-
formance reduced considerably due to
the low mechanical strength.

The nanotubes are the
dimensional  nanostructure

one-
which

shows higher photocatalytic activity.
Because of the larger surface area, both
inside and outer surfaces are exposed
for the reaction. The oxygen vacancies
and defects further hence the activity.
Higher quantum effenciay is reported
by ZnO nanotubes. Summary of 1D
nanostructures and their photocatalytic
performance is shown in Table 4 and 5.

Two-dimensional ZnO

Nanosheets

ZnO nanosheets are highly affected
by the specific direction and polar
faces. A large surface area provides
numerous reactive sites for degrada-
tion. In the above discussion, zero
and one dimensions of ZnO nanos-
tructures have shown higher efficiency
for photocatalytic activity. The two-
dimensional structure must also be
studied for water purification applica-
tions.

Wang, M., et al., synthesized ZnO
nanosheet by employing complexing
agent NHy to turn the Zn?>* and OH™
ions ratio by solvothermal routes. The
lattice constant “a” was 1.4 A°, and
“c” was 2.8 A°, with a thickness of 18
nm. The effect of ZnO crystal on pho-
todegradation is studied. 90% of MB is
achieved in four hours due to the reac-

(]
tive face of ZnO (1010) at the surface.
The performance decrease during three
cycles 142143 The photocatalytic activ-

ity is directly dependent on the facet.

The increase in ZnO (10?0) of ZnO
nanosheets increases the photo activ-
ity performance. The size of the ZnO
nanosheet is less important than the
morphological arrangement of the reac-
tive site on the surface. The reported
decay time was very long

Liu, D., et al. make another effort;
the solvothermal annealing method
uses ZnO porous nanosheets with a
thickness of 10-30 nm. An enhanced
surface area of 39.18 m?g~! is reported
in ZnO nanosheets. Phenol is used
as an organic probe pollutant under
UV radiation. The photodegradation is
reported to be better than commercial
ZnO photocatalyst 414 Defects in
surface and bulk material play a major
role in photocatalytic performance. The
decrease in the relative concentration
of defects from bulk to surface sig-
nificantly enhances the charge separa-
tion. The defects on the surface trap
electrons and act as adsorption sites
of organic pollutants for degradation.
Prolonged charge separation and bet-
ter adsorption increase photocatalytic
activity. Bulk defects only serve as
charge traps and increase the separa-
tion, but fewer adsorption sites are pro-
vided. The larger surface area of porous
ZnO nanosheets provides numerous
active sites for photocatalytic reaction,
better diffusion, and mass transporta-
tion of organic dyes. Efficient flow
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Table 4. The One-dimensional ZnO nanostructures

Improvisation Method a c Length Width Surface PL Absorbance Band gap Ref
(A°) (A9 (nm) area (nm) Peak (nm) (eV)
(nm) (m*g™")
NANOBELTS
ZnO Carbothermal 26 - - 100- - 382 380 - [118]
reduction route 500
ZnO Thermal evapo- 2.6 - - 50 - - - - [119]
ration
ZnSe/ZnO Hydrothermal - - - - - - - - [121]
Ce0,/Zn0O Electro spinning 2.8 24 - 340- 165.52 - - 291 [127]
410
NANORODS
ZnO Sol-gel and - - 51 12 - 468 - 3.17 [128]
hydrothermal
ZnO Thermal decom- 5.23 800 30-50 8.02 510 373 3.27 [117]
position
Ag-ZnO Seed method 26 - - 60-110 - - - 3.1 [130]
Sm/ZNRs Solvothermal 26 - 100-  43-103 - 425 390 3.23 [132]
300
Zn0O-GQD Hydrothermal 26 - 1000 - 353.447 440, 402 3.08 [133]
490,
510
ZnO-RGO-  Solid-state - - 50- - - - 380 - [134]
CulnS, synthesis  and 100
hydrothermal
NANOWIRES
ZnO Solution-phase - 52 3000 120 - 380 480 - [136]
Ag-ZnO Scalable - - 300-  40-70 - - 400 - [137]
hydrothermal 500
process
GQD/ZnO Electrochemical, - - 1200 170- 450 2.65 [138]
NWs anodization pro- 250

cess and spin
coating method

NANOTUBES

ZnO In-situ elec- - - - 300- - 376 - 2.4 [139]
trochemical 400 530
etching of
electrodeposited

