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Progress on photocatalytic semiconductor hybrids
for bacterial inactivation

Jiayu Zeng,+° Ziming Li,° Hui Jiang (22 and Xuemei Wang (2 *®

Due to its use of green and renewable energy and negligible bacterial resistance, photocatalytic bacterial
inactivation is to be considered a promising sterilization process. Herein, we explore the relevant
mechanisms of the photoinduced process on the active sites of semiconductors with an emphasis on
the active sites of semiconductors, the photoexcited electron transfer, ROS-induced toxicity and
interactions between semiconductors and bacteria. Pristine semiconductors such as metal oxides
(TiO, and ZnO) have been widely reported; however, they suffer some drawbacks such as narrow
optical response and high photogenerated carrier recombination. Herein, some typical modification
strategies will be discussed including noble metal doping, ion doping, hybrid heterojunctions and dye
sensitization. Besides, the biosafety and biocompatibility issues of semiconductor materials are also
considered for the evaluation of their potential for further biomedical applications. Furthermore, 2D
materials have become promising candidates in recent years due to their wide optical response to NIR
light, superior antibacterial activity and favorable biocompatibility. Besides, the current research
limitations and challenges are illustrated to introduce the appealing directions and design considerations
for the future development of photocatalytic semiconductors for antibacterial applications.

1. Introduction

1.1 The crisis of bacterial infections and the development of
photocatalytic antibacterial applications

Bacterial infection has become a prominent underlying cause
of numerous diseases threatening human life." In the past few
decades, antibiotics have been widely used to combat bacteria.’
However, the off-label abuse of antibiotics due to insufficient
surveillance has resulted in an emergent crisis of antibiotic
resistance and even the creation of superbugs.®* Furthermore,
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the unsatisfactory input-output ratio and inadequate research
activities have resulted in an equally alarming decline in the
development of new antibiotics. Therefore, there is an
urgent requirement for the development of novel antibacterial
techniques to overcome the growing bacterial threats and
address the issue of bacterial resistance.

Among the various exploited antibacterial techniques,
photocatalytic disinfection as a green sustainable strategy has
attracted extensive extension due to its rapid and high-efficient
inactivation effect without notable drug resistance and side
effects.” As an exogenous antibacterial technique, it relies on the
strong oxidation towards bacteria induced by photogenerated ROS,
which contains no chemical additives or harmful inactivation
by-products.® Driven by solar energy, the antibacterial process is
controllable, recyclable and low cost. Studies have shown that
photocatalysis has broad-spectrum inactivation properties for many
G-(+) and G-(—) bacteria including E. coli, S. aureus, P. aeruginosa
and S. choleraesuis.” The photocatalytic antibacterial technique can
be applied for various occasions ranging from environmental
purification to biomedical treatment of bacterial infections,
including environmental water disinfection, medical equipment
disinfection, food sterilization, human implant sterilization,
bacteria-infected wound cure and even bacterial inflammation
therapy.®® With the development of the photocatalytic technique,
some commercial industrial applications have emerged such as
self-cleaning antibacterial films, ceramic tiles, fabrics and glasses."

1.2 The development of semiconductors for photocatalytic
inactivation

In photocatalysis, the choice of suitable catalysts is crucial for
antibacterial effects, and the photocatalysts are mainly semi-
conductor materials. Since Fujishima and co-workers'" discovered
the catalytic decomposition of water on the surface of the TiO,
semiconductor with UV irradiation, photocatalysis has become a
research hotspot for developing a novel field of semiconductor
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applications. Also, the use of photocatalytic bacterial inactivation
was discovered by T Matsunaga’s team,'> who reported the
photoelectrochemical sterilization of S. cerevisize with semi-
conductor TiO,/Pt powder as the catalyst. Inspired by this work,
there have been numerous reports on photocatalytic semiconductor
sterilization. N-type semiconductors such as n-TiO, and n-ZnO were
extensively reported initially; however, pristine semiconductors
suffer from inherent drawbacks such as wide energy gap, which
can only be excited under UV (less than 4% of the solar
spectrum™'%), and high rate of photogenerated change carrier
recombination," leading to unsatisfactory photocatalytic activity.

To overcome these drawbacks, researchers have explored the
modification and reconstruction of pristine semiconductors.'®
For example, it has been proven that noble metals (for example,
Ag and Au NPs) loaded on the surface of TiO, can effectively
separate photo-generated electron-hole pairs.’>*’ Also, anion
and cation doping have been investigated'®'® to successfully
restructure the bandgap of pristine semiconductors. Especially,
2D semiconductors such as g-C3N,, MoS,, and BPs have
attracted extensive attention in the field of photocatalytic
applications in recent years,>®>' owing to their appealing
properties such as wide light response to NIR and layers-
dependent band energy. However, there are few comprehensive
reviews on pristine semiconductors and their modified hybrids
for photocatalytic sterilization.

Herein, we comprehensively review the research progress on
photocatalytic antibacterial semiconductors in recent years,
including their energy band structures, synthetic techniques,
photocatalytic mechanisms, ROS-induced antibacterial effects,
and the influence of different modification strategies. Besides,
the biosafety of the material such as cell compatibility and the
evolution/degradation behaviors of semiconductors for further
use in the biomedical field will be presented. Finally, some
challenges and perspectives on semiconductor photocatalysts
will be also discussed to spark appealing directions and design
considerations for future semiconductors (Fig. 1).
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Fig. 1 Various photocatalytic semiconductor systems for photocatalytic bacterial inactivation.

2. Fundamentals of photocatalytic
semiconductor hybrids for bacterial
inactivation

2.1 Fundamentals of heterogeneous photocatalysis for
bacterial inactivation

Knowledge on bacterial inactivation is crucial for the effective
development of novel composite materials. Microbial disinfection
driven by solar energy has attracted widespread attention as a
sustainable green strategy, which achieves rapid disinfection
through a powerful oxidation process without the requirement
of additional chemical substances.® The key to achieve rapid
photocatalytic disinfection is ROS-induced toxicity.

ROS is mainly involved in cellular oxidative stress, and
although its inactivation mechanisms are not very clear to date,
its potential mechanisms are as follows: (1) cell wall or cell
membrane damage may be induced by intracellular K" leakage.
For example, Lu and Thabet et al.>>** found that in the process
of cells killing, photocatalysis alters the cell membrane
permeability and leads to intracellular K* leakage. (2) Small
enough engineered nanoparticles penetrate the cell membrane
and photocatalysis occurs inside. NPs may indirectly attack
intracellular substances by ROS or directly attack them to cause
cell death. For example, it has been found that ultrafine TiO,

2966 | Mater. Horiz., 2021, 8, 2964-3008

particles can break bacterial plasmid DNA molecules.>* (3) ROS
causes intracellular acetyl-CoA oxidative/reductive injury, leading
to cell respiratory system damage.”® (4) Photo-generated ROS
may cause intracellular overproduction of ROS, which induces
oxidative stress. For instance, Wu et al’® reported that a red
phosphorus/g-C;N, composite system caused the sunlight-
driven photogeneration of ROS, which could enter bacteria and
then induce enhanced endogenous O* and H,O, production.
Also, Wang et al. invented various methods for the detection and
tracing of intracellular ROS or other related substances.””>?

2.2 The photocatalytic mechanisms of semiconductor hybrids
in photocatalytic bacterial inactivation

2.2.1 The band structure of semiconductors based on
density functional theory (DFT) calculation. Generally, the
energy band structure refers to the fact that the electronic
states exhibited by electrons in a solid enable them to exist
continuously in some energy ranges under the action of the
potential field formed by the periodically distributed atomic
nuclei, while the others are completely forbidden in other
energy ranges. In a narrow sense, the electronic energy band
structure refers to the dependence of the energy of a single
electron state near the Fermi energy on the lattice wave vector Kk,
which is also called the band diagram (band diagram).

This journal is © The Royal Society of Chemistry 2021
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The electronic energy band structure discussed here covers the
meaning of the above-mentioned two aspects.

Specifically, first-principles electrons based on Kohn-Sham
(KS) density functional theory based on the local density
approximation (LDA) or generalized gradient approximation
(GGA) structural theory play an increasingly important role in
semiconductor physics, especially in the study of band gaps.
The latter reformulates the complex quantum multisystem
problem as a formal single-system problem by establishing
the mapping relationship between a real multi-electron inter-
action system and a virtual non-interaction system with the
same ground state electron density. Due to its conceptual
intuition, the energy difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) is used to describe the band gap and is known as
the Kohn-Sham band gap, which has been widely used to
describe the electronic band structure properties of materials, ie.,

AS — SLUMO _ 8HOMO (1)
Moreover, for the dependence of the single-electron state
energy near the Fermi energy on the lattice wave vector k, the
band gaps with orbital energies corresponding to the same
wave vector are called direct band gaps, whereas those with
different wave vectors are called indirect band gaps. For many
systems, LDA/GGA can give a qualitatively correct image of the
electronic energy band structure, but because the pure ground
state theory DFT ignores the consequences of excitation, the
basic energy gap and optical transition can be clearly under-
estimated and revealed, and thus there is a systematic error
in quantitative analysis. Compared to the LDA/GGA, the
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional with range
separation can usually reproduce the hybrid orbital of many
semi-conductor band gaps more accurately. For more details,
please refer to the literature.**® Herein, we pay focus on
whether the lowest excitation energy (whether direct or indirect)
calculated by eqn (1) can be excited by ordinary visible light or
ultraviolet light, given that the size and properties of the band
gap contribute greatly to photocatalysis.

2.2.2 The photogenerated charge carriers and ROS. During
photocatalysis, the photocatalytic material assimilates photon
energy exactly equivalent to or larger than its own band gap.
An electron with a negative charge (e™) in the valence band (VB)
of the semiconductor jumps towards the conduction band
(CB), leaving a void with a positive charge (h") in the VB.
The photogenerated h* and e~ diffusing on the surface of
semiconductors act as strong oxidizing and reducing agents,
respectively. They perform electrochemical redox reactions,
which macroscopically presents the photoinduced chemical
synthesis process. These photo-responsive and catalytic semi-
conductors are defined as photocatalysts. However, unsatisfactory
recombination of charge carriers tends to occur, reducing their
photocatalytic efficiency. The relaxed electrons will return to the
conduction band directly or recombine with holes in traps.>**°
These mechanisms are illustrated in Fig. 2.

ROS, mainly consisting of superoxide radical (O,* ), hydrogen
peroxide (H,0,), hydroxyl radical (*OH) and singlet oxygen (*O,),

This journal is © The Royal Society of Chemistry 2021

View Article Online

Materials Horizons

Photo-processes

Charge
Separation

Charge

: Recombination
Generation

Fig. 2 Basic photo-process of photocatalysts. Eg: band gap of a semi-
conductor and E¢: Fermi energy of the immobilized noble metal particles.
After photo-excitation, radiative and non-radiative recombination can
occur, as depicted by the straight and wavy lines, respectively.

are also generated in the process of photocatalysis. When
irradiated charge carriers are formed, O,°” appears via the
interaction between oxygen and electrons. Also, *OH will be
formed through the oxidation of H,O or OH . '0, can be
generated from the subsequent reduction of the superoxide
anion or directly generated from oxygen (O,) by utilizing the
energy from recombination.”"*® These processes can be
depicted by eqn (2)-(5) as follows:

O,+e — 0, @)
H,0+h" - *OH + H' 3)
OH +h"' —» *OH 4)
0, —» "0, (5)

It should be noted that the bottom of the CB of the photo-
catalytic material should be more negative than the potential
of 0,/0,*" or the top of VB should be more positive than
the potential of H,O/°OH to produce redox reactions. The
occurrence of redox reactions also requires certain thermo-
dynamic conditions.”

