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Abstract There have been ever-growing demands for
disinfection of water and air in recent years. Efficient, eco-
friendly, and cost-effective methods of disinfection for
pathogens are vital to the health of human beings. The
photocatalysis route has attracted worldwide attention due
to its highly efficient oxidative capabilities and sustainable
recycling, which can be used to realize the disinfection
purposes without secondary pollution. Though many
studies have comprehensively reviewed the work about
photocatalytic disinfection, including design and fabrica-
tion of photocatalytic coatings, inactivation mechanisms,
or practical applications, systematic reviews about the
disinfection photocatalysis coatings from fabrication to
effort for practical use are still rare. Among different ways
of fabricating photocatalytic materials, thermal spray is a
versatile surface coating technique and competitive in
constructing large-scale functional coatings, which is a
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most promising way for the future environmental purifi-
cation, biomedical and life health applications. In this
review, we briefly introduced various photocatalytic
materials and corresponding inactivation mechanisms for
virus, bacteria and fungus. We summarized the thermal-
sprayed photocatalysts and their antimicrobial perfor-
mances. Finally, we discussed the future perspectives of
the photocatalytic disinfection coatings for potential
applications. This review would shed light on the devel-
opment and implementation of sustainable disinfection
strategies that is applicable for extensive use for controlling
pathogens in the near future.
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Introduction

A variety of pathogens (e.g., bacteria, viruses, fungi, algae)
exist in water and air (Ref 1-4). Owing to the health threat
caused by infections through air, water, food and a range of
other modes of infection, elimination of the pathogens is a
significant concern, which leads to a growing demand for
disinfection techniques (Ref 5-7). Numerous measures
have been taken to tackle the microbial contamination
problems, among which the conventional methods were
usually based on physical and biological strategies,
including conventional chemical disinfectants (e.g., chlo-
rine, chlorine dioxide, ozone, and alcohol, formaldehyde,
or hydrogen peroxide), antimicrobial drugs (e.g., antibi-
otics) and ultraviolet irradiation (UV-C, UV-B and UV-A)
(Ref 8-11). However, the chemical disinfectants or
antimicrobial drugs usually brought about other concerns
including secondary toxic pollutants, drug resistance, and
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extra consumption (resources/energy used in producing the
chemicals), while the methods using UV-induced processes
have also been found to suffer from a lack of residual
effect. Therefore, new disinfection techniques have been
developed to address the shortcomings of the conventional
methods.

Advanced oxidation processes (AOPs), including pho-
tocatalysis, offer good potential alternative for disinfection
purpose without extra consumption or producing secondary
pollutants. As one of the AOPs method, photocatalysis
route is regarded as a most promising antimicrobial strat-
egy. In the process of eliminating pathogens in air, water,
or on solid surface, the photocatalyst can be excited by
light irradiation to produce h* and a series of powerful
reactive oxide species (ROSs) including -02_, -OH, and
H,0, for inactivation of pathogenic microbes without
secondary pollution. There are no mass loss and perfor-
mance decrease for photocatalytic materials when they
perform purification functions. Therefore, photocatalysis
route has a number of advantages over the conventional
disinfection methods (e.g., chemical disinfectants, UV
irradiation, etc.), including good reusability, long-term
stability, and eco-friendliness. Since the discovery of the
photocatalytic water splitting effect of TiO, by Fujishima
and Honda in 1972, research in photocatalysis has been
carried out for the disinfection use, showing great poten-
tials in air treatment, water remediation, food preservation,
and many other fields (Ref 12).

Until now, photocatalytic disinfection has become an
effective route for inactivation of different pathogens (e.g.,
bacteria, viruses, or fungi, etc.). Photocatalytic material is a
key factor to achieve high effective anti-infection. In the
last two decades, ever-growing efforts have been made for
the development of photocatalytic disinfection applica-
tions. Two categories of photocatalysts have been devel-
oped for inactivation of microbial species: the metal oxides
like photocatalysts, including TiO, (Ref 13), zinc oxide
(ZnO) (Ref 14), tungsten oxide (WOs3) (Ref 15), and the
nonmetal catalysts, such as graphitic carbon nitride (g-
C3Ny) (Ref 16), Cgp (Ref 17), and so on. With the advance
of analytical methods for pathogens detection and
increasing public health concern, there is a pressing need to
evaluate the performance of photocatalysis as an eco-
friendly, cost-effective, and sustainable strategy for the
disinfection of air, water, and solid surface and also the
future opportunities for industrial use.

Most of the photocatalytic powders and suspensions
perform outstanding photocatalytic efficiency in eliminat-
ing the waterborne pathogens due to high surface area.
However, drawbacks of difficulty in separation and recy-
cling of the photocatalysts in suspension are the major
factors that hindered their application in versatile envi-
ronmental conditions. To tackle the problem, researchers
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developed different methods to immobilize the photocata-
lysts onto certain solid substrates or supports, which
combines the advantages of functionality and practicability
in photocatalytic disinfection. Among different methods of
immobilization, surface coating technique is a most
promising one in fabricating functional coatings with
photocatalytic antimicrobial properties.

Among different synthesis methods of surface coatings,
thermal spray technique (e.g., plasma spray, flame spray,
high-velocity oxygen-fuel spray, electric arc spraying, and
cold spray) offers facile one-step fabrication of large-scale
photocatalytic materials on arbitrary solid surfaces and also
the capability of mass synthesis of photocatalytic materials
via chemical reaction during the spraying processing.
Therefore, the thermal spray method has great potentials in
fabricating functional photocatalytic coatings with biocidal
properties.

In this review, four categories of photocatalytic mate-
rials, i.e., TiO,- and TiO,-based photocatalysts, metal-
containing photocatalysts other than TiO,-based materials,
metal-free photocatalysts, and two-dimensional photocat-
alysts for pathogen inactivation, were introduced. More-
over, we critically reviewed the antimicrobial performance
and mechanisms of newly developed thermal-sprayed
photocatalytic coatings from different emerging trends in
the last two decades. Additionally, we presented the
antimicrobial mechanisms of the coatings based on gen-
eration of photoactivated reactive oxide species. Finally,
we discussed the future challenges and opportunities of
thermal-sprayed photocatalytic coatings in disinfection
applications.

Typical Photocatalytic Disinfection Materials
TiO,- and TiO,-Based Photocatalysts

TiO, is one of the most widely studied photocatalysts. TiO,
was extensively explored for photocatalytic disinfection
applications over the past years, which shows advantages
of high photoactivity and stability, nontoxicity, and low
cost. Among different types of TiO, nanoparticles,
Degussa P25 is the most popular photocatalyst, which is
widely used for broad spectra anti-bacteria or anti-virus use
(Ref 18, 19). Yet two major drawbacks of TiO, nanoma-
terials are high recombination rates and large band gap,
which limit their photocatalytic disinfection properties.
Intensive efforts have been devoted to improving the
photocatalytic efficiency of TiO,. One of the most impor-
tant routes is the modification of TiO, by using metallic/
nonmetallic elements or metal oxides (Fig. 1) (Ref 20-22).
On the one hand, the decoration of Ag, CuO, or SiO,
nanoparticles was proved to enhance the UV-induced
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Fig. 1 Typical modifications of A
TiO, photocatalysts for
enhanced disinfection properties
(Ref 20)

Enhanced virus adsorption

bactericidal effect of TiO, photocatalysts, among which the
SiO, nanoparticles were also able to enhance the virus
adsorption and hence the photocatalytic inactivation effi-
ciency. On the other hand, the decoration of metallic ele-
ments (e.g., Pd, Cu, Mn, Co), nonmetallic elements (e.g.,
N, F), or rare earth elements/oxides (e.g., Rh**, SrO) were
also employed to enhance the visible-induced photocat-
alytic inactivation effect of viruses and bacteria (Ref 23-
28). Some of the recent work about modifications of TiO,
photocatalysts are summarized as follows.

Precious metals like Ag and Cu are commonly used
metallic elements for the TiO, modification. Younas et al.
prepared Ag ion-doped TiO, nanoparticles by liquid
impregnation (LI) method for antibacterial use (Ref 29).
The experiments confirmed that under UV light illumina-
tion, the particles showed the disinfection efficiency of up
to 16%, but when used synergistically with 1 wt.% Ag-
TiO,, 100% of Escherichia coli (E. coli) bacteria were
killed in 30 min. Cu is an essential trace element in living
organisms; thus, it could be used as a TiO, dopant for
visible-light photocatalytic activity but with less toxicity.
Gladis et al. reported copper-doped TiO, nanoparticles
synthesized by a two-step method. The sol—gel deposition
was followed by microwave hydrothermal treatment,
which achieved a band gap reduction down to 2.86 eV at a
relatively low nominal doping level of 2.0% (Ref 30).
Remarkable antibacterial properties against both gram-
negative and gram-positive bacteria were realized by TiO,-
Cu”" without any cytotoxicity to human blood cells, which
was considered to be related to the leach of Cu ions in
combination with the oxidative attack based on TiO,
photocatalysis.

