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ABSTRACT

In this research update, we discuss the visible-light photocatalysis. Due to the potential of utilizing freely available solar energy for environ-
mental remediation and fuel generation, this topic has been of increasing interest. Huge amount of work has been done in developing a large
variety of photocatalyst materials, and advances have been made in understanding the process. Nevertheless, substantial challenges remain.
Some of those challenges could possibly be solved by developing better materials, but in many cases, the biggest problem is whether photo-
catalysis could be scaled up to an industrial process that would be cost-competitive to existing technologies. Here, we discuss different types of
visible-light photocatalysts and their applications and outline various challenges that need to be addressed in the development of practically

relevant materials and systems.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5140497

I. INTRODUCTION

Due to its potential for green energy and environmental reme-
diation, photocatalysis has been attracting increasing attention in
recent years. Consequently, there are many reviews on this topic,
focusing on different types of photocatalysts and different photocat-
alyst applications." ” Considering the abundance of existing review
papers on photocatalysis (over 2700 reviews since 2015, out of which
over 1500 discuss visible or solar photocatalysis), in this article, we
aim to provide a novel perspective on the issue by concise descrip-
tion of the problems and key strategies to tackle these problems,
with selected examples of those strategies. Due to a huge number
of published papers, providing a comprehensive overview of every-
thing that has been reported even within a short time frame would
be a daunting and not a particularly useful task since the abundance
of data would cloud the key issues that need to be addressed. Fur-
thermore, in the last five years, there have been limited fundamental
advances in concepts and no significant breakthroughs in photo-
catalyst design. The principles are known, incremental progress has
been made, and there is still lots of work to be done both in making
these materials practically relevant (which is questionable for some
applications) and in improving our understanding of the complex

processes, in particular, in some complicated ternary or quaternary
photocatalysts proposed.

The interest in photocatalysis has been rising since seminal
works by Honda and Fujishima in 1972'" and Reiche and Bard in
1979."" Various photocatalyst materials and photocatalytic applica-
tions have been investigated since then, but the commercial applica-
tions of photocatalysis have been scarce. The scarcity of commercial
applications is typically attributed to the low photocatalytic activ-
ity, in particular, under visible or solar illumination." Consequently,
considerable efforts have been devoted into the development of
photocatalyst materials with improved performance. Similarly, sig-
nificant efforts have been devoted to the design of photocatalytic
reactors, but this topic is beyond the scope of this review. When
it comes to material design and different types of photocatalysts,
the material development strategies are focused on maximizing the
efficiency by targeting one or more steps in the photocatalytic reac-
tion. The first step is the light absorption and the formation of the
photogenerated electron-hole pairs.' The photogenerated carriers,
then, migrate, and they can either recombine or reach the surface
where they can participate in surface redox reactions.' Therefore,
the strategies aiming at the improvement of photocatalytic perfor-
mance target maximizing the absorption of light, maximizing charge
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transfer at the surface, and minimizing recombination by achieving
efficient charge separation and maximizing surface redox reactions.'
To achieve these goals, preferably more than one at a time, common
methods investigated for performance improvement are morphol-
ogy optimization (which can affect the surface active sites, as well
as charge separation), doping (which can reduce the bandgap but
sometimes can have negative effects on recombination losses), using
sensitizers and/or co-catalysts (to increase visible absorption as well
as provide more active sites and affect carrier dynamics), and using
different types of heterojunctions.” We will discuss different types of
photocatalysts in Sec. II.

Then, we will discuss the challenges of different types of appli-
cations, and we will mainly focus on common environmentally
relevant applications, namely, pollutant degradation and solar fuel
applications. Other applications of photocatalysis, such as applica-
tions in synthetic chemistry, will be only briefly discussed. Before we
proceed with that, it is worthwhile to examine some basic premises.
The first question is whether photocatalysis is commercially viable.
The idea itself is immensely attractive—the use of the low cost envi-
ronmentally friendly materials and solar energy which is essentially
free for water treatment or the generation of hydrogen or hydro-
carbon fuels. The answer to this question depends on whether there
are less expensive alternatives which are good enough to do the job.
The second question is whether it is truly necessary to have effi-
cient visible photocatalysis since there are inexpensive and efficient
UV light sources. The answer to this question will depend on the
actual numbers, i.e., efficiencies under different excitations, reactor
designs, and energy costs and efficiencies [for example, parity violat-
ing (PV) system for powering up UV illumination]. The third and
final question is whether the photocatalysts are truly environmen-
tally friendly. The answer to this question would be that it depends
on the synthesis method, the reactor design, and the possibility
of uncontrolled discharge of photocatalysts into the environment.
We will discuss these questions in detail in Sec. III on the applica-
tions of photocatalysts. Finally, we will provide a brief description

a)
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of recent advances in characterization techniques, which can pro-
vide answers to fundamental questions concerning photocatalysts
and photocatalytic reactions, and discuss future outlook of visible
photocatalysts.