2.3 The current research on photocatalytic semiconductor
hybrids for bacterial inactivation

Photocatalytic bacterial inactivation has become an appealing
direction for the application of semiconductors. However, the
photocatalytic antibacterial mechanisms remain unclear such as
the surface interactions between bacteria and semiconductors
and ROS-induced antibacterial actions, which will attempt to
be solved in the following sections with emphasis on the
reactive sites and specific antibacterial mechanisms of each
semiconductor. Also, a unified measurement of antibacterial
ability of semiconductors is lacking, given that the photocatalytic
antibacterial effect is affected by various internal/external
conditions, such as preparation method, material morphology,
catalyst concentration, reaction environment (such as pH,

Mater. Horiz., 2021, 8, 2964-3008 | 2967
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temperature, solution, and light intensity),"® which will be
summarized and discussed in the tables below. For many
semiconductors, they mainly depend on visible-light-driven
energy, which is restricted to disinfection in the external
environment, but does not meet the medical requirements of
antibacterial or anti-inflammatory in vivo, demanding deeper
photon penetration.** Also, cell compatibility and the evolution
or degradation of materials in the physiological environment
should be considered for further medical applications. 2D
semiconductors seem to be more suitable in this regard, which
will be discussed in detail.

3. Pristine semiconductors for
bacterial inactivation
3.1 The classification of semiconductors

3.1.1 n-type semiconductor. Semiconductors are currently
classified into p-type and n-type semiconductors according to
their different charge carriers."® In n-type semiconductors,
electrons serve as the main photo-generated carriers,*>*
whereas positive charge carriers (holes) are the majority in
p-type semiconductors.””*® Also, there is a significant difference
in the mobility between them. It is widely recognized that n-type
semiconductors possess a higher mobility due to the adequate
electrons produced by oxygen vacancies,’”® together with the
unimpeded electron-transport paths mainly composed of spatially
spread metal s orbitals in the conduction-band minimum
(CBM).>* 1t should be noted that these spatially spread and
isotropic orbitals result in a highly dispersed and delocalized
CBM, facilitating a low electron effective mass, and therefore the
photo-excited electron can move without limitation, making
reduction reactions easy (Fig. 3).>>

The typical n-type TiO, and ZnO as photocatalysts have been
widely investigated; however, they still suffer from a wide bandgap
from their O 2p orbitals to M 3d (M = Ti and Zn) orbitals,>*
which can only be excited by light in the UV region with a
wavelength below 390 nm®” and 370 nm,’® respectively. When
irradiated by enough photon energy, photocatalysis will occur on

their surface as follows (using TiO, as an example):>***

(A) o or (B)

02

oum s w N =00 b b
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TiO, + hv (A < 390 nm) — hy," + eq,” (6)

The photogenerated electron and/or hole react with the
hydrated (=Ti"YOH) surface functionality of TiO, to form
[Ti"™OH] and [Ti"VOH]*, as depicted in eqn (7) and (8), where
=Ti"VOH represents the primary hydrated surface functionality
of TiO,.

e + =Ti"VOH - [Ti"OH] )
hy," + =Ti"YOH - [TiOH]" (8)

[Ti"™OH] acts as a reducing agent to reduce oxygen into
superoxide radicals, which can be subsequently reduced to 0,
by [Ti™OH], as shown in eqn (9) and (10). For eqn (11), water is
oxidized to hydroxyl radicals by [Ti™VOH]*, which functions as
an oxidant agent.

[TiMOH] + 0, — 0,*” + =Ti"YOH 9)
0,*” +[Ti"'OH] — 10, (10)
[TiYOH*]" + H,0 — *OH + =Ti"VOH (11)

Serving as an h'-trapper and e -trapper, [Ti"VOH*]" and
[Ti™OH] contribute to the indirect recombination of charge
carriers, respectively.

e +[TiVOH']" -» =Ti"VOH (12)
hy," + [Ti™OH] - =Ti"OH (13)

However, due to the low photoelectric conversion efficiency and
high photogenerated charge carrier rate,®> the effect of photo-
genic ROS is far from satisfactory. For example, Macyk et al.®?
reported the low efficiency of 'O, formation and sometimes
even no generation of 'O, on pure TiO,, whereas when the
abundant OH™ groups on the surface of TiO, were substituted by
other atoms such as [PtCl]>~, the efficiency of the energy transfer
pathway would be enhanced, and therefore generating '0O,.

3.1.2 p-type semiconductors. For p-type semiconductors,
CuO is a representative one,** which is attributed to the
presence of negatively charged copper vacancies and interstitial
oxygen.®> However, its conductivity mechanism is still under

NADPH NADPH* + H*

NADPH
Oxidase

L-arginine

Nitric oxide

Myloperoxidase
opers synthase

0,

(A) Edge locations of H,O and O, in water at pH 5.6. The normal hydrogen electrode (NHE) is used as a reference. Reprinted from ref. 53.

(B) Intracellular mechanism of ROS-induced bacterial inactivation. Reprinted from ref. 54.
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debate. It is widely acknowledged that CuO has an open 3d
shell level (3d°4s°), instead of a closed one (3d"°4s°), which can
avoid absorption in the visible range from the d-d transition
like Cu,0,°® endowing CuO with a direct and narrow band
gap (about 1.2 eV in the bulk),%” enabling it to absorb near
infrared light.®”°® According to Zhang,® the optical absorption
spectrum for nanostructured CuO can cover nearly the whole
visible range depending on various process parameters and
measurement techniques.

Actually, the antibacterial activity of copper and copper
oxide have not been well investigated, partially due to the rapid
oxidation of metallic copper nanostructures exposed to air”
and physical and chemical instability of copper oxides at room
temperature, particularly in the presence of Cu®**.”* Akhavan’>
reported the superiority of bacterial disinfection using Cu
compared with CuO nanoparticles, attributing to the better
electron accepting ability of Cu, as a good electron acceptor,
which led to an enhancement in antibacterial activity via
disruption of the wall membrane of the bacteria.

Also, the photocatalytic reaction and photogenerated ROS
present on the surface of CuO are as follows:”*”*

CuO + hv (<660 nm) — CuO (ew , hyp')  (14)

The excited electron can either react (a) directly with O,,
forming O,*~ or (b) reduce the Cu*" lattice to Cu®, leading to
the following reactions (15)-(17) with the formation of O,*”
radicals:

CuO (e ) + O, — CuO + 0,*~ (15)
CuO (eq,”) — CuO (Cu') (16)
CuO (Cu') + 0, - CuO (Cu®") + 0,*~ (17)

Reaction (18) shows that the equilibrium between H' and
0,°" leads to the formation of the HO,*® radical. Also, H,0, can
be produced either by HO,* (reaction (19)) or by (reaction (20))
as follows:

H' +0,°” —» HO," pK,=4.58 (18)

View Article Online
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CuO (Cu") + HO,* (partial 0,°") + H* - CuO (Cu®") + H,0
(19)

2Cu(i) + 0, + 2H" — 2Cu(u) + H,0, (20)

Notably, p-type semiconductors possess a low mobility, considering
that the higher formation energy of the intrinsic acceptor and
lower formation energy of the natural donor will harden the
generation of holes.”””® Furthermore, owing to the anisotropy
and O2p orbital with less overlap, the transfer of holes in the
valence-band-maximum (VBM) is difficult, which reduces its
mobility.°® This low mobility of charge carriers hampers the
development and further use of p-type semiconductors,
remaining a challenge to researchers.””

The bandgap of some typical pristine semiconductors
including nano TiO,, ZnO, and CuO are illustrated in Fig. 4.

3.2 The active sites and catalytic activity

Photocatalytic reactions tend to occur at the active sites on the
surface of the material, where clarification of the active site is
beneficial to further understand the photocatalysis mechanism
and improve the photoelectric conversion efficiency.”” The
active sites are normally located at the edge, unsaturated steps,
and/or corner atoms of semiconductors.*® The coordination of
unsaturated transition metal (Ti, Cr, Fe, Mn, etc.) compounds
are important in photocatalytic applications.®’ Generally, the
lower the coordination number, the higher the chemical
activity.®” Fujitsuka et al.®® identified the photocatalytic active
sites of 6-coordinated configurational-TiO, at the single-
molecule level, where they proposed that the surface hetero-
junction (edges and corners) formed by the (001) planes and
(101) planes can act as active sites to accumulate photogenerated
electrons and holes. Zewail et al.®" proposed the 5-coordinated
Ba,Ti,Si,05 photocatalyst, where photoexcited electrons are rapidly
transferred from the apex oxygen to the central Ti atom, resulting
in the separation of the two atoms and the transformation of the
original Ti**=0>" double bond state into a Ti**~O'~ single bond,
which acts as the active site of the catalytic reaction (Fig. 5).

It has been reported that the crystal structure also affects the
photocatalytic activity of materials. Pang et al.®* discovered the

Photocatalysts with strong reduction abilities

No ‘OH or O,”

for CO, reductio%and H, evolution

3 No O,”
-3
2t

-1F Fe v

BiVO, TiO,(R) mam
L0, WO, $nO, '1 TiO,(R) wmam

o .
SrTiO; Tio,(A) Zn0 _
I -

ZnS

....................... I 3 I o 2H+/H2(-0.41 V)
<L 55 H,0/0,(0.82 V)

Potential vs. NHE (V)
[}

+4 2]
(PH=7)

Potential photocatalysts for

overall water splitting

Photocatalysts with strong oxidation abilities
for pollutant degradation (-OH) and O, evolution

Fig. 4 Band gap of some typical pristine semiconductors (at pH = 7) and their potential applications. Reprinted from ref. 78.
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Fig. 5 Crystal structures and active sites of different coordination Ti (TiO, and Ba,Ti,Si>Og). (A) PL lifetime mapping of a single anatase TiO, particle
shown with color bar. (B) Site distribution of a single anatase TiO, particle and its PL spectra (C) and lifetime (D). (E) Delay time of each site. (F) Crystal and
electronic model of anatase TiO,. (G) Different band structure characteristics between edge site and (001) and (101) surfaces. (H) Energy level structure of
different photocatalytic sites and photogenerated carrier transfer process. (I) and (J) Bright-field image and schematic crystal structure of Ba,Ti,Si>Og.
(K) Rapid electron transfer from O to central Ti when excited. (A)—(H) Reprinted from ref. 83. (I)-(K) Reprinted from ref. 81.

shape-dependent antibacterial behavior of Cu,O, whose
inactivation effect changed from broad-spectrum bacteriostasis
to high selectivity with a morphology ranging from cubic to
octahedral for different surface facets of its various crystal
structures (such as (100) surfaces for cubes and (111) surfaces
for octahedrons), exhibiting the respective adsorption and
desorption behaviors towards bacteria.** According to

state formed by oxygen vacancies (VO) can reduce the charge
carrier recombination efficiency. The introduction of structural
defects or disorder enables a reduction in the coordination
number of adjacent sites and affects the electronic structure of
the catalyst to adjust the activity of its active sites.®”

Besides, the interactions between the reactive states of a
photocatalyst and the solvents around affect its photocatalytic

Prasanna® and Gunder,®® intrinsic defects such as the shallow activity. For example, Niu et al.®® reported the differences in the
defect state formed by Zn interstitials (Zni) and deep defect antibacterial effects of ZnO NPs in different media. It was

b) c)

Doped 2D Materials

‘Top-down

(ii) Composite

| o=

' Bottom-up

5 5 ¥
N
7%
Fig. 6 Scheme of (a) “top-down" and “"bottom-up” methods to synthesize 2D materials. (b) Modification of 2D materials as photocatalysts, consisting of

(i) doping construction, (ii) compositing with other 0D/1D nanomaterials, and (iii) 3D structure assembled with 2D layers. Reprinted from ref. 100. (c) Basic
geometrical motifs of different dimension materials. Reprinted from ref. 95.
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effects of MoS, with different layers, respectively. (a)—(d) Reprinted from ref. 116. (e) and (f) are Reprinted from ref. 117.

shown that ZnO NPs in DI water exhibited a better effect on
E. coli of than in other electrolyte solutions because less
aggregation of the particles occurred, with the greater generation
of ROS. Also, the nano ZnO was positively charged in DI water,
which facilitated the attachment of the ZnO NPs to the negatively
charged E. coli. Gaffney’s team described the solvation kinetics
around the catalytic active site, showing that the structure of
the photocatalyst changes with the structure of its solvated
shell.® Muckerman®® demonstrated that the catalytic activity

@Top layer P atom  ®Bottom layer P atom

exhibited at the interface between the semiconductor and sol-
vent is caused by a complicated series of physical and
chemical steps.