Since most metallic dopants have toxic effects, non-
metallic elements (e.g., N, F), nano carbon or SiO, can be
used as alternatives for modifying TiO,. By using the
nonmetallic dopant, diminished toxicity and improved
photocatalytic activity has been seen for the modified

modification

Slow inactivation \ Effective inactivation

Selective inactivation

catalyst. Janpetch et al. developed a hybrid nanocomposite
material of bacterial cellulose (BC) nanofibers and TiO,
nanoparticles, and doping of the material by nitrogen
(N) and fluorine (F) gave rise to remarkably enhanced
visible-light sensitivity (Ref 31). The results showed that
N-F co-doped TiO, demonstrated high efficiency of pho-
tocatalytic disinfection activity against both gram-negative
and gram-positive bacteria under fluorescence light. Metal
and nonmetal co-doping techniques were also used to
improve the photocatalytic activity of TiO,. For instance,
N, W co-doping was used to narrow the band gap of TiO,
to about 2.3 eV and achieve high photocatalytic activity
under both UV and visible-light illumination (Ref 32).

As to carbon-modified TiO, photocatalysts, Leary and
Westwood proposed several fundamental factors account-
ing for the enhanced photocatalytic efficiency of TiO, by
incorporating  carbonaceous  nanomaterials, = where
decreased band gap, reduced charge-carrier recombination
rate, and promoted adsorption of reactants on the photo-
catalyst surface play the predominate roles (Ref 33). Dif-
ferent kinds of allotropies of carbon were used for the
modification of TiO,. Magnetic carbon nanotube (MCNT)
composites with titanium dioxide (TiO,) have enhanced
photocatalytic disinfection efficiency and better applica-
bility than bare TiO, and/or MCNT, including better solar
light applicability and easier catalyst separation process by
utilizing its magnetic property. Y. Shimizu et al. investi-
gated the bactericidal mechanism of E. coli by using
MCNT-TiO, nanocomposites under various conditions and
photocatalytic disinfection models (Ref 26). The results
showed that the MCNT-TiO, composite had higher disin-
fection efficiencies than bare TiO,, and the physical bac-
terial capture was the dominant disinfection mechanism.
The authors found that high disinfection rate can be real-
ized at an optimum MCNT: TiO, ratio of 5:1, while the
hydroxyl radical -OH was reactive oxygen species on the
photocatalytic disinfection using MCNT-TiO,.
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Additionally, Fu et al. developed onion like carbon (OLC)
modified TiO, composite coatings by suspension plasma
spraying (SPS) using TiO, and OLC nanoparticles as the
starting nanomaterials (Ref 34). Nanostructured features of
OLC and TiO, particles were retained in the coatings and
unique dispersion of the OLC particles in the coatings was
achieved. The authors revealed that the addition of OLC
nanoparticles enhanced the photocatalytic performances of
the pure TiO,. The synergistic effect of OLC and TiO,
particles was further elaborated.

Metal-Containing Photocatalysts Other than TiO,

To achieve solar-driven disinfection of waterborne patho-
gens, a number of efficient, UV to visible-absorptive,
metal-containing photocatalysts other than TiO,-based
materials have been developed, including ZnO (Ref 35),
B12W06 (Ref 36), WO3 (Ref 37), GaoA25Zn4_6785.08 (Ref
38), Cul (Ref 39), etc.

ZnO (which has a band gap of 3.37 eV) is abundant in
nature, relatively inexpensive and strongly oxidative,
which is similar with TiO, when working as photocatalyst.
ZnO nanoparticles are widely known for their enormous
surface to volume ratio (Ref 40). However, the toxicity of
the ZnO nanoparticles in water can pose threats to human
health. In order to take advantage of the photocatalytic
surface and the safe disposal of ZnO, two ways of immo-
bilization routes are developed. The first is to develop ZnO
nanorods on flat substrates (e.g., glass) with seeded ZnO,
while the second route is to immobilize the ZnO nano-
materials onto membrane substrates.

As to the first case, Alarcon et al. prepared ZnO
nanorods on a glass substrate, from seed layers fabricated
from c-irradiated zinc acetate in a thermal bath of a basic
zinc nitrate (Ref 41). Sanchez et al. reported immobilized
ZnO nanorod films grown on ZnO-seeded polyethylene
terephthalate (PET) substrates in alkaline aqueous solution
(Ref 42). Rodriguez et al. deposited ZnO-seeded glass
substrate by using a spray pyrolysis technique; then, they
fabricated ZnO nanorod film from a mixed solution of
Zn(NO;), and NaOH. Benefited from larger surfaces of the
nanorods, ZnO exhibited good efficiency in bacteria dis-
infection, and previous measurements showed that the
efficiency of ZnO NRs samples correlates with the texture
of the nanorod and the number of rods per area (Ref 43).

Ceramic membranes of nano porous anodic aluminum
oxide (AAO) were employed to grow highly adherent ZnO
nanostructured films (Ref 44). As shown in Fig. 2, Najma
et al. developed highly porous networks of ZnO nanosheets
on AAQO substrate. The membranes were found highly
reactive under UV irradiation and greatly deteriorated
bacterial population in the nearby vicinity. Moreover, the
membranes also showed an appreciable antibacterial
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activity in the dark experimental conditions. It was found
that the bacterial degradation efficiency of the membranes
reached 70% of their efficiency in UV light conditions after
16 h incubation in dark.

Ceramic substrate of clay minerals is another choice for
the immobilization of ZnO photocatalyst particles, due to
their abundance on earth surface, high porosity, thermal
stability, and bio-compatibility. Among different clay
materials, kaolinite has been widely used as a cosmetic and
healing mineral and is expected to be safe for water
treatment application. Ananyo et al. prepared immobilized
ZnO nanoparticle photocatalyst on kaolinite substrate,
which realized complete disinfection of multidrug resistant
Enterobacter sp. within 120 min by visible-light-aided
photocatalytic disinfection process, exhibiting bactericidal
efficiency superior to conventional catalysts such as TiO,
and ZnO (Ref 45).

There are some other metal-containing photocatalysts
developed in recent years, including WOj3;, Bi-based pho-
tocatalysts (such as BiFeO, and Bi,WOg), several types of
binary or ternary sulfides (such as ZnS, MoS,, CdS, and
Ga-Zn-S), iodide of precious metals (such as Cul), all of
which showed advantages in certain aspects (Ref 46-48).

Nanostructured WO; is a visible-light responsive pho-
tocatalyst that absorbs light up to about 480 nm (2.58 eV).
It has significant advantages of low cost, harmlessness, and
stability in acidic and oxidative conditions. Various
strategies, including noble metal deposition, surface
hybridization with graphene oxide, were used to promote
the photocatalytic activity of WOj;. Pt-WO5; materials
realized viral inactivation due to light-induced plasmon
(Ref 49). Akhavan et al. incorporated graphene oxide (GO)
sheets into WO; films to form graphene-WO; (G-WO3)
thin films, which was confirmed to be highly efficient in
anti-virus use with long-term stability (Ref 50). In the
future, it is yet necessary to develop immobilization routes
to improve its photocatalytic activity toward practical
applications.

Bi-based photocatalysts have been comprehensively
investigated recently due to their excellent photocatalytic
performance. For example, Bi;,WOg had a suitable band
gap of around 2.8 eV, which was reported as an excellent
visible-light-driven photocatalyst for O, evolution or
degradation of organic matters. By producing a hetero-
junction composite by coupling Bi;,WO¢ with TiO,, the
photocatalytic activity can be greatly enhanced (Ref 51).
According to Xu et al., Bi,WOg/TiO, composite was suc-
cessfully prepared by using a one-step hydrothermal
method, and demonstrated better photocatalytic bacterici-
dal effect for E. coli than single Bi,WOg4 or TiO,. Addi-
tionally, Ji et al. synthesized a new ternary composite of
Bi,WO¢/TiO,/rGO by using a facile hydrothermal method
for disinfection use (Fig.3) (Ref 52). The reduced
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Fig. 2 Schematic illustration of
photocatalytic degradation of
E. coli by ZnO/AAO composite
membrane (Ref 44)

Fig. 3 Schematic illustration of
the underlying photocatalytic
mechanism for enhanced
disinfection of E. coli by
Bi,WOg/TiO,/rGO composites
(Ref 52)
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graphene materials promoted the separation of photocarri-
ers and enhanced the visible absorption, and the Bi,WOg/
TiO, heterojunction gave rise to photogenerated carriers
for the disinfection process. The trapping experiments
demonstrated that the photoinduced h™ played a vital role
in the disinfection of E. coli, while the derived -OH, e,
and O,  exhibited synergistic effects. Comparing to Bi,.
WOg or TiO,, the ternary composite material exhibited
enhanced visible-light-induced photocatalytic activity
against E. coli. Moreover, Li et al. reported a Pb-doped
BiFeO3/rGO (reduced graphene oxide) photocatalytic dis-
infection material which was visible-light-driven and
showed high chemical stability. The Pb-BiFeO5;/rGO pho-
tocatalyst exhibited the strongest bactericidal properties
against E. coli (100%) and S. aureus (99.7%) after 1 h of
visible-light irradiation for a 0.5% doping of rGO. High
chemical stability was also found even after four reuse
cycles (Ref 53).