ZnO Facial two-step - - ~650 - - 381 - - [140]
chemical bath

ZnO Facile 26 - 500 250 [141]
hydrothermal
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Figure 18. Schematic illustrations of the formation mechanism of the porous ZnO nanotubes. (a) formation of a paired nanorod,
(b) etching at the center of the paired nanorods, (c) further etching leading to the splitting and hollowing of the paired nanorods,
and (d) radial etching leads to the formation of nanoholes on the side walls. (e) polar field counterbalance leads to the for-
mation of the paired nanorod. (f) Schematic illustration of the accelerated diffusion of dye molecules into the inner part of the
nanotube leading to high photocatalytic activity!*!. Reprinted with permission from ref. 26

of hydroxyl radical along the surface
improves the photocatalytic activity. A
high dose of the photocatalyst was used
in the photodegradation reaction.

To enhance the photoactivity of ZnO
nanosheets, Harish, S., et al., decorated
them with SnO NPs. The system is syn-
thesized by hydrothermal method using
ethylenediamine (EDA) as a capping
ligand. MB is the targeted dye, and
the degradation is reported to be much
higher. With the optimized addition of
SnO, the performance is 90% decay in
6 minutes. The effenciay decreased to
89% after 3 cycles. The further addi-
tion of SnO decreases the photocat-
alytic efficacy. The chances of agglom-
eration and oxidation of SnO increase
with the increase in percentage addi-
tion 146, The successful coupling with
ZnO/SnO enhances photo activity due
to the heterojunction, better charge sep-
aration and increased surface area. The
effenciay of ZnO is reported to be high-
est in heterojunction, but the oxidizing
of SnO limits the commercial use of the
Zn0O/SnO photocatalytic.

The ZnO nanosheets show higher
photocatalytic performance due to the

large surface area and specific crys-
tal plain on the surface, which enables
rapid charge flow and provides more
reactive sites for redox reactions. The
performance in ZnO nanosheets mainly
depends on the reactive facets and
defects on the surface. Higher the
defects, the higher the performance.
The enhanced separation of charge
and increased oxygen vacancies are
the outcomes of surface defects. The
heterojunction and decoration of ZnO
nanosheets are good options for achiev-
ing an effective photocatalytic. Sum-
mary of 2D nanostructures and their
photocatalytic performance is shown in
Table 6 and 7.

Three-dimensional ZnO

Nanoflowers

The large surface-to-volume ratio and
better light scattering capability make
nanoflower an efficient nanostructure
for photocatalytic activity as it can har-
vest multiple excitons from incident
light by successive scattering of inci-
dent radiation. Numerous efforts are
reported to synthesize ZnO nanoflow-
ers for photocatalytic application.

One such effort is made to syn-
thesize ZnO nanoflowers via a simple
low temperature hydrothermal assisted
route in the absence of surfactants by
Y. Wang, X. Li, et al., s. the reported
d-spacing TEM images were 0.26 nm
(in Figure 19) with a diameter of
nanoflowers in few thousand nm and
thickness of 80-150 nm. The decompo-
sition of 4-chlorophenol (4-CP) organic
dye was done under UV radiation up
to 80 % in 120 minutes, relatively
faster than ZnO nanorods. The bet-
ter performance is due to the charge-
capturing ability of oxygen vacan-
cies 147148 Higher oxygen vacancy in
ZnO nanoflowers acts as the reactive
centre. The large surface area and com-
plex morphology cause multiple scat-
tering of light; hence the photocat-
alytic activity is enhanced. THE ZnO
nanoflowers are composed of multiple
nanorods grown from a single nucle-
ation point. The replication of such a
structure is a huge challenge.