3.3 An overview of 2D nanomaterials

The scale of materials has a critical effect on their photocatalytic
performance. For example, Lakshmi®® found that ZnO nano-
particles (NPs) exhibited stronger inactivation than ZnO micro-
particles (MPs) because of their high surface area and

Fig. 8 Various vacancy defects of atomically thin BPs. (A) HRTEM images and the corresponding schematical atomic structures of the time-dependent
formation and migration of binary vacancies (a—f). (B) HRTEM images and the corresponding schematic atomic structures of the time-dependent
formation and migration of a tetra-vacancy (a—j). (C) TEM images of long vacancy line arrays existing in few-layer BP (a and b) and bi-layer BP (c), and (d)
schematic crystal structure of the line vacancy corresponding to (c). Reprinted from ref. 120.
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Fig. 9 Photocatalytic antibacterial effects of MoS, in response to various wavelengths. (A) Potential of ROS referring to the vacuum level and schematic
illustration of photogenerated ROS-induced bacteria death in the present of optical light. (B) Band edge of two different MoS, with respect to the ROS
formation potential. (C) Corresponding inactivation effects of three MoS,-based materials. (A)—(C) Reprinted from ref. 122. (D) Photothermal disinfection
effects in vitro and local infection treatment in vivo by MoS,-based materials with NIR exposure. (E) Inactivation capability of CFM with or without NIR
irradiation. (F) Serial characterization of photothermal therapy effects of CFM treatment in infected mouse in vivo. (D)-(F) Reprinted from ref. 124.

quantum size effect. Also, the 2D morphology of MoS, exhibits
better antibacterial activity compared with raw MoS, powder
(0D) due to its planar structure with more exposed active sites.’>
Two-dimensional (2D) nanomaterials first appeared when
Ferrari et al® successfully exfoliated mono-layered graphene
from bulk graphite in 2014. Monolayer or thin-layer graphene is
formed by a network of hexagonal enclosed carbons, which are
stacked by van der Waals forces, with each layer spaced at 3.3 A.**
Owing to their intriguing physicochemical properties such as
limited quantum effect, atomic thickness, high specific surface

A) (B)

10 nm

area, adjustable electronic structure, low recombination of
electrons and holes, and abundant surface active sites,>°
2D nanomaterials have become promising candidates in photo-
catalytic applications, and thus various methods for the
preparation of 2D materials have been developed.””*® They mainly
include two categories, one is the “top-down” exfoliation of
layered materials and the other is the “bottom-up” synthesis
of molecular precursors.”® It has also been reported that a
controllable layer number (thickness), dye doping construction
and heterostructure composition during the preparation of 2D

0nm
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Fig. 10 Significant distinction in morphology and antibacterial properties between MoS; particles and sheets. Reprinted from ref. 129.
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materials are critical to their photocatalytic properties and applica-
tions (Fig. 6).

3.3.1 The thickness-modulated energy gap and light
absorption of 2D semiconductors. 2D nanostructures materials
are mainly monolayer or thin-layer exfoliated from bulk their
counterpart,'®* such as nanosheets**'%> and nanowalls.'%*'**
Also, the indirect energy gap of bulk materials differs from that
of monolayer materials, which importantly exhibits a well-
defined dependence on thickness."” For example, monolayer
MosS, possesses a direct energy gap of about 1.8 eV, consisting
of weak S-Mo-S coupling layers.'®® As the number of
layers increases, the indirect band gap of the bulk material
shifts downwards monotonically until its threshold due
to the perpendicular quantum confinement.'°>*%” Moreover,

Q@  Repid disinfection and (1)
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infection prevention

stability of BPS

g .
M. AN
R ) G
©
o At T
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R
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ion against two different bacteria. (d) and (e) In vivo wound healing process.

multiple-layer MoS, conventionally stacks in a staggered
arrangement of Mo atom layers and S atom layers,'°® and the
actual determining factor of band gap energy becomes the layer
separation due to this arrangement'®''° (Fig. 7). Similar to
MoS,, BP possesses a direct energy gap ranging from 2.0 to
0.3 eV (from bulk to monolayer), depending on the number of
layers (or thickness''"'?), endowing BP a tunable band gap
width and light absorption and photo-excitation capacity by UV,
visible or NIR light."™ It should also be noted that the charge
transport anisotropy in BP dominantly relies on the number of
layers,"**'" which provides a balance between the suppression
of charge carrier recombination and wide light absorption range.

3.3.2 The photocatalytic active sites and disinfection
performance. Increasing the specific surface area of materials
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Fig. 12 Rapid bacterial inactivation and strengthened chemical stability of PPMS/BPS. (a) Schematic illustration of PPMS/BPS bacteria disinfection by
singlet oxygen (*O,) with and without light, respectively. (b) Images of long-period dispersity and stability of PPMS/BPS in comparison to that of BPS.
(c) Change in TEM characteristics of BPS and PPMS/BPS after one month. (d) *H NMR spectra of PPMS and PPMS-EPQ illustrating their reversible structure

change. (e) Antibacterial rate results for two different bacteria. (f) Mechani

sm of the reversible 'O, storage and release between PPMS and PPMS-EPO.

(g) Graphical abstract of the protection of BPS with outer PPMS layers. Reprinted from ref. 136.
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remains a major strategy to proliferate their active sites due to
the greater contact between semiconductors and reactive
substrates and additional edges,'*® which can be achieved by
morphology regulation from bulk to 2D counterparts. It has
been reported that numerous exposed surface atoms in ultra-
thin 2D nanosheets tend to escape from the lattice, leading to
the creation of defects.®’ Structural defects and disorder will
cause a decrease in the coordination number of the central
atoms, affecting the electronic structure and the activity of the
reaction sites (Fig. 8)."*°

Due to their wide active edges, high charge carrier separation
and special surface area, thin-layered nanosheets are capable of
enhancing the photoproduction of multiple ROS, and
ROS-induced oxidative stress has been proven to play a principle
role in the disinfection mechanism.’*" For example, 2D MoS,
nanosheets with few layers possess stronger inactivation
behaviors in the presence of visible light compared with bulk
MoS,,"** implying that the photocatalytic disinfection effects
of MoS, materials can be improved by reducing their layer
thickness and lateral size. According to Chong,"** four types of
ROS (0,°7, '0,, *OH and H,0,) were detected in MoS,-based
materials (Fig. 9(A)), among which H,0, possess the strongest
antibacterial ability (Fig. 10).

For their further application in the biomedical field, photo-
catalytic antibacterial agents should possess low cytotoxicity to
avoid tissue inflammation or toxicity and high biodegradability
with nontoxic decomposition products in vivo.'>>**° The degra-
dation product of BP exists in form of P,O,”", which are non-
toxic towards cells,"” endowing the material low cyto-toxicity.
Besides, it was revealed that BP can somehow reduce inflamma-
tion by down-regulating inflammatory cytokines such as IL-6 and
up-regulating regenerative cytokines such as IL-10."*® Besides, BP
has good photo-thermal bacterial inactivation,"”*®* which may
exhibit a synergetic effect on disinfection. It should be noted that
unlike other common photocatalysts, the photo-excitation process
of BP mainly produces 'O, upon excitation by O, (triplet oxygen)
rather than O,°” or °*OH to achieve photocatalytic activity
(Fig. 11)."”

View Article Online
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3.3.3 The deficiencies and limitations. Although the above-
mentioned 2D semiconductors possess very different merits for
photocatalytic disinfection, they still have some limitations as
pure components. For example, the zero band gap property of
graphene (including graphene oxide) impedes its application as
a photocatalyst given that it is unable to generate photo-
induced electrons or holes."**'*! Besides, the carrier mobility
MoS, displays a strong temperature and density dependence at
low temperature ranges,'*>"** which suggests that it may not
be an ideal photocatalyst. Also, BP nanosheets (BPS) suffer from
poor chemical stability given that they tend to degrade in
ambient oxygen and water, leading to unstable photocatalytic
activity."**'* Therefore, strategies have been investigated to
protect BPS from being oxidized."*® For example, Wu et al.**®
reported poly(4-pyridonemethylstyrene) (PPMS) wrapped in the
external layer of BPS to strengthen chemical stability of BPS and
realize the storage and thermal-responsive release of photo-
generated 'O, for on-demand antibacterial activity. Besides,
PPMS was detected to capture some of the photo-generated
10, via their reaction and later restore 'O, in the form of PPMS
endoperoxide (PPMS-EPO). The stored 'O, was released through
the reduction of PPMS-EPO to PPMS by thermal decomposition
in the dark, which explained why the composite showed a
disinfection effect even without irradiation (Fig. 12) and Table 1.

4. Semiconductor hybrid composites
for enhanced photocatalytic bacterial

inactivation
4.1 Noble metal-doped hybrid composites

4.1.1 The electron transfer and plasmonic effects of metal-
semiconductors. Noble metals (Au, Ag, Ru, Ir, Pt, etc.) refer to
metals with strong chemical inertness."*® It has been proven
that metals loaded on semiconductor materials as co-catalysts
can significantly improve their photocatalytic performances by
promoting the mobility of electrons,”**'*® and thus recent
research has been focused on modifying pristine semiconductors.

Fig. 13 (a) Schematic illustration of electron transfer in Ag-deposited RGO/AgBr photocatalyst**! and (b) plasmonic-mediated photocatalysis.”
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(B) Creation of active sites after Au doping with oxygen vacancy. (C) In situ FTIR spectra of CO adsorption for the study of adsorption sites and valence
states of Au catalyst. (A) Reprinted from ref. 158. (B) and (C) reprinted from ref. 160.

For instance, Xin et al. confirmed that Ag nanoparticles deposited
on a graphene oxide aerogel (RGA) can be applied as an electron
delivery medium for improving the transfer of charge carriers."*!
Baig’s team'** used palladium-decorated silicon carbide (Pd-SiC)
to inactivate sulfate-reducing bacteria (SRB). Pd-SiC showed
superiority to SiC nanoparticles in photocatalytic disinfection,
which can be attributed to the synthesis of Pd-SiC junctions,
resulting in an increase in the separation of photo-generated
charge carriers. Also, it exhibited a decrease in energy gap
through the characterization of its diffuse reflectance spectra
(DRS). Besides, some studies also indicate that more tight

contact can be achieved between the atomic metal and semi-
conductors than that of metal clusters and semiconductors,
which enhance the charge transfer for catalytic reactions.'**"**
The localized surface plasmonic resonance (LSPR) of noble
metals have proven to be inducible in solar photocatalysis.
LSPR is defined as specific oscillations of electrons and electro-
magnetic fields,"*® where a metal nanostructure strongly
absorbs photon energy. Also, the plasmonic effect on photo-
catalysis can be classed as photon enhancement, hot electron
injection and near-field enhancement.'*®'*” For example,
Yu et al. designed a plasmonic nanostructure with three
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Fig. 15 Scheme showing the composition and biological performance of Ag/PDA/g-CsN, photocatalysts. (A) Synthesis of the material via thermal
treatment and in situ polymerization. (B) Disinfection curve of bacteria co-cultured with different concentrations of reagents. (C) Change in SEM image of
E. coli after incubation with reagents. (D) Cytotoxicity of HUVEC cells treated with different materials. (E) Release of Ag* from different materials.