Binary or Ternary sulfides, such as ZnS, CdS, FeS,
Ga,S;, and Ga-Zn-S are chemically stable materials, which
can be employed for photocatalytic disinfection purpose
due to easy synthesis, low cost, high efficiency, and
exceptional photoelectric properties. Zinc sulfide (ZnS) has
been a research focus recently due to its high negative
reduction potentials electrons, exited by UV—visible light.
Alafif et al. successfully fabricated zinc sulfide decorated
sulfur-doped reduced graphene oxide (S-rGO/ZnS)
nanocomposite by using a facile one-pot method (Ref 53).
Their results showed that S-rGO/ZnS could effectively
absorb visible light which may be ascribed to the hetero-
junction formation between ZnS and S-rGO, while the S
doping in rGO was proven to enhance the electrical con-
ductivity and electron trapping which suppresses the
charge recombination. Taking into account the two bene-
fits, S-tGO/ZnS nanocomposite can be utilized under solar
light irradiation for the antibacterial process and purifica-
tion of wastewater.

Cadmium sulfide (CdS) was extensively studied due to
its band gap (2.4 eV), corresponding well with the spec-
trum of sunlight, which makes it active under sunlight or
visible light. Furthermore, it is inexpensive and can be
easily synthesized through various reproducible methods.
Gao et al. reported the fabrication and disinfection per-
formance of graphene oxide (GO)-CdS composites, which
were synthesized via a facile two-phase mixing method
(Ref 54). The carbon network graphene oxide provides
extraordinary conductivity and enlarged surface area,
leading to improved photocatalytic disinfection efficiency.
Photocatalytic antibacterial activity examination of the
GO-CdS composites showed nearly 100% of both gram-
negative E. coli and gram-positive Bacillus subtilis (B.
subtilis) being killed within 25 min under visible-light
irradiation.
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The sulfide could also be used as an effective sensitizer
for titania photocatalyst because of its high light harvesting
efficiency. For instance, Song et al. fabricated titania
nanotube arrays which were sensitized with pyrite FeS, by
using cathodic electrodeposition of Fe/Fe,O5 followed by
sulfurizing with evaporative sulfur (Ref 55). The much
enhanced visible-light response and photocatalytic perfor-
mance of the FeS,-sensitized film under the simulated solar
light were revealed by the photo-electrical and pho-
todegradation experiments.

Ternary sulfides were found to have narrower band gap
and large absorption than TiO, and ZnO catalysts. Among
them, Ga,S; is an effective optoelectronic material which
is stable and easy to adjust by introducing other metals.
Yan et al. reported that Gag,s5Zn4¢7Ss0g microspheres
prepared at 400 °C exhibited the best antibacterial perfor-
mance, as evidenced by complete killing of E. coli K12
within 4 h (Ref 38).

Iodide of precious metals was studied for photocatalytic
disinfection use. y phase Cul possesses smaller band gap
(3.1 eV) than TiO, (3.2 eV). Furthermore, Cul adsorbs
efficiently heavy metal ions; thus, it can be considered as a
good candidate for water treatment. Wojtyla et al. inves-
tigated the role of visible-light-induced Cu™ to Cu®"
transition in photocatalytic inactivation of microorganisms
(Ref 39). It was found that the photosensitization mecha-
nism encompasses a metal to metal charge transfer. The
absorption edge of photosensitized Cul is red shifted
toward a lower energy when compared with bare Cul,
resulting in enhanced visible-light-induced photocatalytic
activity and photoactive in the degradation of organic
compounds and inactivation of fungi (Saccharomyces
cerevisiae).

Metal-Free Photocatalysts

Although most photocatalysts containing metals or heavy
metals have been proven to be excelled in antiviral activity,
the accidental leaching of toxic metals, such as Cu and Ag,
into treated water could cause serious health concerns.
Therefore, there is an urgent need to develop metal-free
“green” photocatalyst for inactivation of pathogenic
microbes. In the following, we introduce three typical
kinds of metal-free photocatalysts developed recently.

As a type of soccer ball-shaped-all-carbon molecule
with excelled energy and electron transfer properties, Cgq
derivatives can be photoexcited under visible-light irradi-
ation (> 2.3 eV); thus, the material holds promise for
photo-reactive applications. When functionalized with
hydrophilic moieties, water-soluble Cg, derivatives can be
dispersed uniformly in the solution, which can be used as
antiviral photocatalysts (Ref 56). The cationic amino Cgq
exhibited exceptionally efficient viral inactivation even in
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comparison with commercial P25, which is probably due to
the electrostatic attraction between positively charged Cgg
derivatives and negatively charged MS, viruses. The
design of Cgp-based photocatalysts for viral inactivation is
illustrated in Fig. 4 (Ref 57-60).

Due to the large surface area and good absorptivity in
visible band, metal-free GO (graphene oxide) has attracted
considerable attention for photocatalysts. By immobilizing
aptamers on the edge of GO, Hu et al. synthesized GO-
aptamer nanosheets that are highly efficient for anti-virus
applications (Ref 61).

Other than photocatalysts based on Cgo and GO, a newly
developed graphitic carbon nitride (g-C3N,) material has
been found to be reactive under visible range, biocompat-
ible, resistant to photo-corrosion or air oxidation, and

H
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chemically stable in solvents acids. A major shortcoming
of implementing g-C3;N, for practical disinfection use are
aggregation phenomena in water and difficulty in separa-
tion and recycle. Porous g-C3;N, immobilized on the carrier
of natural mineral of expanded perlite (EP) is a new route
to tackle these challenges. As shown in Fig. 5, Zhang et al.
developed a new composite photocatalyst from low-cost
and earth-abundant materials, which possesses several
advantages, including highly porous carrier with a large
particle size of millimeters, promoting uniform dispersion
of g-C3N, and good reusability, resistant to photo-corro-
sion, enhanced light utilization, ROS production, and thus
antiviral performance. It was reported that the new pho-
tocatalyst inactivated all viruses under 240 min visible-
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Fig. 5 Photocatalytic antiviral g-CsN,/EP
and antibacterial mechanisms of
porous EP/g-C3N, (Ref 62) T = -
Bacterium
E. coli

light irradiation (Ref 62), as a comparison, only 77.1% of
E. coli bacteria can be killed by bulk g-C3N,.

Two-Dimensional Photocatalysts

Two-dimensional (2D) nanomaterials have become a rising
star in developing photocatalysts for their confined thick-
ness and specific surface area, exhibiting unique structural,
physical and chemical properties. Compared to OD and 1D
nanomaterials, 2D nanostructures show obvious superiori-
ties in architecture modulation, charge separation, light
harvesting and tunability. There are several merits of 2D
photocatalysts. Large lateral size of 2D nanosheets offers
plenty of active sites for surface reaction. The plane surface
is beneficial for accommodating guest components for the
formation of a heterojunction. In addition, the ultrathin
thickness promotes the charge diffusion to the surface by
shortening the transportation. Moreover, the flexibility of
2D layers enlarges the exposed area for light harvesting.
Furthermore, the band gap and absorption of 2D semi-
conductors are adjustable by simply tuning the thickness of
the nanolayers.

Inspired by the unique properties of 2D structured
materials, numerous efforts have been devoted to devel-
oping highly efficient 2D photocatalysts, as well as
exploring their potential in disinfection applications. Many
kinds of 2D photocatalysts are being developed recently,
including 2D metal oxides, graphene, graphitic carbon
nitride, metal oxyhalides, and transition metal dichalco-
genides (Ref 63). As typical representatives, the photo-
catalytic disinfection applications of g-C3Ny, TiO,-based
photocatalysts and MoS, are presented in the following
sections.

The photocatalytic efficiency of bulk g-C3N, is limited
by high carrier recombination rate and low surface area.
According to Ong, laminar structured g-C3N4 showed
several advantages as compared to bulk samples. Further
work was carried out by Xu et al., who fabricated porous
g-C;3N, nanosheets (PCNS) via a two-step process, i.e.,
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hydrothermal treatment and thermal etching (Ref 64).
E. coli bacteria were completely killed within 4 h by
PCNS. In comparison, there are 77.1 and 89.6% of the
bacteria still remained during the tests for bulk g-C5;N4 and
porous g-C3N, under the same testing conditions. The
improved photocatalytic ability was attributed to the
improved porosity and enlarged surface area, which facil-
itate efficient charge carrier separation. Furthermore, the
band gap was expanded due to the limited thickness,
causing a strengthened photo-redox performance.