Recently an effort has been made to
develop well-aligned ZnO nanoflow-
ers to degrade MB by microwave-
assisted growth under solar light by
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Table 5. The one-dimensional ZnO nanostructures and their performance
Improvisatidctive Pollutant % decay Decay Pollutant Catalyst Reaction Cycles Ref

wave- time Dose dose temper-
length (min) (mg/liter) (mg/liter) ature
range “0)
NANOBELTS
ZnO uv MO 94% 300 15 - 25 - [118]
ZnO Mercury MO 99% 160 4 1600 RT 10 [119]
lamp
ZnSe/ZnO Visible RhB - - - - - - [121]
Ce02/ZnO UV- MB 95% 60 15 20 RT 4 [127]
Visible
NANORODS
ZnO Xelamp MB 80% 40 20 600 25 6 [128]
ZnO High- MB 99% 80 5 500 35 5 [117]
pressure
sodium
lamp
Ag-ZnO  Visible MO 99% 60 10 - 25 3 [130]
FB 99% 90
Sm/ZNRs Visible phenol 99% 480 20 1000 RT 3 [132]
ZnO- UV- Vis- MB 95% 70 3 400 RT 4 [133]
GQD ible cz 1
ZnO- Visible RhB 99% 120 5.6 250 RT - [134]
RGO-
CulnS2
NANOWIRES
ZnO uv MR 38% 300 67.3 - RT - [136]
Ag-ZnO  Visible MO 99% 240 2 - 19.8 4 [137]
GQD/ZnO Visible MB 78% 180 15 300 RT - [138]
NWs
NANOTUBES
ZnO uv MO 100% 95 - - RT - [139]
ZnO uv MB 97% 80 20 - RT 5 [140]
ZnO uv MO) 100% 60 16 187 RT 5 [141]

0.26 nm

Figure 19. TEM images of the ZnO nanoflowers (a) at Low magnification, (b) at higher magnification (SAED patterns.) and
(c) HRTEM image'*®. Reprinted with permission from ref. 38
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A. Das, et al. the average thickness of
nanoflowers was 35.04 and diameter
of 91 nm. The surface area increased
to 29.3 m?g~! with a bandgap of 3.2
eV!4 The reduced charge recombi-
nation, efficient photon absorption,
more effective surface area and mul-
tiple scattering within the petals of
flowers enhance the photocatalytic
performance. The microwave-assisted
nanoflower shows higher photonic effi-
ciency due to the optimal flower-like
morphology. The spacing between the
petals is ideal for solar light multiple
scattering.

To enhance the performance ZnO
nanoflowers surface was functional-
ized by nitrogen/ sulfur-doped carbon
were synthesized by QDs by Qu, Y.,
et al., One-pot hydrothermal method
is used to create the system. In Fig-
ure 20 schematic of the synthesis and
photocatalytic mechanism of ZnO/N,
S-CQDs nanoflowers in shown the
hybrid was active in visible and near-
infrared light. The average diameter
of nanoflowers was in few hundred
microns with a thickness of 38.67
nm. The d-spacing of 2.6 nm ZnO
was observed with a bandgap of 2.7
eV. Multiple dyes were exposed to
ZnO/N, S-CQDs photocatalyst. The
MG decayed up to 72.8% in 180 min
under the near-infrared region (NIR)
and 85.4% in 60 mins in visible light.
At the same time, ciprofloxacin (CIP)
degrades under artificial sunlight in
20 min and under natural sunlight
in 50 min, 92.9% and approximately,
85.8%respectively. MB photodegraded
to 79% in 120 min in visible light.
The designed photocatalyst was too
exposed to Tianjin University Lake and
Haihe River with different organic pol-
lutants; the results were very attrac-
tive under sunlight irradiation. A wide
range of photocatalytic activity is due
to the reactive facets of ZnO in the 3-
D nanostructure. The ability of nitro-
gen/ sulfur-doped carbon QDs of rapid
electron transfer and upconverted lumi-
nescence. ZnO/N, S-CQDs have also
degraded actual wastewater to decom-

pose antibiotics up to 60% in 120
min under sunlight . The nanoflow-
ers combine ZnO nanosheets with facet

(1010) at the surface and higher oxy-
gen vacancies. The electron trapping
increase hence the reactive sites for the
decay reaction. The hybrid shows sen-
sitivity to a wide range of visible and
near-infrared light due to the better up-
converted luminescence property.