Reprinted from ref. 180.
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components(CdS/Au/SrTiO;),"*® where hot injections were
injected from Au to the neighboring CdS/SrTiO;, enabling a
hot electron-assisted energy cascade for electron transfer, and
thus photon absorption enhancement. The enhanced near-field
amplitude effect applies to the case of insulation between a
plasmonic metal and semiconductor. For instance, Wang et al.
synthesized a plasmonic Au/TiO,/Au couple for electromagnetic
enhancement (Fig. 13).*®

4.1.2 The active sites and optimal doping. Given that
photoinduced reactions mainly occur on the surface of nano-
particle catalysts and are dominated by surface atoms,"*>*4%13°
the electron transfer between semiconductors and doped metal
atoms may cause the surface metal atoms to act as electron-rich
or electron-deficient active sites for the adsorption of reactants or
desorption of products, and consequently enhance the catalytic
performance.”” Huang et al'** successfully synthesized
monatomic silver chains from Ag particles via a simple thermal
method. Also, this single-atom catalyst allowed the effective
activation of lattice oxygen and oxygen molecules. Our team
prepared a series of metal clusters that showed very surprising
photochemical performances.’*>™**” It was found that the
doped metal atoms can exist either as substitutes for the
original metal atoms or adsorbed on the surface. For example,
He et al.**® discovered that metal dopants were inclined to
occupy the Ge sites rather than adsorb on the surface of GeSe
(Fig. 14) and doping increased the oxidation of photogenic
holes and/or the reduction of photogenic electrons. It was
proven that the electron-deficient structure induced by black
phosphorus-modified Pd nanoparticles improved the catalytic
activity,"** and the redox cycle formed between Pd® and Pd**
also enhanced the activation of oxygen.'*® Besides, the interface
between dopants and the semiconductor is also worth studying.
According to Li et al.,"®® the insertion of Au into the ZnO lattice
at the Au/ZnO interface leads to the formation of vacancies in
the subsequently generated oxygen due to the charge
mismatch, which increases the number of active sites on the
catalyst surface. Nevertheless, it should be mentioned the
strategy of metal doing has some disadvantages such as high
cost, poor thermal stability and tightly controlled concentration
of metals,'®"'®> where excess metal can act as recombination
centres, leading to a decline in quantum efficiencies. It was
reported an Au content in the range of 1 to 5 wt% shows
efficiency within 3% deviation,"®>'®® which decreases once it
exceeds 8 wt%.

4.1.3 ROS generation for antibacterial activity and biocom-
patibility. Studies on the use of metal-loaded semiconductors
for bacterial disinfection have been widely reported.'®* ¢
However, they rarely discussed biosecurity issues, where the
release of metal ions is beneficial for synergistic disinfection,
but leads to an increase in toxicity."®®*'®® Compared to other
applications, photocatalytic sterilization demands higher
requirements because photocatalysts have potential to be used
in the disinfection of biological and medical devices."”®'"!
International supervisory agencies have created serial nano-
material supervisions and regulations,'”” through which the
regulation, adaptability, biosafety and biocompatibility'”**"* of
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photocatalytic materials will need to be considered,'”® such as
low cytotoxicity,'’® the controlled release of drug or metallic
ions,'”® green synthesis of photocatalysts,'”> and stability and
reusability.’”*'”” It has been confirmed that cell death is
probably due to the damage of the cell membrane integrity
driven by photogenerated ROS, which can induce the release of
components in bacteria, such as ions, phospholipids and
proteins."”®"”® As shown in Fig. 15, Wu's team"®® synthesized a
sterilized material silver/polydopamine/graphitic (Ag/PDA/g-C;N,),
in which PDA/g-C;N, was used as the carrier of silver to control the
release of Ag'. The modified PDA not only could promote the
dissolvability and dispersibility of the graphitic, but was beneficial
for the deposition of small-sized and highly dispersive Ag NPs. The
Ag NPs contributed to the promotion of the photo-excited capacity
of the system by broadening the range of light absorption and
narrowing the energy gap.'® It was indicated that *OH and O,*~
radicals are the dominant photoexcited radicals in disinfection by
damaging the bacterial membrane. Also, the composite showed
good cytocompatibility and hypotoxicity as evaluated by MTT assays
and the detection of dissolved Ag" (Table 2).

4.2 Ion-doped hybrid semiconductors

Among the various photocatalysts, metal-oxide semiconductors
have been widely applied due to their outstanding physico-
chemical properties.'®” Nevertheless, most oxide-based semi-
conductors are not accessible for the production of H, due to
their very low CB edge position or optical light absorption due
to high edge location of the VB, especially for d° transition
metal oxides, which mainly depend on the O2p orbitals
(>3.0 eV)."®®'8" According to current research, doping has
become one of the most effective strategies applied for the band
structure modification, and therefore photocatalytic performance
enhancement of semiconductors especially oxide-based semicon-
ductors (Table 3).185:186

4.2.1 Cation-doped hybrid semiconductor photocatalysts.
Metal cation doping enables the promotion of the photocatalytic
effects of semiconductors by reducing their photogenerated
charge carrier recombination rates, extending their photon
absorption to the visible range and enhancing the interfacial
charge-transfer reactions.'®'®” Choi et al.'®® demonstrated that
doping with some transition metal cations could significantly
improve the photoactivity of TiO,, and a redshift occurred in the
energy gap transition as the doping concentration increased,
narrowing the band gap. However, they also discovered'®® that
the introduction of Co®* and AI** reduced the photoactivity for
some catalytic reactions due to the reduction in quantum
yields obtained during continuous wave photolysis. It was
shown that metal ions could be incorporated into the TiO,
lattice via substitution for certain Ti** ions, subsequently
forming defects and oxygen vacancies.'®® Also, the ions can
function as charge carrier traps, resulting in the inhibition of
their recombination."?%"**

M™ + e~ — MDY electron trap

M™ +hy~ - MU' hole trap
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Fig. 16 Schematic illustration of the transition metal ion doping mechanism and its antibacterial effects upon exposure to light. (a) Possible
photocatalytic mechanism of Cu(n)TiO,, including interfacial charge transfer (IFCT) and multielectron reduction processes. (b) Schematic diagram of
the increase in photocatalytic and photothermal effects in the system. (c) SEM images showing the destruction of the morphology and structure
of bacteria cultured with Cu?*-doped MOF under 660 nm light. (d) Evaluation of antibacterial action for different materials. (a) Reprinted from ref. 199.
(b)-(d) Reprinted from ref. 198.
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Fig. 17 Mechanism of anion-doped semiconductors. (A) Insertion of N atom in ZnTe lattice (a) and HRTEM images under low (upper) and high (below)
magnification (b). Reprinted from ref. 209. (B) UV-visible solid absorption spectra (a) and band gap width (b) for N-TiO, systems. N, adsorption—
desorption isotherm curves (c) and corresponding pore size distribution curve (d) of N-TiO, systems. Reprinted from ref. 210. (C) Photoactivation
mechanism of photocatalysts with rich carbon defects. Reprinted from ref. 211. (D) Preparation and characterization of F&N-doped TiO, photocatalyst
and its photocatalytic antibacterial effect. Reprinted from ref. 212.

Wu et al*'® fabricated N-doped ZnO nano-crystallites via a an obvious bacteriostatic circle of bacteria cultured with
simple self-assembly combustion technique, which showed materials under lamp illumination, indicating that the
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incorporation of nitrogen into the ZnO lattice extended the
light response and enhanced the antibacterial effect. Also, the
inactivation ability of nanomaterials is mainly attributed to
the photogeneration of ROS, where non-metal dopants are
beneficial for the excitation of electrons through the overlap
of non-metal the 2p levels and O 2p orbitals, leaving holes
to produce the strongly oxidizing *OH.*** Milosevic et al>"?
developed novel fluorine and nitrogen co-doped TiO, nano-
particles, in which the amount of fluorine reached 7.45 at%. They
showed that the F&N co-doped TiO, was beneficial for disinfection
due to its low agglomeration. It was further reported surface
fluorination can help to induce the photogeneration of hydroxyl
groups®"® and the formation of superficial Ti*" donor energy levels
located near the CB,”'® which accelerate the excitation of
electrons, and therefore facilitate the continuous generation
of ROS.

4.2.3 New strategy of co-doping hybrid with cations and
anions. Single-element doping causes a problem in the process
of photocatalytic enhancement because the doping level will
become the recombination center of photo-generated
charges®'” and even the impurity level formed by more discrete
doping increases the migration and separation of light holes or
electrons. Recent research results showed that by co-doping
transition metals with non-metallic elements,>*® such as
N-La,*"® $-1a,*° and N-Ta,**' the co-doping defect level is
passivated because the charge compensation of the anion and
cation pairs is not likely to become a carrier recombination
center.”*>?** The synergistic effects of co-doping contribute to
the enhancement of photocatalysis because of the extension of
the range of light absorption and low regeneration efficiency.***

For example, Phattalun’s team>** proposed a novel passivated
co-doping method to produce vanadium-nitrogen (V-N) co-
doped TiO,, in which the V-N pair led to a reduction in the
energy gap of TiO,. V-N co-doping also has the potential to

View Article Online
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generate *OH and O,°*~ due to the suitable band edges, which
can serve as antibacterial agents.

4.3 Semiconductor hybrid heterojunctions

Although ion doping may serve as a solution to the rapid
recombination of electrons and holes in semiconductor photo-
catalysts, it unavoidably reduces the oxidation and reduction
potentials of the excited charge carriers and may be limited by
the maximum doping ability, leading to an minor enhance-
ment or even decrease in the photocatalytic bacterial
inactivation.?® Since the CdS/TiO, semiconductor hybrid system
was firstly investigated and found to be able to transfer photo-
generated electrons from the CB of CdS to TiO, in 1984,%*" it has
become a hotspot for heterojunctions between two or three
solid-state photocatalysts.?**?*” It was found that this type of
transfer process can serve as a pathway for charge separation,
which contributes to reducing or slowing down the recombination
of charges, and therefore enhances the photocatalytic
efficiency.>*®*?* The past decades have witnessed the emergence
of and subsequent expansion in the semiconductor hybrids for
bacterial inactivation, which will be described in detail in the
following sections. Besides, in the last Section 4.3.6, we discuss
the heterojunctions of 2D materials, in which heterojunctions
are defined and divided based on material dimensions
rather than electron transport pathways, with emphasis on the
interface contact effects between semiconductors with different
dimensions.

4.3.1 Type II heterojunction hybrids. Typical heterojunction
photocatalysts can be divided into three types depending
on the band gap positions between two semiconductors
(Fig. 18). According to Yu et al.,*° only type-II heterojunction
is efficient to enhance photocatalytic activity due to its
appropriate band structure for the spatial separation of charge
carriers.

(A) SemiA SemiB (B) Semi A )
B B, Semi B
" o < \_HReductio T ) e Reductio
1 >
\B I \ 1 6 n \B : : g n
1 |
VB . VB ) 1
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Fig. 18 Schematic illustration of electron transfer in the three different heterojunctions: (A) type-I, (B) type-Il, and (C) type-IIl heterojunctions. Semi

refers to semiconductor.
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Type II heterojunctions have become common semiconductor
photocatalysts used for bacterial inactivation,”"*** detailed
information of which can be found in Table 4. Jia*** reported
the synthesis of TiO,-Bi,WOs bi-nanosheets to increase the anti-
bacterial activity, and systematically investigated the underlying
mechanism of inactivation. In the scavenger and EPR study, it was
found that both the photo-excited electrons and holes contribute
to the inactivation. However, h' is the dominant factor. Also, as
shown by the PCR and BCA assay, the components leaked
were the genome and total protein. Moreover, the decrease in
recombination of carriers was directly confirmed by the detection
of the photocurrent, which makes it special among numerous
studies. Ng*** reported a natural-light-responsive magnetic Fe,O5-
AgBr for the photo-induced disinfection for E. coli and studied the
factors influencing its activity, including temperature, dissolved
ions and pH. As shown by their results, at 37 °C or/and pH = 7.67,
the semiconductor hybrids exhibited the best photocatalytic
bacterial inactivation, but a detailed explanation how temperature
and pH affect the inactivation was not demonstrated. Moreover,
the existence of Ca>" would promote the inactivation, while anions
such as SO,>~ would inhibit it given that a cation would offset the
mutual repulsion between Fe,O;-AgBr and the bacterial
membrane, both of which are negatively charged. The detailed
inactivation data is shown in Table 4.