Most of the TiO,-based photocatalyst for disinfection
pertained to the use of nanoparticles, nanotubes or so on. A
few studies have been carried out on applying 2D TiO,.
According to Ma et al., Fe30,4 nanoparticles were deposited
on TiO, nanosheets (TNS) to serve as an electron acceptor
and enable magnetic separation (Ref 65). Bactericidal
testing showed a higher microbe removal percentage
(92.7% in 2 h) for the hybrid than the pure TNS or Fe;0,.
Increasing the immobility of antibacterial nanomaterials is
an important strategy for their reusability. In this regard,
Wang et al. coated the TNS onto glass films layer by layer
after exfoliating titanium oxide into ultrathin nanosheets,
and then, the device was used for photocatalytic microbe
inactivation (Ref 66). The extraordinary thin coating layer
was nearly transparent in UV—-Vis spectrum. However, the
functional photocatalytic layer could still perform disin-
fection effect when illuminated, which was attributed to the
electron storage ability of the multi state Ti. The photo-
catalytic film was effective after 5 cycles of operation,
indicating its good potential for water purification. More-
over, Zhang et al. reported a TiO,-based catalytic film with
dark inactivation ability. A layer of TiO, seeds was firstly
deposited on glass using sol-gel method. Then, the TiO,
seeds grew onto Ag-embedded parallel nanosheets after
solvothermal treatment in TiO, and AgNOj; sol, forming a
catalytic coating on the glass surface (Ref 67). The pho-
tocatalytic film exhibited bactericidal performance of
almost 100% (365 nm, 24 h), and it also achieved a ster-
ilizing rate of above 99% to both gram-negative and gram-
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positive bacteria in dark. The Ag particles played a dual
role in the antibacterial process: electron acceptor and
cytotoxicity.

Few-layered MoS, nanosheets (NSs) have the advan-
tages of being able to harvest the whole spectrum of visible
light (approximately 50% of solar energy) and have been
reported to effectively generate photocatalytic reactions,
which presented superior catalytic activity and disinfection
performance owing mainly to prolonged electron-hole pair
(EHP) lifetime. Chou et al. (Ref 68) reported a single- and
few-layered MoS, decorated with Au nanoparticles (NPS)
as a new efficient nanocatalyst that can be simply activated
by ambient mechanical force and light excited electron-
hole pairs, as shown in Fig. 6(a). After deposition of Au
NPs, ~ 99.999% reduction in bacteria can be achieved by
visible-light irradiation for 60 min, while the required
treatment time can be reduced to 15 min under a combi-
nation of mechanical vibration and IR light irradiation
(Fig. 6b, c, and d).

Thermal-Sprayed Photocatalytic Coatings

The photocatalytic particles can be used for disinfection of
a wide range of microbes (e.g., pathogenic bacteria, viru-
ses, and fungi) with the advantages of ease in use and high
efficiency. However, the suspended photocatalytic powers
have the shortcomings including difficulty in separation
and recycling. Moreover, leakage of the photocatalytic
nanomaterials in most cases may cause secondary pollu-
tion. Therefore, practically, the photocatalytic nanoparti-
cles should be immobilized onto the surface of a certain
substrate (e.g., quartz, steel, polymer, etc.) in a large scale
so as to produce mechanically stable coatings. Thermal
spray photocatalytic techniques offer the advantages of low

Irradiation

(a) |‘ MoS, @ bacteria @) H,0 ‘@ OH .o2 "o,-

Fig. 6 (a) Schematic diagram of the Au-MoS, nanocatalyst for water
disinfection application. (b) Illustration of Au-MoS,@CFs achieving
bacterial disinfection under light irradiation. (c) Disinfection perfor-
mance of the control (pure bacteria), MoS,@CFs and Au-MoS, @CFs

cost, wide selection of coating materials, and easy on-site
operation, making it promising for the fabrication of large-
scale photocatalytic coatings. Divided by different working
modes, the thermal spray techniques include but are not
limited to atmosphere plasma spray (APS), suspension
plasma spray (SPS), flame spray, high-velocity oxy-fuel
(HVOF) spray and cold spray, which are important in
photocatalytic disinfection applications (Ref 69-71). A
novel low pressure cold gas spraying technique was used to
large-scaled fabrication of carbon-modified TiO, photo-
catalytic coatings as shown in Fig. 7. In this section, the
fabrication methods, coating microstructures, as well as the
photocatalytic disinfection mechanisms, performances and
applications of thermal-sprayed coatings in eight different
emerging trends are reviewed.

Visible-Light-Induced Photocatalytic Coatings

There is only ~ 4-5% of solar light being within the UV
range, while the visible light contributes about 50% of the
total power. Therefore, many attempts were made to attain
visible-light-induced photocatalytic activities, for instance,
structure modification, metal and nonmetal doping, co-de-
position of metals, and mixing of two semiconductors (Ref
72-75).

The visible absorptance of the photocatalysts can be
greatly improved by using modified TiO, powders or
nanotubes via different synthesis routes, leading to
improvement in disinfection efficiency. According to Bir-
ben et al., N-doped, Se-doped, and Se-N co-doped TiO,
showed visible light activated photocatalytic disinfection
efficiency (Ref 76), whereas undoped TiO, displayed
comparatively slower removal rates of E. coli than the
doped and co-doped TiO, specimens. Additionally, Koklic
et al. investigated the visible driven photocatalytic

SN 15 30 45 60
(d) Time (min)

105.
bacteria MoS:@CFs  Au-MoS:@CFs
(c) (W ight) (w fight) (wllight)

under visible-light irradiation. (d) Disinfection performance of Au-
MoS,@CFs under a combination of mechanical vibration and IR light
irradiation (Ref 68)
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Fig. 7 Top surface of the cold-sprayed carbon-modified TiO,
photocatalytic coating (Ref 71)

disinfection properties of copper-doped TiO, nanotubes
deposited on existing surfaces. It was found that the ceiling
mounted fluorescent light can retard the growth of Listeria
innocua by 80% in 7 h of exposure to fluorescent light (Ref
77). Furthermore, Feilizadeh et al. prepared Fe-Cd co-
doped photocatalytic powders to realize the inactivation
process by visible light. Based on the experimental data
and a semi-empirical model, the authors predicted that the
Fe-Cd/TiO, catalyst was able to achieve a bacterial inac-
tivation efficiency of 99.9% after 45 min of visible-light
illumination (Ref 78).

For practical disinfection application, researchers have
used thermal-sprayed TiO, coatings. According to Bettini,
an anatase/rutile mixed-phase photocatalyst was reported
in the form of nanostructured powders by flame spray
pyrolysis (FSP) method (Ref 79), which showed photo-
catalytic activity under sole visible light, indicating the
potential of the FSP-made powders as indoor photocata-
lysts for disinfection purposes. A more practical study by
M. Nararom et al. was conducted using a thermal-sprayed
TiO, coating on plates (Ref 80). A parabolic concentrator
to enhance the power density of the solar radiation for the
disinfection of water containing E. coli. Acrylic matt black
spray was used to prepare black reactor, which was proved
to be more efficient for the inactivation of bacteria due to
higher efficiency in absorbing photons to damage the
bacteria. By using an optimized setup, effective inactiva-
tion of bacteria by approximately 4 logs were achieved
within 90 min.

Doping with metals or constructing heterostructures
were considered to be beneficial to the visible-light-in-
duced photocatalytic activity or disinfection efficiencies.
According to P. Ctibor et al., iron-doped TiO, coatings
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were prepared using atmospheric plasma spraying method
with water- and gas-stabilized guns (Ref 81). Presence of
FeTiO; was detected in water-stabilized plasma sprayed
coatings, which were more photocatalytically active than
undoped coatings. In comparison, hydrogen-rich atmo-
sphere in the gas stabilized plasma spray led to the
reduction of certain amount of iron oxides to metallic iron.
Consequently, the charge-transfer transition by UV or
visible excitation between dopant ions via the conduction
band took place in the coating, leading to improvement in
butane conversion. However, the disinfection performance
of the coatings was still unreported. George et al. reported
that flame sprayed Cu-doped TiO, coating contained lim-
ited anatase phase due to the high growth temperature,
while it still killed approximately 75% of PAK bacterial
cells after 3 h under white light illumination (400-700 nm),
showing the same bactericidal capabilities as pure copper
surfaces. Hence, the toxicity of Cu could exhibit syner-
gistic effect with photocatalysis in disinfection applications
(Ref 82). Moreover, Zhai et al. reported suspension plasma
sprayed TiO,-SrCO; heterostructure nanomaterial coatings
for visible-light-induced disinfection, which exhibited
superior bactericidal activities against E. coli to that of the
pure TiO, coatings, achieving a killing rate of over 99.7%
within about 4 h (Ref 83).