ZnO nanoflowers are a complex
morphology of nanorods or nanosheets,
and some grow out from the same
nucleation point. The combined effects
of multiple morphologies enhance the
performance. The large surface area,
reactive facets on the surface and higher
defects ratio make them good candi-
date morphology. Multiple scattering is
a unique attribute of the ZnO nanoflow-
ers. The heterojunction and hybrid for-
mation increases the absorption range
much higher than any other ZnO nanos-
tructure. Summary of 2D nanostruc-
tures and their photocatalytic perfor-
mance is shown in Table 8 and 9.

Advanced improvisation in
nanostructures

Many different approaches are implied
to synthesize new morphologies. Com-
bining two or more dimensional nanos-
tructures is created to enhance the
performance. Hierarchical heterostruc-
tures have properties of different mor-
phologies. A two-stage method implies
novel ZnO nanoflowers combining
ZnO nanorods and nanowires on poly-
mer cores. The large surface area was
achieved by combining two effective
nanostructures, 1 D and 3 D. Controlled
symmetry achieved by this approach
opens new vistas for the application
of photoactive and sensor applica-
tions 117-151

Yang, C., et al., also attempted to
decompose methylated dyes by synthe-
sizing ZnO nanospheres. The control
over the shape of NPs was attained
by a two-stage method; later, the sam-
ples were annealed at various tem-
peratures. The nanospheres annealed

at 400 °C outperformed the others to
degrade methylene blue by 99% in 70
minutes under UV irradiation. Better
charge separation and redox potential
is observed in the nanosphere due to
the mesoporous surface with an aver-
age pore size of 15.5 nm. Band energy
is also decreased to 3.1 eV from 3.3 eV
with a diameter of 172 nm, and surface
area increased to 43.9 m’g~! 132153
The increased effective surface area
due to the porous surface ascribes the
effenciay to the photocatalyst. Tailor-
ing in the bandgap energies allows bet-
ter control over the absorption range
of the material and redox reaction.
Effective electron-hole separation is an
attribute of efficient photocatalysis.

Zhu, Chengquan., et al., fabricated
hollow spheres of ZnO by the facile
method of size 450-1100 nm. RhB
and reactive brilliant red K-2BP (BR
K-2BP) were degraded in 135 and
120 min under UV spectra, respec-
tively. The hollow spheres performed
better than the commercial photo-
catalyst 134156 The light trapping is
much more effective within the hol-
low sphere. Moreover, the porosity and
increased surface area are responsible
for photo decay. However, the diffu-
sion rate of pollutants and intermediate
is much less, negatively affecting per-
formance.

ZnO nano-pellets were synthesized
by Chiu, W., et al., using thermal pyrol-
ysis. Later refluxing treatment was
given to the samples. MB was pho-
todegradation under UV light for 6
hours. The porous surface increases
surface area up to 9.0687 m’g~! with a
pour size of 22.3342 nm. The recycla-
bility was reported for up to 3 cycles.
rate 37138 The increase in effenciay is
due to the effective charge transport
compared to the pristine ZnO without
reflux. The photodegradation exposure
time is very long.

Another ZnO 3-D comb is a com-
bination of 2 D and 1 D nanostruc-
tures by Li, W., et al. the hydrother-
mal method gave 3-D comb developed
by the growth of ZnO nanorods on
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Figure 20. Schematic of the synthesis of ZnO/N,S-CODs nanoflowers ' .
Table 6. The Two-dimensional ZnO nanostructures
Improvi- Method a c Thickness Surface area  PL Absorbance Band Ref
sation (A°) (A°) (nm) (m2g-1) (nm) Peak (nm) gap (eV)
ZnO Solvothermal 1.4 28 18 - ~590 - - [143]
routes
ZnO Solvothermal 24 51  10-30 39.18 408 - - [145]
annealing
ZnO/SnO  Hydrothermal 398 [146]
Table 7. The two-dimensional ZnO nanostructures and their performance
Improvisation Wavelength Pollutant % Decay Pollutant Catalyst Reaction Cycles Ref
range decay time Dose dose tempera-
(min) (mg/liter) (mg/liter) ture (°C)
ZnO UV-Visible MB 90% 240 - RT 3 [143]
ZnO uv Phenol  98% 20 500 RT 4 [145]
Zn0O/SnO Visible MB 90% 10 - RT 3 [146]
Table 8. The three-dimensional ZnO nanostructures
Improvisatiddethod a ¢ ThicknesDiameter Surface PL AbsorbancBand Ref
(A°) (A°) (nm) (nm) area (nm) Peak gap
(m°g™") (nm) (eV)
ZnO Low-temperature 2.6 - 80- 5000- - 440- - - [148]
hydrothermal 150 6000 600
assisted route
Microwave assisted - 35.04 91 29.30 320 389 3.29 [149]
growth 470
ZnO/N,S- One pot hydrother- 2.6 - 38.67 1620 - 570 >400 2.7 [150]
CQDs mal
247
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Table 9. The three-dimensional ZnO nanostructures and their performance