Generally, the geometrical structure of a heterojunction,
especially its crystal plane, will greatly affect the charge
redistribution at the heterointerface, and thus, change its
photocatalytic efficiency. For example, Wu et al*® reported
a novel RP/ZnO heterojunction wafery film for solar or LED-
driven rapid, efficient and safe disinfection and investigated
the effect of the crystal plane. It was determined that in the RP/
ZnO heterojunction, the RP(001) and ZnO(002) plane had the
largest charge reallocation via density functional theory (DFT)
calculations, and therefore, exhibited the greatest stability.
In this study, photo-generated e~ of the RP(001) plane jumped
to the ZnO(002) plane, while h* generated in ZnO would
transfer to the VB of RP. Compared with RP, the RP/ZnO hybrid
system can generate more *OH via the oxidation of water to
enhance the antibacterial effect, whereas compared to ZnO, the
hybrid system had an increased response to visible light and
even NIR light and ensured sufficient carrier separation.
Through the combined action of *OH, O,*~ and '0,, a strong
and rapid inactivation effect was achieved. This study showed
that ROS could sterilize bacteria by triggering the overproduction
of ROS in cells and causing oxidative stress to promote bacterial
apoptosis, as confirmed by DCFH. S. aureus has a thick cell wall,
which can efficiently slow down the penetration of ROS into its
cells and rupture of its cell membrane, and thus excess ROS can
be more easily neutralized. However, ROS-scavenging enzymes
in E. coli were rapidly destroyed, and thus E. coli was quickly
overwhelmed, which explains why the hybrids showed a better
and faster inactivation towards E. coli (Fig. 19).

Although the type II heterojunction is ideal for separating
electron-hole pairs in space with potential differences between
the components, the enhanced electron-hole separation is still
insufficient to overcome the ultra-fast electron-hole recombination
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on the semiconductor.’*”

Therefore, other types of hetero-
junctions have appeared to fill the gaps.

4.3.2 p-n heterojunction hybrids with noble metal
nanoparticles. p—n heterojunctions contribute to the migration
or separation of photo-generated electron-hole pairs, and
therefore the photocatalytic performance.”®® Owing to their
surface plasma resonance (SPR), high Fermi energy (Ef) and
good antibacterial effect, noble metal nanoparticles, especially
AgNPs, are widely used for the decoration of p-n semiconductor
hybrids to improve their photocatalysis efficiency.

It is believed that AgNPs can be excited and generate
electrons that transfer between other semiconductors. Jing
et al. reported visible light-driven magnetic CoFe,O,/Ag/
Ag;V0,>** and ZnFe,0,/Ag/Ag;V0,>*® photocatalysts for highly
efficient photocatalytic bacterial inactivation. In these systems,
AgNPs generate plasma hot electrons, while Ag;VO, and
CoFe,0O, or ZnFe,O, generate charge carriers. Due to the
successive decline in the CB position, the electron would
transfer from the AgNPs to Ag;VO,, and then to CoFe,O, or
ZnFe,0,. Meanwhile, the holes generated from CoFe,O, or
ZnFe,0, would transfer to Ag;VO,, which greatly suppressed
their recombination, and hence enhanced the photocatalytic
antibacterial efficiency.

4.3.3 Z-scheme-type heterojunction hybrids. Z-scheme type
heterojunctions are named after the Z-like shape of the charge
process.”®® This type of heterojunction contains three parts, an
electron mediator and two semiconductors labeled PS I and PS
II. Generally, the semiconductor from which the photo-
generated holes transfer is called PS I and the other is PS II.
Z-scheme heterojunctions are currently divided into three types
according to the electron mediator, including an acceptor/
donor system (PS-A/D-PS system), an external conductor
(PS-C-PS system) and a touch interface between (PS-PS
system). Usually, in the latter two systems, the oxidation
reaction occurs only in PS II and the reduction reaction only
in PS I, whereas in the PS-A/D-PS system, the redox reaction can
occur in both.>®® A schematic diagram of the three types of
Z-scheme heterojunction hybrids is shown in Fig. 20.

Xia et al.>’® reported a novel g-C;N,/m-Bi,O, PS-PS hetero-
junction system for enhancing the photocatalytic disinfection
with a visible light source towards E. coli and investigated the
different inactivation efficiencies caused by different ratios of
¢-C3N, to m-Bi,O,, demonstrating that the optimal one was
2-C3N,/m-Bi,O, (1:0.5). The PL spectrum and photocurrent
study further proved that the recombination process is mostly
inhibited in g-C3N,/m-Bi,O4 (1:0.5), which directly improve its
photocatalysis efficiency. Also, it is believed that the excess
m-Bi,O, can function as a recombination center of photo-
generated electron-hole pairs to suppress the photo-induced
activity when the m-Bi,O, content is too high, corresponding to
the higher efficiency of g-C;N,/m-Bi,O, (1:1) compared to
2-C3N,/m-Bi,O, (1:0.5). Besides, the ROS production was
also systematically investigated. Zeng et al>”" successfully
synthesized a highly dispersed TiO,NC/WO;NR/rGO composite
for enhanced bacterial inactivation, which can be classified as a
PS-C-PS system. Due to its excellent electron conductivity and

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1mh00773d

Published on 13 September 2021. Downloaded on 6/4/2024 5:01:34 PM.

View Article Online

Review Materials Horizons
(A) Visible light Damage (B)
NHE by by, Cell contents
3
E
g
=
-9
(C) 8+ (D)M1234 5678910111213!4M(E)

-
°

o
e
=

»

~—e— Light control
e Bi;WO, Treatment
== 40% TBWO Treatment

~=— Light control
| ——Bi2WO,
—+—10% TBWO
+4 —+—25% TBWO
~——40% TBWO
1 —+—55% TBWO
——TiO:

= Physically mixed 40% TBWO

w
e
1Y

0.2

"

.,r/‘—_""/

0 20 40 60 80 100 120
Time (min)

e
s

~
%
)
£
<
=
2
F 06
bt
&
=
“
v
2
=3
v
=
“
2
-
&

Cell density (Log,, (cfu/mL))

1 3 4

e

2
Time (h)

Fig. 19 Photocatalytic disinfection mechanism of a typical type Il heterojunction, TiO,-Bi,WOg nanosheets (TBWO). (A) Schematic illustration of the
antibacterial process of TBWO. (B) Inactivation effect of E. coli at different times under visible light. (C) Bactericidal kinetic curve of TBWO with different
concentrations. (D) Detection of leakage of bacterial 16rsDNA and (E) total protein in E. coli. Reprinted from ref. 231.

mobility, the original p—n heterojunction TiO,/WO; photocatalysis once rGO is applied. After modification by rGO, the photo-
system would be converted into a Z-scheme heterojunction hybrid generated electrons would no longer transfer from TiO, to WO,
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Reprinted from ref. 269.
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whose CB is at +0.4 V and more positive than —0.33 V, the redox
potential for O,° /O,, in which case O, could not be reduced to
0,°". Instead, the electrons generated by TiO, remained in its
CB, the potential of which can thermodynamically produce
both 0,*~ and H,0,. Wu et al.?’> synthesized a novel PS-A/
D-PS system-ZnO/CDots/g-C;N,, in which CDots efficiently
inhibited the recombination of photogenerated charge carriers,
which served as electron mediators. This Z scheme heterojunction
possessed photoresponsive antibacterial properties for synergistic
effects by photoinduced ROS inactivation and photothermal
therapy (CDots serve as photothermal material), resulting in the

2986 | Mater. Horiz., 2021, 8, 2964-3008

accelerated healing of infected wounds due to the release of Zn**
with a promoting effect on cell proliferation (Fig. 21).

The other Z-scheme heterojunction hybrids and their
detailed bacterial inactivation data are shown in Table 5.

4.3.4 S-scheme heterojunction hybrids. Type II hetero-
junctions separate photogenerated charges via the electric
potential differences between their components because this
type of heterostructure reduces the redox capacity of photo-
generated electrons and holes.>*® For p-n heterostructures, this
also causes the redox capacity for the reduction and oxidation
processes occurring on semiconductors to have lower reduction
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and oxidation potentials, respectively. The direct Z-scheme
heterostructure can overcome the drawbacks of reduced
photo-generated charge redox ability during the transfer
process because electrons with a low reducing capacity tend
to be quenched by holes with low oxidizability, while the longer
transmission distance of the Z scheme due to the charge loss
during the migration restricts its further application.”® To fill
these gaps, Yu et al*** proposed a novel of step-scheme
heterojunction called S-scheme heterojunctions. This new
type of heterojunction system mainly consists of two n-type
semiconductor photocatalysts, which are used as an oxidation
photocatalyst (OP) and reduction photocatalyst (RP),
respectively.”*>** The internal electric field formed at the
interface of the two photocatalysts provides the driving
force to promote charge transfer, which is beneficial to reduce
the transport distance of photogenerated carriers with the
cooperative interface between the two components.****%
As illustrated in Fig. 22(A), the photogenerated electrons from
the lower CB of the OP will combine with the photogenerated
holes on the VB of the RP, while strong photogenerated
electrons and holes are retained in the CB of the RP and the
VB of the OP, respectively, which causes a strong redox
potential for the subsequent photochemical reaction.”**>%”

Due to the tight interface contact, large surface area and
efficient separation of photoinduced electron-hole pairs,*® the
S-type heterojunction exhibits favorable catalytic activity and
retains powerful photogenerated carriers, making it suitable for
photoactivated disinfection. Yu et al.>*® reported that 0D/2D
S-scheme heterojunction-CeO, QDs and polymeric carbon nitride
(CeO,/PCN) exhibited strong photocatalytic inactivation efficiency.
The accumulated h* at CeO as the oxidation site was involved in
the creation of *OH, while the gathered e~ at PCN was involved
in the production of O,*”. The S-scheme material exhibited
high photocatalytic efficiency of 88.1% towards S. aureus with
visible light, compared with 32.2% and 10.7% for single CeO
and PCN, respectively. However, because of the novel ideas and
the difficulty of construction of matched band structures, to
date, there are only a few reports on photocatalytic disinfection
using S-scheme heterojunctions.