Black TiO, Photocatalytic Coatings

TiO, is one of the most widely used photocatalysts; how-
ever, the wide band gap of TiO, (3.2 and 3 eV for anatase
and rutile TiO,, respectively) and rapid charge recombi-
nation are the main shortcomings toward its practical
applications. Extensive efforts were made to achieve visi-
ble-light photocatalytic activity through constructing
intrinsic defects or making doping. Among the modified
TiO,, black TiO, showed excelled absorptivity in ultra
violet to infrared range and were widely used for solar
energy utilization (Ref 84), photodegradation (Ref 85),
electrocatalysis (Ref 86, 87), among others.

It was recently realized that black TiO, has much better
photocatalytic activities than other structured TiO,. Zhou
et al. synthesized a series of nitrogen-doped black TiO,
nanocatalysts via a one-step method. It was found that the
urea addition inhibits the anatase to rutile phase transfor-
mation and also the formation of black TiO, by N doping.
The black TiO, had more efficient excited charge separa-
tion and higher photocatalytic efficiency for algae inacti-
vation (Ref 88). Furthermore, to facilitate the application of
black TiO,, Zhai et al. fabricated black TiO, coatings by
using a suspension plasma spray (SPS) method. Black TiO,
coatings with porous microstructures and high photocat-
alytic activity were realized (Ref 21), as shown in Fig. 8.
The high temperature during the spray processing triggered
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Fig. 8 Digital photographs and
topographical morphology of
the white TiO, coating (A) and
the black TiO, coating

(B) fabricated by suspension
plasma spraying. (-3 is enlarged ‘
view of selected area in -2) (Ref ¢ ‘
21) ?

.

partial structure transformations of anatase to rutile, broo-
kite, and remarkable lattice disorders of anatase, which
significantly narrowed the band gap to 2.71 eV. The
enhancement in solar absorption therefore increases its
photocatalytic efficiency.

Porous Heterostructured Photocatalytic Coatings

Porosity is a vital factor that influences photocatalytic
performances of photocatalytic coatings. Photocatalytic
disinfection efficiency of porous photocatalyst is usually
desired, for large surface area usually facilitates multiple
light scattering effect and accelerated diffusion of ion
species. Porous structures also lead to improved efficiency
in generating ROSs products (e.g., 0>~, H,0,, holes) that
are crucial for bacteria inactivation. For viral and fungal
inactivation, porous surface can shorten the diffusion
pathway of the short-lived radicals (e.g., -OH) with high
oxidizing power and promote their concentration, which
are vital for the denaturing process of the rigid protein
shells of virus, or the cell wall of fungi. Moreover, porous
photocatalyst offers plenty of sites for anchoring active
nanoparticles (NPs). Formation of the photocatalyst-NPs
heterostructures will improve the separation efficiency of
charge carriers and production of ROSs, which largely
enhances the photocatalytic disinfection efficiency.

There is a number of routes to increase the porosity of
the photocatalysts, including choosing organic fibers or
mesoporous substrates, or synthesize microsphere shaped
particles. According to Xu et al., TiO, nanowires were
precipitated on polyester fabrics through multi-steps of
surface roughening, sol-gel TiO, seeding, hydrogen tita-
nate nanobelts precipitation, and sulfuric acid treatment

(Ref 89). Both mesoporous anatase TiO, nanowires and
single-crystalline rutile TiO, nanorods have been achieved,
which exhibited remarkable sterilization of E. coli and S.

epidermidis. Additionally, Purbia et al. synthesized
C-doped anatase TiO, multi-tubes by using banana stem
fiber as sacrificial template. High surface area (~ 99 m%/g)
with a mesoporous structure made of ~ 15 4+ 3 nm
nanoparticles were reported, which exhibited enhanced
light absorption property in visible region and excellent
photocatalytic activity (Ref 90). Furthermore, Zhang et al.
prepared porous g-C3;N, by loading graphitic g-C3N, onto
expanded perlite (EP) support through a facile hydrother-
mal process. EP/g-C3N, exhibited excellent antibacterial
activity against E. coli (8-log reduction) and antiviral
activity (MS, phage) under visible-light exposure of 180
and 240 min, respectively (Ref 62). Yan et al. reported that
Gag»57Zn4 675503 microspheres prepared at 400 °C exhib-
ited the best antibacterial performance, which attained
complete killing of E. coli K12 within 4 h. The authors
attributed the superior photocatalytic activity to high
specific surface areas and narrowed band gap (Ref 38). All
these studies improved the disinfection performance of the
photocatalyst by taking advantage of the high porosity.
Developing micro/mesoporous surface and visible
active photocatalysts on a large scale is a promising task
from the practical perspective. Thermal spray is an
important fabrication route to realize porous photocatalytic
structures. Recently, some researchers focused on the
doping/processing-porosity-property correlation of ther-
mal-sprayed TiO, coatings. It was found that their pho-
toactivity was comparable favorably to that of chemical
vapor deposition (CVD) coatings and compressed P25
disks, where the bimodal-sized porosity was believed to be
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Fig. 9 Addition of HA-rGO in TiO, coatings effectively increases
the specific surface area of the coatings and markedly enhances
recruitment of E. coli for subsequent photocatalytic elimination.
(a) SEM images of E. coli adhered on the coatings after incubation for
6 h; -1: the pure HA coating, -2: the HA-rGO coating, -3: the pure

optimal for desired photocatalytic performances (Ref
91, 92). Sugiyama et al. fabricated porous TiO, coatings
with uniform porosity along depth direction by a modified
spray pyrolysis deposition (SPD) technique, where the
porous surface with an effective area eight times higher
than that of the non-porous sample was achieved. Conse-
quently, the photocatalytic ability was enhanced by 2.5-2.8
times (Ref 93). Additionally, Jbeli et al. investigated the
synthesis and physical properties of Fe-doped La,O;
coatings grown by spray pyrolysis with a doping rate of
0-5%. The optimal photocatalytic activity was reached at
the doping rate of 4%, due to its dispersed and distorted
porous structure constituted by small nanoparticles (Ref
94). Moreover, Zhang et al. found that the lower plasma
power and higher powder feeding rate resulted in formation
of higher porosity content in the plasma sprayed TiO,
coating, where the porosity has a dominating effect
deciding the photocatalytic performance (Ref 95). The
improvement in the photocatalytic performance of these
porous coatings were proved via photodegradation of the
subject matters, where the photocatalytic disinfection
ability of the coatings is yet to be reported.

Therefore, for versatile environmental applications,
extensive research efforts have been devoted to achieving
large-scale photocatalytic coatings. According to Lin et al.,
mesoporous TiO, nanocrystalline (NC) membranes with
average pore size of 0.35 pm were successfully fabricated
by coating on an alumina support via a rapid atmospheric
plasma spray (APS) approach (Ref 96). The photodegra-
dation experiments of dextran and humic acid prove its
potential in photodegradation of bio-organisms and protein
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titania coating, -4: the TiO,-10 wt.% HA coating, -5: the TiO,-
10 wt.% (HA-rGO) coating, -6: the TiO,-30 wt.% (HA-rGO) coating,
and (b) bacterial density as determined by statistical counting of the
E. coli adhered on the surfaces of the coatings (Ref 100)

under UV light irradiation, which is essential in photocat-
alytic disinfection. Additionally, M. C. Bordes prepared
TiO, photocatalytic coatings by APS from different feed-
stocks (Ref 97). The feedstocks were obtained by spray
drying suspensions of a nano- and a submicron-sized TiO,
powder, with different solids contents and/or ratios of the
nano- to submicron-sized particles. It was revealed that the
coating porosity as well as the amount of partially melted
areas depended strongly on plasma spray conditions and on
feedstock characteristics. In another work, Kim et al.
investigated the photocatalytic property of plasma sprayed
TiO, coating on foamed waste-glass substrates (Ref 98).
The porous coating sample was found to be efficient in
purify the green tide and the red tide when illuminated by
UV light, where the nano-sized commercial TiO, particle
and mesoporous structure of the foamed glass improve the
photocatalytic efficiency. Moreover, Mcfarlane et al.
studied the sterilization mechanism of three different
microbes (P. aeruginosa, S. aureus, C. albicans) by using
jet spray formed titanium dioxide surfaces (Ref 99). The
authors point out two important factors that are responsible
for the high efficiency of inactivation: the high surface area
of the porous nanomaterial and the direct contact between
the microorganisms and the UV-activated surface. Fur-
thermore, Zhai et al. reported suspension plasma sprayed
Ti0,-SrCOj3 heterostructure nanomaterial coatings for the
first time (Ref 83). The TiO,-SrCO;3; co-catalyst with
semiconductor heterostructures show significantly superior
bactericidal activities against E. coli, which is partly
attributed to the novel porous structure of the coating.
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Bacteria Recruitment and Killing Strategies

To achieve effective sterilization, the photocatalytic
material must essentially favor the attachment of bacteria
because of the short lifetime and diffusion length of the
released ROSs. Support for the photocatalytic nanoparti-
cles is able to limit the aggregation phenomena of the
particles and contribute to the efficient spatial separation
between the photogenerated electrons and holes. Therefore,
by using the biocompatible supporting materials (e.g.,
zeolite, perlite, hydroxyapatite (HA), reduced graphene
oxide (rGO), etc.) as baits, the recruitment and killing
strategies have been a research focus. The bactericidal
effect can be improved by enhancing the adsorption of
bacteria and optimizing the ROSs radical generation on the
supports by using these strategies (Ref 100-105).