Improvisation Wavelength  Pollutant % Decay Pollutant Catalyst Reaction Cycles Ref
range decay time Dose dose temperature
(min) (mg/liter) (mg/liter) “O)
ZnO uv 4-CP 80 % 120 50 - RT - [148]
Solar light MB 99% 60 3 500 RT - [149]
ZnO/N,S- NIR MG 72.8% 180
CQDs
Visible 85.4% 60
Visible MB 79% 120 7 400 RT > [150]
Artificial CIP 92.9% 20
sunlight
Natural sun- CIP 85.8% 50
light
Antibiotics40% 120
ZnO nanosheets. The diameter of 3- FUTURE CHALLENGES AND eco-friendly. The removal of photocat-
D combs was in the range of 3000- alyst systems must improve as well.
s PROSPECTS > P

4000 nm. RhB exposed under Xe lamp
for 1 hour for photodegradation up to
43%13°. The double side comb com-
bines nanorods and nanosheets with
an enhanced surface-to-volume ratio.
Multiple scattering of light and reactive
sites on the surface are the attributes of
the heterostructure. The large surface
area increases the adsorption of organic
dye to the surface and enables better
diffusion; like hollow spheres, the 3-
D combs have not shown better perfor-
mance.

Kim, S., et al, synthesized
nanocores by facet-selective etching
method. The d spacing of reported
ZnO nanocones is 0.28 nm with an
average diameter of 10 nm. The RhB
dye decays up to 95% in 80 minutes
under the Xe lamp ', The nanostruc-
ture is unique, but the performance is
limited to Xe Lamp wavelength.

The photocatalyst’s major control-
ling factors are the higher surface-to-
volume ratio, reduced recombination
rates, and better diffusion of organic
pollutants and polar facets. The better
the control over the morphology, the
better the effeciency of the catalyst will
be. Summary of improvised nanostruc-
tures and their photocatalytic perfor-
mance is shown in Table 10 and 11.

The above review sums up the efforts
of scientists to develop effective pho-
tocatalysts based on ZnO morpholo-
gies. Insight is given into the major
factors and possible solutions to tune
the ZnO nanostructures according to
the photocatalytic application. Reduc-
ing the recombination rate, enhanc-
ing charge separation, and increased
carrier life span on the surface are
enhancing factors for photocatalytic
reactions. The control overgrowth of
polar facets, adsorption sites, increase
in surface area and enhanced photon
trapping directly influence the perfor-
mance of the photocatalyst. The aware-
ness of the newly engineered ZnO mor-
phologies, heterojunction, heterostruc-
ture, nanocomposites, treasury hierar-
chical heterostructure and hybrid for-
mation is crucial. Moreover, the effects
of doping are effective in developing
photocatalysts in the visible range.

The later oxidation decay of deco-
rated material reduces the cyclic use of
photocatalyst. The removal of catalyst
and stability in the rectors are determin-
ing factors for commercial use. The het-
erostructure and nanocomposites must
be cost-effective and stable. The com-
bination of materials must be practi-
cally feasible for extensive use and

This review is mostly of the work
in the late few years about the ZnO
morphology based on photocatalytic
activity for degradation of organic
dyes. The presently reported work is
very effective, but more improvements
are required to achieve visible range
active photocatalyst at room temper-
ature. Consequently, the ZnO struc-
tural modifications (doping and coating
with metals, heterojunction, hybrid and
tertiary heterostructure formation) are
required to activate a wide bandgap in
the visible range for photon absorption.