4.3.5 Dual heterojunction hybrids. The definition of dual
heterojunctions remains ambiguous, where some claim that a
heterojunction with two semiconductors components can be
called a (direct) dual heterojunction, such as the direct PS-PS
system®'® and InGaP/GaAs dual heterojunction.*™ However,
the majority consider that only ternary heterojunction photo-
catalysts can be classed as dual heterojunctions.>*®*>! The
lifetime of surface photogenerated carriers in ternary systems
can be effectively improved by electron transfer between
interfaces.>”> The most common type of dual heterojunction
belongs Z-scheme dual heterojunctions.*>°*** In the Z scheme
ternary system (PS-A/D-PS), photoexcited charge transfer
occurs through solid mediators located at the interface of
PS-PS, which promotes the electron transfer and energy
conversion. As shown in Fig. 23(A), Niu et al*** reported a
novel g-C3;N,/Tiz;C, MXene/BP ternary system with a Z-scheme
constructed via CN, Tiz;C, MXene and BP and another
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P-bridging effect between the N atom (CN with nitrogen
deficiency) and P atom (BP nanosheet). The electron transfer
from CN to the BP nanosheets and the shifter transfer of
electrons can be attributed to the introduction of highly
conductive MXene solid mediators. It was confirmed that O,°~
and 'O, were the two major ROS species through scavenger and
ESR experiments, which were created by the reaction between
the photogenerated e~ and dissolved O, in the CB of the BP
nanosheets, and the interaction between the accumulated h*
and dissolved O, in the VB of CN, respectively. Zhou et al**®
synthesized a dual Z-scheme tandem heterojunction (WS, QDs/
MoS,@WO;_,) (Fig. 23(B)) because of the abundant edge active
sites created by 2D MoS, and better special separation and
transfer of photo-produced charges due to the O dopants and
tandem heterojunction formation, which exhibited favorable
photocatalytic activity. Besides, a heterojunction is not necessary
for two different components, it can also be formed by different
facets of one semiconductor. The exposed [101] and [001] facets
of anatase TiO, are good catalytic sites for n—-p heterojunction
formation.**® There have been studies on n-p-n dual hetero-
junctions constructed by the [101] and [001] facets of anatase
TiO, and metal sulfide,**’”?*® in which the photoinduced
electrons from TiO, transfer to the [101] surface of TiO, rather
than MoS,, while the photoinduced holes from TiO, migrate to
MoS,, resulting in a higher separation efficiency (Fig. 23(C)).

4.3.6 2D heterojunction hybrids

4.3.6.1 The interface between different dimension hybrids. As
shown in (Fig. 30), the interfaces between different dimension
materials are diverse. 0D materials refer to point contact, 1D
materials refer to line contact, and their 2D counterparts refer
to surface contact. As mentioned above, compared to their 0D
and 1D counterparts, 2D layered materials show distinguished
photoelectric and photocatalytic properties mainly due to their
larger contact surface, and thus more superficial active sites
and efficient interfacial charge transfer. Due to their atomic
thickness (less than 5 nm), 2D nanomaterials show flexible grid
structures. They can be rounded into 0D materials as nano-
particles, rolled into 1D materials as nanotubes and nanowires
or stacked into 3D architectures (Fig. 24(b)).**°

4.3.6.2 Different dimensional heterojunction hybrids

(1) 0D/2D heterojunction hybrids. Wu et al.**' successfully
deposited a RP/GO composite array on a Ti substrate for rapid
bacterial inactivation under irradiation via photodynamic and
photothermal synergistic effects. In this study, the bandgap of
RP was only 0.85 eV, making the absorption of UV to NIR light
possible. Besides, the introduction of GO greatly enhanced the
photocatalysis efficiency of RP given that the photo-generated
e~ of RP transfers to the CB edge of GO formed by its anti-
bonding n* orbital, which significantly reduces recombination.
The in vitro inactivation assay showed that at a bacterial
concentration of 10’ CFU mL™ ', Ti-RP killed 78.68% of
S. aureus, while the efficiency reached 98.28% after the deposition
of GO. The most interesting thing was that NIR irradiation
exhibited better inactivation than irradiation with visible light, as
confirmed by the shorter illumination period. This phenomenon
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Fig. 22 Photogenerated electron transfer and photocatalytic inactivation of S-scheme heterojunctions. (A) Photogenerated electron transport
mechanism of S-scheme heterostructure (TaON/Bi,MoOg as an example). (B) Electron transfer and photocatalytic inactivation effects and numerical
calculation of CeO,/PCN with different conditions. (A) Reprinted from ref. 297. (B)-(D) Reprinted from ref. 298.

was attributed to the photothermal effect of RP under NIR
irradiation, where the heat would inhibit the reactivity of proteins
and the metabolism of bacteria, promoting the rupture of their
cell membrane by ROS. Besides, it was reported that RP/GO
hybrid composites also exhibited inactivation under common
LED light irradiation and biofilm clearance, which broaden their
practical application.

(2) 1D/2D heterojunction hybrids. Dissimilar dimensional
photocatalysts show unique properties owing to their diverse
electron performances in disparate confined dimensions.**?
Vertically aligned 1D nanostructures, including nanowires,
nanotubes, nanorods, and nanofibers,’® display various merits
as photocatalysts because of their large aspect-ratio and aligned
pathway for direct electron and optical exciton transmission.**?

(A) @ eV
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g 217 ce-0.a8er | 1
£E8 ™0 /.0, -0.33eV
CB O, BP / 0.2
o] £ 04
Re B0.13 eV
®) g, q
7 14 ? =) 14 3.18 eV
5 CN
z " 0,/'0,1.88eV 2
2 2.24ev
N S S— L "'C% o 31 298
318 320 322 324 326 328 34 Oxidation
Magnetic Field / mT hole transfer
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o -0.27
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Fig. 23 Band structure and electron transfer of dual heterojunctions. (A) (a) and (b) Detection of photogenerated ROS species in g-C3N4/TizC, MXene/
BPs. (c) Band structure and redox reactions with visible light. (B) Band structure and ROS generation in WS, QD/MoS,@WOs_, core—shell dual Z-scheme
tandem heterojunctions. (C) Creation of n—p—n heterojunctions with the (101) and (001) facets of anatase TiO, and SnS,. (A) Reprinted from ref. 324.

(B) Reprinted from ref. 325. (C) Reprinted from ref. 328.
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(a) Scheme of the specific contact interface of 0D/0D, 0D/1D, 0D/2D, 1D/1D, 1D/2D and 2D/2D nanomaterials. Reprinted from ref. 330. (b) 2D

graphene nanosheets can be circled to balls (OD material), rolled into tubes (1D material) or folded into 3D graphite. Reprinted from ref. 329.

The two materials in heterostructures can be tightly combined
with opposite surface charges, leading to sufficient interfacial
contact in the heterostructures.>** Therefore, the architecture
of 1D/2D heterostructure hybrids can combine the advantages
of two materials and overcome the drawbacks of the single
units'332,335

In the last five years, research on 1D/2D heterostructure
hybrids has become a hot topic and many 1D/2D materials have
appeared, such as 1D CdS nanowires/2D BiVO, nanosheets,**> 1D
Nb,O5 nanorods/2D g-C3N, nanosheets,**® 1D TiO, nanofibers/2D
MoS, nanosheets,**” 1D WO,_, nanowires/g-C;N, nanosheets,**®
1DNiCo,S, nanowires and 2D layered-6 MnO,.**°

(3) 2D/2D heterojunction hybrids. As mentioned above, 2D
semiconductors are promising photocatalysts due to their great
properties.®*® Thus, it can be predicted that 2D/2D heterojunction
hybrids may have better photocatalysis efficiency. Cheng et al.**'
developed 2D/2D heterojunction photocatalysts by coupling
g-C3N4 (CN) nanosheets with oxygen vacancies confined in
Bi20TiO32 (BTO) mesoporous nanosheets with exposed (001)
facets via a facile hydrothermal process with the assistance of
post-treatment.

Besides, the majority of the developed photocatalytic materials
are at least one metal-based or metal-containing composites.
However, these photocatalysts would release toxic metal ions,
which pose a great threat to human health. Therefore, 2D/2D
heterojunction hybrids for bacterial inactivation are in great
demand. Zhang et al,*** for the first time, fabricated a metal-
free BP/g-C3;N, 2D/2D heterojunction for visible light-driven water
disinfection. In the in vitro antibacterial assay, BP/g-C3;N,
exhibited around a seven-times inactivation efficiency comparing
to bare g-C;N, given that the photogenerated e~ could transfer
from g-C;N, to BP, which greatly enhanced the charge carrier
separation.

4.4 Dye-sensitized hybrid semiconductors

4.4.1 The basic principle of dye-sensitized hybrid
semiconductors. Dye-sensitization, which was first proposed

by Griitzel et al.*** as a satisfying strategy to improve the activity

2992 | Mater. Horiz., 2021, 8, 2964-3008

of dye-sensitized solar cells (DSSCs), has been widely used
to improve the photo-quantum efficiency and broaden the
photo-absorption response of photocatalysts.*** The use of
dye-sensitizers has matured considerably in photocatalytic
applications such as photodynamic antimicrobial chemotherapy
(PACT).**>**® PACT relies on the generation of ROS in the
presence of photosensitizer (PS) molecules under illumination.
The PS tends to be NIR absorbing dyes, such as
phthalocyanines,*®” porphyrins,>*®**° and porphins,**° which
are beneficial to reduce the interference of self-absorption and
spontaneous fluorescence of tissue, and enhance the tissue
penetration depth under illumination.**® Nevertheless, PSs suf-
fer from weak hydrophilicity, strong aggregation, high doses,
and low biocompatibility.*>'>* It seems a feasible scheme to
address these issues by using materials as suitable conjugates
for PSs as delivery systems against microorganisms. For example,
combination of dye and semiconductor (dye-sensitized
semiconductors) has become an effective modification strategy
for both dyes and semiconductors as photocatalysts, which
effectively absorb visible or even NIR light, where efficient
semiconductor stimulation can be an alternative approach of
great use.”” As illustrated in Fig. 25, in a typical dye-sensitized
photocatalyst, the CB value of the semiconductor is lower than
the dye LUMO value, while higher than its HOMO,***3>** in

hvl

Dye/Dye+

Semiconductor

Fig. 25 Mechanism of the photocatalytic reaction on a dye-sensitized
hybrid semiconductor.

This journal is © The Royal Society of Chemistry 2021
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Fig. 26 Photoinduced bacterial disinfection for dye-sensitized semiconductors. (A) Mechanism of photodynamic antibacterial therapy. Reprinted from
ref. 379. (B) Photodynamic antibacterial effect of Ce6 modified with hollow SiO,/chitosan. Reprinted from ref. 380. (C) Synthesis of FeO,—SiO,-TiO,—
metalloporphyrins and (D) their TEM images. (C) and (D) Reprinted from ref. 371. (E) Schematic illustration of the synthesis of BP@QPEG/Ce6.

(F) Photothermal evaluation and cytocompatibility (hemolysis test) of the as-

which the dye serves as an antenna, enabling visible light to be
received and resulting in the follow-up behaviors of photo-
induced reactions via the injection of electrons into the CB of the
semiconductor.®*® This procedure is principally follows two
steps: (1) the photogenerated electrons of the illuminated dye
molecules transfer from the HOMO to the LUMO and (2) the
transfer of electrons from the LUMO of the dye to the CB of the
semiconductor. As reported by Zhang,**® besides the dye and
semiconductor, the co-catalyst and sacrificial electron donor
used for dye recycle also play dominant roles in photoactivity.
Currently, noble metal-based (Pt, Ru, Rh, and Pd)**’**' and
noble-metal-free*** % co-catalysts have been comprehensively
investigated to extract photogenerated carriers. Also, research
has revealed that the electron donor species*®*® can influence
the oxidation half reaction,**®*”® which prominently impacts the
overall photoactivity of dye-sensitized semiconductors.

This journal is © The Royal Society of Chemistry 2021

prepared NPs in (E). (E) and (F) Reprinted from ref. 377.