Zeolites are crystalline aluminosilicates with regular
dimension structure, channels and cavities called microp-
ores, which can be used as the bait of the recruitment.
Reddy et al. investigated the photocatalytic bactericidal
activity of TiO, supported over different support systems
of HY, HB, HZSM-5 and SiO,-Al,05 systems (Ref 101). It
was observed that Hp zeolite exhibited the most mechan-
ical adsorption of negative surface charged bacterial cells
among the selected supports, which in turn enhanced the
bactericidal activity given by -OH radicals generated by
photocatalytic TiO, under light irradiation. Based on the
experimental results, 5 wt.% TiO, loading over Hp is
sufficient to get higher bactericidal activity in comparison
with TiO, solely. The shortcoming is that the samples were
prepared by mixing the supports with TiO, in an agate
mortar using dry ethanol, which limits its yields for prac-
tical application.

Thermal spray method has been used to prepare com-
posite materials of support and photocatalysts in a large
scale. As a highly porous and chemically inert media,
perlite granules can act as a good adsorbent and support for
TiO, photocatalysts. M. Giannouri et al. presents the one-
step synthesis of the TiO,/perlite composites by flame
spray pyrolysis (FSP) processing. The composite samples
exhibited improved photocatalytic activity in comparison
with commercial TiO, P25. However, the disinfection
performance of TiO,/perlite composites is yet to be
reported (Ref 102) TiO,-hydroxyapatite (HAp) hybrid
films were proved to be candidates for photocatalytic
decomposition of germs, viruses by Nakajima et al.
through spray pyrolysis deposition (SPD) method (Ref
103). Liu et al. prepared photocatalytic TiO,-HA coatings
with significantly promoted adherence of E. coli bacteria
(Ref 104), since HA is essentially biomedical material that
bacteria like to stay on. It was also revealed that the
coatings consisting of 10 wt.% HA showed the best pho-
tocatalytic activity, which is comparable to that exhibited

by immobilized Degussa P25 coating. However, the pho-
tocatalytic disinfection mechanisms of E. coli were not
discussed in the study. To further investigate the antibac-
terial mechanism, Huang et al. fabricated two types of
TiO,-HA nanocomposites (TiO,-HA, TiO,-HA-rGO) by
liquid flame spray deposition (Ref 100, 105). HA-en-
wrapped TiO, nanocomposite powder was fabricated by
using P25 particles as nucleation sites. HA in the composite
powder acts as bait attracting approaching of bacteria and
pushing them to TiO,. Moreover, the vacancies formed on
the surface of excited phosphate group (PO;") in UV
illumination might lead to formation of superoxide radical
(O®7), which also attacks the surrounding bacteria adsor-
bed on HA. As a result, the HA layer promoted signifi-
cantly recruitment of E. coli bacteria onto the TiO,-based
particles for subsequent photocatalytic killing, which gave
rise to better capability of  photocatalytic
sterilization (Fig. 9).

Thermal Spray Fabrication of Hollow Structured
Photocatalysts

The morphology of TiO, particles influences their perfor-
mance of photocatalytic viral disinfection. It is known that
suspended reactors are more efficient than immobilized
ones due to large surface area available for redox reactions.
For instance, TiO, hollow particles showed promoted
photocatalytic performance than spherical ones in degra-
dation of dimethyl sulfoxide due to the multi-scattering of
light inside the hollow structure that could increase light
absorption (Ref 106). However, the main drawback of
using nano- or micro-sized particles in suspension is the
necessity of post separation treatment or recycling of the
catalyst, potentially making the use of the catalyst more
complex and expensive.

To overcome the shortcoming of reusability of sus-
pended reactors, researchers fabricated hollow micro-
spheres of TiO, that were easy to reuse. Ren et al. reported
a suspension plasma sprayed hollow microsphere of TiO,-
Fe;0,4 composites, exhibiting excelled photocatalytic per-
formance and good reusability. Due to the presence of
magnetic Fe;04 nanoparticles in the TiO, hollow spheres,
the micro spheres can be easily recycled through external
magnetic field (Fig. 10). Excellent photocatalytic steril-
ization performances were revealed for the TiO,-Fe;O4
hollow microspheres (Ref 107, 108). After 5 h UV irradi-
ation, ~ 99% bacteria were already exterminated. The
addition of Fe;O, did not deteriorate the photocatalytic
performances of the TiO, hollow spheres. Additionally, a
special design of FeO,-TiO, nano composites was pro-
posed (Ref 109), which resolved the problem of reusability
of the photocatalytic particles. According to the study of
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Fig. 10 Recyclable iron oxides-containing photocatalysts for bacterial (left) (Ref 107) and viral inactivation (right) (Ref 109)

Giannakis et al., three types of iron oxides (wiistite,
maghemite, nano-maghemite) showed photocatalytic
antiviral activity under solar irradiation (Fig. 10) (Ref
109). Particularly for wiistite, it exhibited the highest
inactivation efficiency in both ultrapure water and
wastewater, achieving 5-log MS, inactivation in 30 min
and 2.6-log MS, inactivation in 120 min, respectively.

Superhydrophobic Self-Cleaning Photocatalytic
Coatings

Self-cleaning surfaces have attracted attention due to their
potential use in anti-bacteria and antifouling purposes (Ref
110, 111). Photocatalyst coating with self-cleaning prop-
erty combines dual functions of antibacterial effects: anti-
adhesive/self-cleaning surfaces and photocatalytic steril-
ization, which prevents the adherence of antibiotic-resistant
bacteria and the formation of biofilms. Many researchers
have reported various photocatalyst coatings constructed
by using superhydrophobic or low energy surfaces, which
can be used in a variety of fields including the reduction of
HAIS (healthcare associated infections), marine antifoul-
ing, food industry, etc.

Self-cleaning photocatalyst coatings were fabricated by
a number of techniques. According to He et al., a series of
ZnO-rGO nanocomposite films were prepared by sol-gel
technique. The ZnO-rGO films possess photocatalytic
activity and photoinduced superhydrophilicity, and
increased content of rGO enhanced both photocatalytic
activity and photoinduced superhydrophilicity of the ZnO-
based films (Ref 112). For reduction of HAIS, Won et al.
prepared TiO,-based transparent coatings as one such
potential self-cleaning surface for touch screen application
and evaluated their antimicrobial efficacy under dark and
illuminated conditions (Ref 113). It was revealed that
n-Ag/TiO, (< 100 nm) coated samples achieved greater
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than 80% bactericidal efficacy with the lowest bacterial
attachment after UV exposure (Ref 113).

To explore the industrial potential of the self-cleaning
photocatalyst, researchers have recently attempted to
develop hydrophobic/superhydrophobic surfaces by ther-
mal spray processing. For instance, Teisala et al. developed
a nanostructured TiO, coating deposited on top of paper-
board using liquid flame spray with a roll-to-roll setup at
ambient pressure, which has potentials in using as self-
cleaning surfaces (Ref 114). Valenzuela et al. prepared
photoactive coatings using sol-gel ZnO suspensions
through electro-spraying on glass substrates, and self-
cleaning antimicrobial functions were reported (Ref 115).
The electro-sprayed surfaces displayed antibacterial activ-
ity against Staphylococcus aureus with a reduction rate of
over 99.5%.

Because of the difficulty in constructing desired topo-
graphical nanostructures, insufficient hydrophobicity hin-
ders the application of thermal spray in fabricating
superhydrophobic coatings. An innovative method was
proposed by Huang, et al. for plasma spray deposition of
superhydrophobic coating by using AI@WO; core-shell
powder as the feedstock (Ref 116). Two nano-products
(Al,O3 and W) were formed on the top layer of the coat-
ings, as a result of transformation of WO5 to W during the
spraying processing. They claimed that the acidic condi-
tions facilitated the photocatalytic activity of the coatings.
Co-existence of super hydrophobicity and photocatalytic
performance suggests the potential antibacterial and
antifouling applications of the thermal-sprayed coatings
(Ref 116).