Effective struggles are still needed
to overcome the downsides of the lab-
oratory photocatalyst. The photo decay
of POPs must be exploited rather than
probed organic dyes by research. The
reactive rate of POPs is very difficult
than the dyes. Extensive studies are
required to investigate the degradation
of organic pollutants such as pesticides,
insecticides, antibiotics, and endocrine
disrupting compounds. The ph varia-
tion, percentage concentration of pol-
lutants and temperature for degradation
reaction are various variables for differ-
ent pollutants.

Moreover, the intermediates are not
the same. Sometimes the AOP is
required to remove the original pollu-
tants. The surface reaction and kine-
matics of the intermediate and POPs
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Table 10. The improvised ZnO nanostructures

Improvi- Method a Crystallite Diameter  Surface area PL Band gap Ref

sation (A°) (A°) sizes (nm) (nm) (m?g~ 1 (nm) (eV)

Nanospheres two stage 2.5 11.4 172 43.9 386 3.1 [153]

solution

Hollow facile method  3.25 5.21 6.1 -450-1100  9.77 - - [156]

Spheres

Nano- thermal - - 40-125 9.0687 - - [158]

pellets pyrolysis

3-D Comb  hydrothermal - - 3000- - - - [159]

4000
Nanocores facet-selective 2.8 - 10 - 375 - [160]
etching
Table 11. The improvised ZnO nanostructures and their performance
Improvisation Active Pollutant % decay Decay Pollutant Catalyst Reaction Cycles Ref
Wavelength time Dose dose temperature
(min) (mg/liter) (mg/liter) (°C)
Nanospheres Uuv MB 99% 70 20 250 RT 5 [153]
Hollow Spheres UV Rh B 99% 135 40 1000 RT - 156]
BR K- 120
2BP

Nano-pellets UV light MB 94.9% 360 5 - RT 3 [158]

3-D Comb Xelamp RhB 43% 60 - - - - [159]

Nanocores Xelamp RhB 95% 80 0.5 3 RT - [160]
varies widely, which is the major im- CONCLUSIONS the rest. Because of the large surface

iting factor of using a designed pho-
tocatalyst. A better understanding of
the interface interaction of photocata-
lyst and pollutants can give the insight
to develop photocatalytic nanostructure
accordingly. Further work is needed in
this regard.

The rectors are also a very impor-
tant factor for the commercial appli-
cation of designed nanostructures. The
top choice of effective rectors and com-
bination of photocatalyst with mem-
bers in photocatalytic membrane reac-
tors (PMR) is crucial. Many profound
issues are present from fabrication,
durability, stability of membranes, loss
of catalyst from membranes and cost.
Moreover, the operational issues such
as leaching of the catalyst during treat-
ment and recovery of catalyst post-
treatment for cyclic use. The quan-
tum yield, the kinetics of the reaction
and optimum conditions are yet to be
explored scientifically.

In this review, numerous ZnO nanos-
tructures were studied from the per-
spective of their photocatalytic appli-
cation. It is observed that a slight
variation in ZnO morphology affects
physicochemical properties. Hence,
they attribute it to the performance in
photo activity. ZnO zero-dimension
quantum dots and NPs hybrids exhibit
better output in the photodegradation of
POPs. Due to their higher surface area
and reduced recombination rate. 1D
nanostructures are reported to be more
effective than 2D nanostructures. The
lack in performance of 2D material is
reduced due to multi-stacking despite
the large surface area but ineffective
surface area. It results in a lack of pho-
ton absorption, eventually reducing
photocatalytic activity in 3D nanostruc-
tures showing adequate photocatalytic
activity, same as near 1D nanostruc-
tures. 1D, 2D, and 3D nanostructures
also have an issue with reproducibility.
Hence 0D morphologies outperform

area, lack of recombination, high elec-
tron mobility, and higher photo absorp-
tion. The method of synthesis gets a
bit tricky at nanoscale. Further inves-
tigations are still needed to study the
development of ZnO-based nanostruc-
tures.
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