4.4.2 Antibacterial activity of dye-sensitized hybrid semi-
conductors. Dyes as photosensitizers can trigger photodynamic
antibacterial behaviors (Fig. 26(A and B)), making them
potential antibacterial materials acting on deeper issues in
response to NIR light. In the dye-sensitized semiconductor
system, dyes are loaded into semiconductors (as a drug delivery
platform) via physical encapsulation, adsorption or chemical
coupling, which further improves the drug delivery efficiency
and avoids the inherent drawbacks of dyes (such as poor water
solubility). TiO, with a wide band gap has been functionalized
by dye sensitization in recent years. For example, Insin et al.>”*
prepared FeO,-SiO,-TiO,-metalloporphyrin compounds with a
wide light response (Fig. 26(C)), good dispersion in solution
and high photoactivation effects. Giridhar et al.*’* evaluated
p-methyl red, an azobenzene compound, for the photocatalytic
enhancement of TiO,, which could serve as photo switches

Mater. Horiz., 2021, 8, 2964-3008 | 2993
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when attached to TiO,, rendering the system photo responsive
to external illumination. Besides, research on manipulating the
surface of titanium natural dyes with biological safety and
economic advantages has been well investigated to sensitize
TiO,.>”® Xing’s team proved that three natural dyes (including
alizarin red, fuchsin acid, and alizarin) as modified sensitizers
of anatase could efficiently extend its optical absorption edge,
and therefore increase its antimicrobial efficiency.*”* For other
semiconductors, anthocyanin (a type of natural molecule)-
sensitized ZnO proved to increase the bacterial loss by ~10%
compared to naked ZnO nanoparticles under solar simulator
light.*”® It was proven that the 2D material g-C;N, nanosheets
sensitized with Cu diphenylamine complexes were accessible to
eliminate pathogens, in which the layered structure with delo-
calized n-electrons of Cu-biphenylamine complexes serves well
in the charge transfer process of photocatalysis.>’® Moreover,
some dyes possess favorable optothermal effects, and thus
dye-sensitized systems can be used for bacterial inactivation
with synergetic photothermal and photocatalytic therapy.*””
Photogenerated ROS remains a principal antibacterial
mechanism of dye-sensitized semiconductors, causing cell
membrane rupture, and therefore intracellular DNA and
protein leakage.'”®"”® The photogenerated ROS processes can
be depicted in eqn (21)-(28) below:*”®

Dye + semiconductor — dye-semiconductor (21)
trans dye-semiconductor — cis dye*-semiconductor (22)

cis dye*-semiconductor — semiconductor + decomposed dye

(23)
Dye + semiconductor + O, — semiconductor

+ decomposed dye + O, (24)

0, +H - HO, (25)

HO,* + H' + e(CB-TiO,) — H,0, (26)

20,° + 2H" - 20H* + O, (27)

OH"* + cell - damaged cell (28)

4.4.3 Common types of dye-sensitizer hybrids and their
photocatalytic inactivation application. Research on manipulating
the surface of photocatalysts with highly active, safe and
inexpensive dyes has become a critical hotspot in photocatalytic
disinfection recently.*** According to the current research, dye
sensitizers principally include natural organic dyes such as
chlorophyll,**'*#* cytochrome c,****%* anthocyanin,*”*?* and
alizarin red,*®**%” as well as artificial composite dyes, such as
porphyrin compounds,***** phthalocyanine compounds**® and
polypyridyl complexes.**' 9

4.4.3.1 Photocatalytic =~ mechanism  of  porphyrin-based
functional nano-systems for bacterial inactivation. As the photo-
synthesis reaction center of green plants, porphyrin with a planar
n-conjugated aromatic macrocycle®** benefits the enhancement of

electron coupling and transfer of photogenerated carriers.**

2994 | Mater. Horiz., 2021, 8, 2964-3008
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Owing to its wide visible light absorption range (400-
800 nm),**® porphyrin is frequently applied as a photon-
trapping antenna molecule and co-catalyst in photocatalytic
models.*” It has been reported that self-assembled
molecular aggregates are candidate models for energy transfer
processes,**® which resemble the photon-collected congeries in
photosynthetic bacteria.>®® Porphyrins naturally self-assemble
into aggregates of m-conjugated molecules due to their easily
modified porphyrin ring,’®® and thus there are numerous
porphyrin derivatives. For example, Wang’s team**" synthe-
sized supra-amphiphiles by combining a heteroditopic
porphyrin amphiphile with zinc, which could be further used
in controllable self-assembly applications. According to the
report of Wang et al.,**® porphyrin J-ageregates could be self-
assembled by two porphyrins with opposite ionic charges.
In the case of porphyrin-sensitized semiconductors,
Ghosh et al.** well investigated the photoelectron-transfer mecha-
nism in porphyrin aggregates, and observed an enhancement
in charge carrier separation at the porphyrin/TiO, interface
(Fig. 27). According to Sorgues,’® the zinc tetracationic porphyrin
[ZnTmePyP|*) was successfully synthesized through electrostatic
complexation of porphyrin and polyoxometalates (POm), and later
the occurrence of electron jump from the porphyrin to the POm
was observed in the presence of visible light.

Furthermore, some porphyrin derivatives have been applied
for photodynamic therapy (PDT). He et al.**® chose the second-
generation photosensitizer hematoporphyrin monomethyl
ether (HmmE) to sensitize TiO, nanocomposites owing to its
good photodynamic effects, low toxicity in the dark and fast
removal rate.*® Also, the HmmE-TiO, NCs showed strong ROS
generation capability and inactivation effect of KB cells (type of
cancer cells). Besides, 5,10,5,20-tetraphenyl-21H,23H-porphine
nickel (TPPN) was applied to doped titanium dioxide via the
sol-gel method. The TiO,/TPPN thin film was employed for the
disinfection of the plant pathogen E. carotovora subsp. with a
visible spectrum response, which showed over 90% bacteriostasis
rate with white light (>400 nm) illumination for 60 min.**® As
illustrated in Fig. 28(A), the synthesis of a 2D nanostructure
diporphyrin honeycomb membrane consisting of TiO,, proto-
porphyrin IX, and hemin (TiO,/PPIX/Hem) was reported via
dehumidifying with bidentate binding.**” The generation of an
anodic photocurrent was observed on the surface of the PS/
TiO,/PPIX/FTO electrode through electron transfer processes
(Fig. 28(B)), and therefore proved its high photoactivity. Due to
its inactivation effect, it showed the highest inhibition of
Bacillus subtilis cultured with TiO,/PPIX/Hem under visible
light compared with TiO,/PPIX and naked TiO,. Also, the
TiO,/PPIX/Hem group further exhibited a much more rapid
bacterial clearance rate in bactericidal kinetics characteristics.
Furthermore, Wang et al. used water-soluble porphyrin-tetra
sulphonatophenyl porphyrin (TSPP)-TiO, nanowhiskers for the
early diagnosis of inflammation together with bio-imaging and
treatments of microbial infections.*%*'3

4.4.3.2 Photocatalytic mechanism of polypyridine-based func-
tional nano-systems for bacterial inactivation. Polypyridine

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1mh00773d

Published on 13 September 2021. Downloaded on 6/4/2024 5:01:34 PM.

Review

(A) (8)

2 Monomer-TiO,
1
electroninjection from exciton state —_ \. A
0 SN *
- Exciton-state (electron) / ﬁ\\ = g
2 e D D2 i
ot ~—— pPs o
2 % 4 9 —— < _Jaggregation (7" { (/A L5 g
> <——Hole migration =) F.
. AN §3
-4 N s
S :
B Rl 3
ol Seornode®0, 3 SRR

500 600 700 800 900 1000
Wavelength (nm)

View Article Online

Materials Horizons

A prove 1000 Or 670 nm

Fig. 27 (A) Distinction of absorption spectra between monomer- and J-aggregated porphyrin—TiO, NP with different delay times. (B) Mechanism of
charge-carrier shift in the J-aggregate porphyrin—TiO, system. Reprinted from ref. 403.

e (B)
er ’--\1.5 eV
oot
} S F i ihv
i,p G dey A28V !
T PS/TIO, 4.8eV
E FTO '|'i0z PPIX
(C) (D)
100
wzz Light 100
y// N Kk naked TiO,
s0{f
X 7/ 80
P 7 ”
&% ia
e {7 8
9 . 7 3
B 40 ,7 £ 0l
E] / A 2
5 // _ 3 |
* 20 A VA 20 TiO,/PPIX/Hem
1 %
_ —
17 .
oL 2 . / S T
TiO/PPIX/Hem  TiO,/PPIX TiO, i

Fig. 28 (A) Schematic illustration of the synthesis of the TiO,/PPIX/Hem composite membrane. (B) Electron jump mechanism of the PS/TiO,/PPIX/FTO
rheophore system under visible light. (C) Antibacterial activity toward Bacillus subtilis with or without illumination for 100 min. (D) Bactericidal kinetics of
different materials in the presence of light for 100 min. Reprinted from ref. 407.

generally exists in the form of transition metal-containing
polypyridine derivatives.*"* **® Adamso et al. first reported that
the excited bipyridyl ruthenium *Ru (bipy);>" can be used as a
sensitizer and e~ transfer reductant in 1972,**" realizing the
hopeful perspective of polypyridine derivatives as dye sensitizers.
Thus far, the inorganic chromophores Ru(u) polypyridyl
complexes have been comprehensively applied for photocatalytic
applications, which is attributed to the favorable photoelectric
and photochemical properties, including high molar absorptivity
in the visible spectrum, thermal stability, and excited-state
reactivity.****** In a metal-centered system, photon absorption gives
rise to the generation of metal-toligand charge-transfer (MLCT)
excited states, including singlet or triplet multiplicity.**>*** The redox
potentials of these photoexcited MLCT states are high enough
for them to act as energy donors, electron donors, or electron

This journal is © The Royal Society of Chemistry 2021

acceptors when reacting with other solute molecules.**?
Therefore, these systems may be subjected to the photo-
accumulation of charges via the continuous absorption
behaviors of single photons.*****® In the case of other
transition metals, Bernhard proposed six heterogeneous
iridium compounds as highly efficient photosensitizers via photo-
physical measurements and quenching and electrochemical
studies.*”® According to the report of Liang et al,**” porous
polymers modified with rhenium-metalated polypyridine were
fabricated via a simple oxidative coupling method. They displayed
an enhanced photoactive performance and photothermal
stability, which highlights the prospective of polypyridine
complexes serving as photocatalysts via synergistic catalysis.
Based on preliminary research, photosensitizers play a dual
role in photocatalysis-initiating reactions and controlling

Mater. Horiz., 2021, 8, 2964-3008 | 2995
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stereoselectivity via an electron or energy transfer process
(Fig. 29).**%

Some polypyridine complexes are promising antibacterial
candidates. Polypyridyl ligands have been identified to be
lipophilic in nature, which endows polypyridyl good
biocompatibility owing to the easy access and interaction
between the materials and the cell lipopolysaccharide layer
(LPS).**° It was illustrated that the intercalation in biochemistry
is a process that can be extensively used to explain the
mechanisms of the inactivation of cells for some drugs,*’
and the heterocyclic polypyridyl group of molecules has been
proven to be typical intercalators.**"*** According to
Zhang et al., the electron-acceptor group and large hydrophobic
group in the intercalative ligand are beneficial for the
combination of ruthenium compounds with DNA.*** The
biological application of Ru(u) polypyridyl compounds is increas-
ing due to the awareness of the good bioactive properties of
ruthenium for the inactivation of cancer, microorganisms, and
even viruses.****> For example, a titanium alloy coated with a
ruthenium complex exhibited hopeful antibacterial and antifun-
gal activity and low cytotoxicity to mammalian cells, representing
that ruthenium complexes are broad-spectrum antibacterial
materials.*** Matshwele’s team®®" synthesized Ru(u)/(m) com-
plexes as antibacterial agents, which exhibited high inactivation
capability towards non-drug-resistant bacterial species such as
S. aureus and K. pneumoniae, and even their drug-resistant strains
such as MRSA and MDR K. pneumoniae. The bacterial DNA was
completely denatured, as shown by the characterization of DNA
gel electrophoresis, indicating the strong affinity of Ru(u)/(m)
complexes towards DNA, and further inducing DNA cleavage by
intercalation. According to Nambagari,>*> three new cobalt(m)
polypyridyl complexes were successfully proven to possess anti-
bacterial properties. Our team proved that a ferrocene-substituted
carborane ruthenium(u)-arene complex (FcRuSB) can be uti-
lized as an inducer to effectively reverse the drug resistance of
pathogens.**® Yi et al.>** also confirmed that three iridium(m)
polypyridyl compounds are promising antibacterial candidates.