Anti-biofilm Photocatalytic Coating

Biofilm-related infections are predominately responsible
for the spreading of many infectious diseases, particularly
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in the case of medical devices, foodborne diseases, and
cause huge economic loss. Increased resistance to con-
ventional antibiotics of pathogenic microbes requires the
importance of developing alternative strategies for pre-
venting pathogen dissemination. To construct anti-biofilm
photocatalytic coatings, apart from the coating technique,
understanding the mechanisms as to how surface charac-
teristics of photocatalytic coatings influence the formation
of the biofilms is essential.

A study by Jalvoa et al. on the influence of typical
surface characteristics of TiO,-functionalized material on
the formation of biofilms revealed that the biofilm-forming
bacteria Staphylococcus aureus and Pseudomonas putida
grew easily on TiO,-functionalized filters (Ref 117). The
ROS products generated by the irradiation of visible-near
UV light can kill all cells, while they were unable to
remove the biofilm matrix formed during prior dark period.
In a comparison study on bacterial cells death on 304 steel
and TiO, coatings conducted by McDonald et al. (Ref
118), it was revealed that 24% of the Pseudomonas
aeruginosa bacterial cells on HVOF sprayed TiO, coatings
were killed after exposure to white light, comparing to
merely about 6% on stainless steel surface. In contrast,
Kikuchi et al. found that TiO, thin films can kill 100% of
E. coli bacteria after exposure to UV radiation (Ref 119).
Therefore, McDonald et al. claimed that the difference is
probably due to the ability of the Pseudomonas aeruginosa
bacteria to form and embed themselves in biofilm matrix
(Ref 118).

Different Surface Topographies of ZnO
Photocatalytic Coatings

Topography of ZnO coatings influences their photocat-
alytic activities (Ref 120). To construct superior structure
for modified electron band, Chen et al. made nano-ZnO
coatings with porous topographical morphology through
liquid plasma spraying. The coatings showed a porous
skeleton and a fluffy top layer consisting of ultrafine ZnO
grains, exhibiting a narrowed band gap and modified
oxygen defects as compared to those deposited from single
liquid feedstock (Ref 121). As reported by Heinonen, ZnO
films with three topographies: needle-like hexagonal rods
and flakes showed distinctive photocatalytic efficiency,
which is proportional to their active surface area (Ref 122).
Additionally, Rodriguez et al. used the spray pyrolysis (SP)
technique to prepare different seed layers which plays a
vital role in regulating crystalline growth and order of ZnO
nanorods for the photocatalytic coatings (Ref 123). Higher
surface area nanorods were preferentially synthesized in
the samples prepared from the seed layer at pH 4, which
was considered to be the main parameter influencing the
bacterial inactivation.

Finally, a comparison on the photocatalytic disinfection
efficiency of thermal-sprayed photocatalytic coatings is
summarized in Table 1.

Photocatalytic Disinfection Mechanisms

A variety of factors may influence the photocatalytic dis-
infection efficiency, including temperature, pH value of the
aqueous solution, dissolved oxygen, light intensity, etc.
Apart from the objective conditions, the inner mechanisms
of photocatalysis are more important for the disinfection
properties, including the roles of the photocatalysts in the
disinfection process, and the response of pathogens to the
catalysis at bio-molecular level. The exploration of the
disinfection mechanisms will serve as a guidance to the
design of photocatalysts for their large-scale industrial
applications.

The disinfection mechanisms of different photocatalysts
can be categorized into three aspects: physical damage to
the cells by sharp edges of two-dimensional nano structural
photocatalysts, toxicity of metal ions released from metal-
containing photocatalysts, chemical oxidation of reactive
oxidative species (ROSs) and holes produced by photo-
catalysts. It is recognized that ROSs and holes generated
from the photocatalytic process are primarily responsible
for the disinfection property, especially against bacteria. As
shown in Fig. 11, a schematic diagram of the mechanism
of disinfection of bacteria is presented. The photocatalytic
disinfection mainly relies on the photoexcitation of a
semiconductor by the incident photons with the energy
larger than its band gap energy level. In the photocatalytic
disinfection process, electrons in the valence band (VB) get
excited and move to the conduction band (CB), and pho-
togenerated holes were left in the VB. Finally, photogen-
erated holes and electrons pairs are involved in redox
reactions. Various reactive oxygen species (ROS) on the
photocatalyst are formed, including -OH, -HO,, -O,", etc.
It is recognized that hydroxyl radicals are majorly
responsible for the disinfection property, especially against
bacteria. Furthermore, other ROS species can attack the
cell wall and cellular components, causing the oxidation of
cellular components and membrane leakage (Ref 101).
Either of these species attacks the phospholipid membrane
of the cell wall and also the oxidation/reduction of the
intracellular Co enzyme A, causing cell death and reduc-
tion in microbial population. Recently, enormous efforts
have been made to study the photocatalytic disinfection
mechanism and develop new photocatalysts, in order to
acquire high efficiency in disinfection approaches for a
wide range of pathogens, including bacteria, viruses, fungi,
etc.
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Table 1 Summary of thermal-sprayed photocatalytic materials for biocidal applications

Different strategies Materials Microbe Operation condition Inactivation References
efficiency
Microbe level, Light source Time, Reduction
CFU/mL min
Visible-light-induced  TiO, coating E. coli 107-10® Solar light 70 4-log Ref 80
photocatalysis TiO,-Cu coating P. aeruginosa 10* Fluorescent lamp 180 75% Ref 82
TiO,-SrCO;3 coating E. coli 5 x 107 Xe lamp 240 99.7% Ref 83
Black TiO, Black TiO, powder M. aeruginosa 3 x 10° Xe lamp 720 99.09%  Ref 88
Porous photocatalytic ~ TiO, coating Chlorella 1.8 x 10° UV lamp 240 70.7% Ref 98
coating P. micans 47 x 10* 240 98.6%
TiO, coating aeruginosa 10*-10® UV lamp 5 >90%  Ref 99
S. aureus 10*-10® 5-7 > 90%
C. albicans 10°-10° 30 > 90%
Recruit and kill TiO,-HA-rGO coating E. coli 5 x 10° UV lamp 60 95% Ref 100
strategy TiO,-HP Zeolite powder  E. coli 107 UV lamp 20 99% Ref 101
TiO,-HA powder E. coli 5 x 107 UV lamp 300 99% Ref 104, 105
Hollow structured TiO,-Fe;0,4 microspheres E. coli 5 x 107 UV lamp 300 99% Ref 107, 108
photocatalysts
Self-cleaning ZnO coating S. aureus 108 Simulated sunlight 120 99.5% Ref 115
photocatalytic
coatings
Anti-biofilm TiO; coating P. aeruginosa 4.7 x 10° White light 120 24% Ref 118
Topographies ZnO coating E. coli 5 x 107 Sunlight 20 > 99% Ref 123
TiO, based

photocatalysts

e —

& Fluid

— Reactive oxygen
species (HO, O, etc.)

Cellular components

Deactivation of

o

Cells (Dead Cells) - ..

Stage B

Fig. 11 The possible mechanisms of the photocatalytic disinfection of bacteria (Ref 101)
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Photocatalytic Anti-bacteria Mechanisms

Photocatalytic antibacterial properties are largely related to
the bacterial structure. Schematic view of the difference in
the antibacterial mechanisms for gram-positive and gram-
negative bacteria is illustrated in Fig. 12 (Ref 124). Most
bacteria can be classified as gram-positive and gram-neg-
ative groups. Their cell walls are made of a complex
assembly of high molecular compounds (e.g., peptidogly-
can polymers, teichoic acids, lipopolysaccharides,
lipoproteins, phospholipids), which are the first surface
target of photocatalysis. The outer membrane is absent for
the gram-positive bacteria, and the peptidoglycan content
of the two is different. Therefore, the primary targets of the
gram-positive and gram-negative bacteria may vary, lead-
ing to different disinfection mechanisms for the two types
of bacteria, where ROSs species with higher oxidation
power and concentration are required for the inactivation of
gram-positive bacteria because of the multilayered pepti-
doglycan. On the other hand, the damage effects caused by
photocatalysis, including leakage of minerals, genetic
material in the microbes, and peroxidation of lipids are
common for both the bacteria. Therefore, the photocat-
alytic disinfections have broad-spectrum antibacterial
property.

Among all kinds of microbes, bacteria are identified as
an effective indicator for water pollution. E. coli is mostly
studied among various bacteria and recognized as an
indicator for water quality, since its presence generally
reflects fecal contamination of water. Extensive studies
have been carried out to evaluate various photocatalytic
materials that are effective in disinfecting E. coli. The
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disinfection performances of TiO, photocatalysis have
been widely studied over the last two decades. To over-
come the shortcomings of TiO,-based photocatalysts,
recent research has been pertained to enhancing their
photocatalytic inactivation efficiency.

Modification of crystal structure or doping of metals can
be used to increase the photocatalytic efficiency by
inhibiting photogenerated electron-hole recombination, or
increasing visible-light absorption by forming impurity
bands. For instance, Zheng et al. developed a one-dimen-
sional photocatalyst from Cu-TiO, nanofibers, it has the
advantages of high aspect ratio, large surface area, and
limited aggregation (Ref 125, 126). Characterization of the
photocatalyst demonstrated that Cu?" substituted Ti*" in
the TiO, lattice and formed an impurity energy level below
the conduction band of TiO,, which enabled the nanofibers
to realize visible-light response. According to Song et al.,
the surface modification of rutile phase nano TiO, exhib-
ited two times larger efficiency in E. coli disinfection than
the unmodified material (Ref 127). Furthermore, it has also
been shown that metal doping could enhance photocat-
alytic efficiency by formatting intermediate bands.

To further investigate the photocatalytic antibacterial
mechanisms, Ji et al. studied the disinfection mechanism of
a composite nanomaterial of Bi;WOg4/TiO,/rGO, by using
E. coli as an indicator (Ref 52). Four scavengers, namely
t-BuOH, AO, BQ, and Cr(VI), can be used to scavenge the
radical species of h*, -OH, e, and -02’, respectively. By
intentionally adding different scavengers for comparison
examination, the researchers claimed that the photoinduced
h™ played a vital role in the disinfection process, while
-OH, €7, and .0% exhibited synergistic effects.
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Fig. 12 Differences in membrane structural composition and proposed antibacterial mechanism for the gram-negative bacteria (left) and the

gram-positive bacteria (right) (Ref 124)
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Photocatalytic Anti-virus Mechanisms

There is a vast variety of viruses, which show a different
resistance to inactivation in photocatalysis due to different
sizes, shapes, structures or compositions. As shown in
Fig. 13, the viruses can be classified into two categories,
RNA-type and DNA-type viruses, which usually consist of
genetic gene (RNA or DNA) and protein shell (capsid).
Viral inactivation is mainly related to physical damage,
metal toxicity, or ROS species (e.g., -OH). It must be noted
that, unlike the anti-bacteria process, viral disinfection
involves denaturation of the rigid protein shell, requiring
much more oxidizing power. Based on the current research
in the field of photocatalytic viral disinfection, the inacti-
vation falls into three steps: (1) particle shape distortion,
(2) protein oxidation, and (3) gene leakage or damage.
According to Ishiguro et al., RNA phage QB and DNA
phage T4 exhibited a different resistance in a TiO,-UV
system, where the inactivation of Qf was more rapid than
that of T4, suggesting the virus gene type influences pho-
tocatalytic inactivation kinetics (Ref 128).

The physical damage effect can be evidenced by the
comparison study on the viral inactivation ability of gra-
phene oxide (GO) and GO-aptamer-based photocatalysts.
Physical damage in viral disinfection is typically involved
in graphene-based photocatalysis, for which graphene with
many sharp edges cut through protein shells of viruses and
inactivated them. It was noted that the bare GO exhibited a
similar viricidal activity in dark as that in light (Ref 56). As
a comparison, the GO-aptamer with blunt edges posed less
viral inactivation than that of the bare GO with sharp
edges, confirming that sharp edges of GO played an
important role for inactivating viruses physically.

Physical damage Metal ion toxicity

Chemical oxidation

Fig. 13 Three major mechanisms of viral disinfection induced by
photocatalysts (Ref 20)
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Considering the metal toxicity, it was revealed that
combination of photocatalysis and toxicity of metal ions
works synergistically to enhance the disinfection effect.
Ditta et al. reported that TiO,/CuO films showed faster
viral inactivation kinetics than undoped films, although low
photoactivity was observed, confirming a major antibac-
terial and antiviral contribution of released toxic Cu ions
(Ref 129). In contrast, there is little to no viral inactivation
in the solution containing Ag+, of which the concentration
was equivalent to that released from Ag/TiO, under UV
irradiation, suggesting a minor viral disinfection contribu-
tion of Ag™ (Ref 130).

As to the ROS factors, according to the investigation
conducted by Zhang (Ref 131), although the estimated
concentration of -OH was several orders of magnitude
lower than that of -O®~ in g-C3Nj4-based disinfection sys-
tem, -OH is still believed to play a critical role in viral
inactivation with higher oxidizing power. Hence, -OH with
a more positive reduction potential than -O®~ could enable
the denaturation process. Furthermore, Horovitz et al.
found the difficulty in inactivation of the tested microor-
ganisms is in the order E. coli < MS, < Aspergillus niger
(Ref 132). The photocatalytic disinfection testing indicates
that the viruses (MS, phage) were inactivated mainly by
the free hydroxyl radicals in the solution, while E. coli is
inactivated by both the free and the surface-bound hydro-
xyl radicals and other ROS, such as O and H,O,.

Photocatalytic Anti-fungi Mechanisms

The occurrences of pathogenic fungi in daily use water
arose increased attention, which posed a potential threat to
human health and agriculture production. A couple of
published works studied the photocatalytic activity of TiO,
on disinfection of fungi. The denaturation of the cell wall
of fungi is a major aspect for its disinfection. It is believed
that the rigid cell wall of fungus acts as a major obstacle,
which requires ROSs with high oxidizing power (e.g.,
-OH). As illustrated in Fig. 14, the nanoparticle generates
hydroxyl radicals (-OH) under visible-light illumination,
which directly apply to the surface of fungal cell wall. This
radical reacts with glucan and chitin layers of fungal cell
wall that results in cell wall degradation and subsequent
cell death.

Disinfection of fungi by TiO,-based nanomaterials has
been reported. Zhang et al. developed a novel method for
synthesis of TiO, photocatalyst with copper modification
and Ti’T-doping, and it exhibited broad-spectrum anti-
fungal performances (Ref 133). The work also revealed
that the damage of spore walls/membranes of the fungal
spores was increased by the photocatalysis, suggesting
photo-disinfection mechanism. In another study, disinfec-
tion of Fusarium oxysporum fungal was realized by TiO,
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Fig. 14 Proposed mechanism of antifungal activity of N, F co-doped TiO, nanoparticle (Ref 124)

nanoparticles co-doped with N and F exposed under visible
light. El-Sayyad et al. reported a gamma-irradiated
nanocomposite Co,Ni;_Fe,04/Si0,/TiO, x = 0.9 which
shows promising antifungal abilities (Ref 134). All these
works showed efficient interaction of photocatalytic
nanoparticles with the fungal cell wall and visible-light-
induced ROS products give rise to the fungal disinfection.

Conclusions and Future Perspectives

Aimed at the emerging demands for disinfection of
pathogenic microbes, many photocatalytic materials have
been developed by using different processing routes
recently. In this critical review, we have summarized the
research works about the typical photocatalytic materials,
their biocidal performance, and mechanisms. The thermal
spray technique, as a most promising way in fabricating
large-scale photocatalytic coatings, has also been reviewed
in different trends. Tremendous achievements have been
accomplished in this field during the past years, yet it
should be pointed out that there still remain a number of
challenges, while some of the problems still need to be
tackled for further study.

The large-scale preparation and the immobilization of
nanomaterial photocatalysts are two key problems for
practical applications. Among various surface modification
routes, thermal spray method perfectly solves the above
problems due to offering a facile one-step fabrication route
in realizing large-scale photocatalytic coatings and syn-
thesizing immobilized photocatalytic coatings on desirable
solid surfaces for practical use. Through element doping,
structure construction, and chemical synthesis during the
spraying process, a number of photocatalytic disinfection
purposes can be realized by using thermal spray method,
including visible-light-induced sterilization, self-cleaning
anti-biofouling surface, etc. Black TiO, and porous struc-
tured antimicrobial photocatalytic coatings are realized by
using thermal spray methods to enhance the efficiency in
disinfection. Recruitment and killing strategies are realized

by employing thermal spraying and seeking answers in
nature.

All in all, thermal spraying method perfectly integrated
the novel structural and functional properties in fabricating
photocatalytic coatings. However, though a number of
studies about the antibacterial application of thermal-
sprayed coating were launched, the studies of thermal-
sprayed photocatalytic materials and related disinfection
mechanisms for anti-virus and anti-fungus applications are
still rare. Development of new wide-spectrum and high
efficiency photocatalytic materials, theoretical data and
inactive mechanisms, and expanding applications for
antiviral and anti-fungi purposes still need to explore. With
ever-increasing number of scientists focused on this area,
we believe that the goals in enhancing the performance and
exploring practical use in versatile environments can be
achieved in the future.
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