4.4.3.3 Natural organic dye hybrids for bacterial inactivation
(1) Chlorophyll. Naturally occurring pigments (such as
chlorophyll, cytochrome, and vitamin B12) play crucial roles

2996 | Mater. Horiz., 2021, 8, 2964-3008

in various life processes and are referred as the ‘“pigments
of life”.**” Chlorophyll, belonging to the class of porphyrin
macrocycle derivatives, has been extensively employed as a
photosensitizer in light-harvesting systems, which is because
porphyrin-based compounds with 18n-electron conjugated
macrocycles possess distinguished catalytic, photochemical
and photophysical properties.**®**° These materials are
expected to strongly absorb in the visible and even NIR region
as efficient photocatalysts.**® Bevilacqua et al.*®*' analyzed the
absorption spectra of chlorophyll enabled in the near UV and
visible light range. Moreover, pheophytin (Pheo-) a and b
(with no Mg(u) ion) displayed a slight red-shift compared with
the integrated chlorophyll.

Chlorin derivatives, including chlorophylls as Mg-containing
chlorins, are presently investigated for antimicrobial PDT to
inactivate some important microbial pathogens.**' For example,
Ferro’s team®* proved the strong inactivation activity of
liposome-delivered chlorophyll a towards S. aureus (MRSA),
which was more pronounced with selective targeting using
liposome as carriers. Kustov et al.**® successfully synthesized
water-soluble chlorophyll pigments as novel potential photo-
sensitizers to deal with bacteria and fungi. They indicated that
chlorophyll with a positive charge (such as N(CH3);" groups)
could treat wound infections and bacterial biofilms. Similarly,
another positively charged chlorophyll derivative, lysine-chlorin
E6(pL—ces) conjugates, are effective against pathogens in the
oral cavity, while oral epithelial cells can be well preserved.**'
Particularly, some naturally antibacterial materials such as anti-
microbial peptides all have a pronounced polycationic charge,
which plays an important role in binding with negatively
charged bacteria due to electrostatic attraction.****>

(2) Cytochrome c¢. Cytochrome ¢ (Cyt ¢) is a hemeprotein
intensely combined with the inner mitochondria membrane by
electrostatic interactions. It serves as a vital electron transporter
in the respiratory chain.*****” Wang et al.**® firstly reported that
Cyt ¢ could be used as a carrier of porphyrin-based photo-
sensitizers to improve their photoinactivation efficiency against
the Gram-negative bacteria E. coli. It was shown that the
positively charged porphyrin Cyt ¢ was on the surfaces of bacteria
via TEM measurement and fluorescence confocal microscopy.

This journal is © The Royal Society of Chemistry 2021
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Also, the { potential analysis clearly demonstrated that porphyrin
Cyt ¢ and E. coli were efficiently integrated via electrostatic
interactions.

(3) Rubiadin. Rubiadin, also named alizarin, is a typical
medium dye extracted from the root of Rubiaceae.**° Rubiadin
has exhibited strong inhibition towards a wide range of bacteria,
especially to Staphylococcus aureus in recent studies.*>**!
The photogenic superoxide anion (O,* ) and singlet molecular
oxygen ('0,) have been shown to be principle mechanisms of
this dye for bacterial inactivation, revealing its potential as a
drug for photodynamic antimicrobial chemotherapy.*** It was
reported that Alizarin Red S sensitization of TiO, broadened its
light absorption range and improved the photo-quantum
efficiency, and therefore enhanced the antimicrobial activity of
Ti0,.*”* Rubiadin also exhibited low toxicity in mice via acute
toxicity trials,** which reflects the good biocompatibility of this
dye for further medical applications. For example, rubiadin
derivatives have been applied as a biological dressing for
improving the protection and preventing bacterial infection of
skin.**?

(4) Anthocyanin. Anthocyanins are naturally occurring
polyphenols*** that contribute to the high antioxidant activity
in some plants.*>® They are well known due to their low cost,
hydrophilia owing to their hydroxyl groups (*OH), and biosafety
as sensitized dyes.*®*°%*>” Hilal et al®”® observed that
anthocyanin-sensitized ZnO nanoparticles increased the loss
of E. coli by 10% compared to naked ZnO under the same light
conditions. It was shown that the photoinactivation process
resulted in the mineralization of the bacterial membrane and
intracellular organic components, which leaked after cell
rupture. Moreover, the compounds from the photodegradation
of anthocyanin were confirmed to be mineral and innoxious,

revealing its potential as a sensitized dye. Tu’s team**® invented

This journal is © The Royal Society of Chemistry 2021

a smart calcium alginate fiber modified by anthocyanin dyed-
hydroxypropyl trimethyl ammonium chloride chitosan (HACC).
It was shown that the modification of anthocyanin dyed-HACC
had strengthened the dyeing and antibacterial activity of
calcium alginate fiber, which is a potential candidate for wound
healing.

4.4.4 Application limitation and prospect of dye-sensitized
semiconductors. In the photoinduced process, the dye is
always inevitably degraded by oxidation, resulting in a limited
number of cycles of the materials. Although porphyrin and
polypyridine-based semiconductors have been widely used due
to their good photosensitization activity, consideration should
be given to the biotoxicity of metal-based dyes, which may
degrade to harmful substances in solution under photochemical
conditions, and thus each dye should be considered for its
form of existence after degradation. In addition, synthetic
dyes should be observed for incidental effects and adverse drug
interactions.*> Thus, it seems that natural pigments are more
attractive. The inherent drawbacks of dyes, for example, poor
photon/thermal stability, poor water solubility, and low affinity
for bacteria hinder their further applications.****** Some claim
more specific requirements, including simplified and cheap
synthetic procedures, acceptable stability, preferential binding
or absorption by target cells or tissues, and low side effects.
Thus, the strategy of functional encapsulation or modification of
dye-sensitized semiconductors as a nanocarrier and delivery
platform has been employed to improve their physicochemical
properties, material utilization, and selectivity of target bacteria.

5. Conclusion and prospects

In this review, we comprehensively discussed the research
status of the modification strategies of photocatalytic semi-
conductors for bacterial inactivation, including band structure
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analysis, synthetic techniques, mechanism of photogenerated
charge separation and reactive sites, ROS-induced antibacterial
mechanism, and biosafety issues for further medical applications.
Although the photo-induced antibacterial strategy has attracted
extensive attention, research on the design and application of
photoactive hybrid semiconductors for bacterial inactivation
remains in its infancy, and thus further developments are
evidently required. Some challenges should be considered before
further large-scale applications.

5.1 Limitations and challenges

(1) In current research, more semiconductor hybrids depend on
visible-light-driven energy with limited light penetration depth,
which only suits for bacteria disinfection in the environment or
superficial wounds, but not deep tissue infections such as
organs inflammations.*®

(2) E. coli or S. aureus are used as the model bacteria in most
reports. However, different bacteria possess distinct physio-
logical structures and death mechanisms, and thus it is
required to explore the distinctions of the interactions between
photocatalytic semiconductors and different bacteria. Besides,
the existing photocatalytic semiconductors can deal with
bacteria due to their broad-spectrum antibacterial properties,
but they have no selectivity for bacteria and cannot achieve
specific selection and treatment of target bacteria.

(3) The photocatalytic antibacterial activity is affected by
various factors such as material morphology, synthesis technique,
dosage, irradiation intensity and time, and the reaction
environment such as pH and solute species. At present, it is
difficult to compare two different modification strategies
because an operational evaluation standard has not been
developed for photocatalysis. In addition, the actual application
environment of photocatalysis is more complicated. For example,
it is inclined to hypoxia and low pH in bacterial infections.*®* The
affinity of photocatalytic materials and bacteria, antibacterial
activity and stability of photocatalytic semiconductors in a specific
microenvironment remains unclear.

(4) Although photo-induced ROS generation has become a
hopeful route to kill antibiotic-resistant bacteria and biofilm
rapidly and effectively, the photo-sensitive performance of
antibacterial properties occurs only in the presence of light.
Furthermore, long-time light exposure may cause phototoxicity
and even tissue hypoxia, which largely restrict the clinical
application of photoactive semiconductors.

(5) At present, most photocatalytic semiconductors are still
in the laboratory stage, and many problems remain for further
commercial industrial applications, such as simplified synthesis
routes suitable for large-scale production and long-term assessment
of product environmental impacts.

5.2 Future prospects

(1) A more comprehensive and in-depth investigation of the
photo-induced antibacterial mechanisms of semiconductor
hybrids is crucial for their further optimization and enhancement
of their photocatalytic performance, which is beneficial for
the design and development of photocatalytic antibacterial
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semiconductors. The mechanism of the interaction between
photocatalytic semiconductors and bacteria, including photo-
induced ROS antibacterial behaviors and the interface reactions
between both need to be further revealed and understood.
Advanced in situ characterization technology and theoretical
calculations may facilitate the exploration of the relevant
mechanisms, which may significantly deepen our understanding
on the photocatalytic antibacterial process.

(2) For the further practical use of photocatalytic semi-
conductors for antibacterial applications, researchers have
designed and developed some photocatalytic reactors*®* with
the aim of the expansion from the laboratory-scale process to
commercially/industrially feasible applications and promotion
of the recovery and reuse of photocatalysts. These reactors
are also beneficial to enhance ROS generation and storage,
which may solve the contradiction between high efficiency and
long-acting inactivation.

(3) Synergistic antibacterial strategies should be considered
in further applications. With the use of two or more inactivation
mechanisms, synergistic antibacterial strategies exhibit
enhanced antibacterial effects, and meanwhile avoid the cell
cytotoxicity and drug resistance caused by the excessive use of a
single ingredient. For example, photocatalysis and physical
contact effects, in which the sharp edges of semiconductors
can stab bacteria.*®® Photocatalysis and photothermal effects,*®®
in which photon energy can be converted into heat to cause
photothermal ablation of bacteria. Photocatalysis and the release
of metal ions, in which the release behaviors of copper ions is
beneficial to kill bacteria.**® Besides, magnetic photocatalytic
materials such as Fe;O, can utilize magnetism to improve
the separation and recovery of the material and even achieve
magnetic targeting to bacterial infections.*”

(4) Functional surface modifications of photocatalytic semi-
conductors can further improve their effects. For example,
photocatalytic semiconductors such as dye-sensitized semi-
conductors possess relatively poor hydrophilicity, which can be
improved by introducing O-containing functional groups, such as
hydroxyl (<OH) and carboxyl (<COOH).**® To overcome the unsatis-
factory biocompatibility of metal-based semiconductors, biological
coatings such as PDA or chitosan can be modified on their surface
to improve their biocompatibility and adhesion to bacteria.’® In
addition, physical encapsulation or chemical coupling can be used
to construct a semiconductor carrier and delivery platform (such as
SiO, microspheres) to improve the delivery efficiency of antibacterial
drugs or achieve a sustained release function.*”

(5) with the rise of theranostics, the visualization and
specific identification of bacterial infections are of great
significance. Semiconductors can be combined with imaging
molecules (such as fluorescent molecules/radionuclide
molecules) to achieve visual imaging of bacteria;*®* meanwhile,
specific recognition molecules (such as lectin for food-borne
pathogens’®) of bacteria can be coupled to improve the
targeting and selectivity to the target bacteria and realize real-
time dynamic monitoring of antibacterial effects. Thus, the
theranostic strategy has become an appealing direction for
photocatalytic disinfection.

This journal is © The Royal Society of Chemistry 2021
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Abbreviation

ROS Reactive oxygen species
2D Two dimensional

oD One dimensional

1D One dimensional

NIR Near infrared ray

G(+) Gram-positive

G(—) Gram-negative

BPs Black phosphorus

PL intensity Photoluminescence intensity

HRTEM High resolution transmission electron microscopy
Redox Oxidation-reduction reactions

CFM Chitosan functionalized magnetic MoS,

EPR study Electron paramagnetic resonance study

PCR assay Polymerase chain reaction assay

BCA assay Bicinchoninic acid assay

Ce6 Chlorin e6
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