Il. TYPES OF PHOTOCATALYSTS

Popular photocatalyst materials, either as single material pho-
tocatalysts or as parts of heterojunctions (including Z-scheme sys-
tems), as illustrated in Fig. 1, are TiO,,'"'° ZnO,”">'* carbon
nitride g-C3Ny,”""” metal-organic framework (MOF) compounds,”
graphene-based photocatalysts,” BiOCL'*"” black phosphorus,”””’
ZnFe, 04, etc. Among these materials, TiO; is still the one most
commonly evaluated in different reactor designs, while g-C3Ny is
an increasingly popular component of photocatalysts for fuel gen-
eration due to its lower bandgap (~2.8 eV), favorable conduction
band (CB) edge position, and the abundance of surface groups that
enable coupling to other photocatalysts.”>** However, graphitic car-
bon nitride has inferior chemical stability compared to TiO,,"” and
it can be susceptible to degradation by hydroxyl radicals.”” It can
also exhibit high recombination rates, low conductivity, insufficient
visible-light absorption, and low solvent-accessible surface area.”
Consequently, great efforts have been made in modifying the struc-
ture of polymeric carbon nitride to improve its performance. Some
recently proposed materials, for example, metal halide perovskites
such as CsPbBrs,” are also of interest, in particular, from the point
of view of understanding the fundamental mechanisms in these
remarkable materials. However, while there are many studies on
designing novel photocatalysts, it should be noted that many mate-
rials investigated in research papers are unlikely to have practical
application despite being promising in bench-scale evaluations.'
Any material that contains toxic elements (CdS and CsPbBrs3, for
example), or rare and expensive components, or is fragile or chem-
ically unstable is unlikely to be practically relevant, which likely
contributes to the popularity of TiO, photocatalysis.'”
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A. Single material photocatalysts

Single material photocatalysts (n-type and p-type semiconduc-
tors) are shown in Fig. 1. In addition to conventional semiconduc-
tor photocatalyst materials, MOFs have been attracting increasing
attention recently. For a detailed review of MOFs for various pho-
tocatalytic applications, including hydrogen generation and CO,
reduction, see Ref. 8. Similar to other photocatalysts, these materi-
als still need significant improvements in achieved efficiencies, but
they have been studied for considerably shorter time compared to
conventional inorganic semiconductors.’ In addition, organic poly-
mers have also been attracting interest for photocatalysis applica-
tions.”” Still, the majority of literature reports concern inorganic
semiconductors, and hence, we will discuss those in more detail.
However, the investigations of single material photocatalysts have
been declining in popularity in recent years, mainly due to difficul-
ties in simultaneously achieving narrow bandgap, favorable energy
band alignments, and low recombination losses in a single mate-
rial. Nevertheless, it is still worth mentioning common strategies
for improving the performance of single material photocatalysts
for visible-light photocatalysis since these strategies can still be
employed to improve the performance of individual components
of more complex photocatalysts. These strategies typically involve
the optimization of crystal structure, surface area, and morphology;
the manipulation of native defects; or the introduction of dopants to
adjust the optical and electronic properties. In addition, sensitizers
can be used to enhance the light absorption in the visible spectral
range.

1. Surface engineering

The crystal structure of a semiconductor is known to affect its
photocatalytic efficiency.” Since photocatalytic reactions occur at
the active sites on the photocatalyst surface, the photocatalytic effi-
ciency can be increased by nanostructure size and morphology opti-
mization.'” The number of active sites increases with the increase in
the surface area, as well as the increase in the proportion of crystal
facets with higher photocatalytic activity.'®*’ In general, morpho-
logical effects (for example, nanocrystals vs nanowires of the same
material) on the photocatalytic activity can be interpreted as crys-
tal facet-dependent reactivity or structural sensitivity.”* Higher sur-
face energy facets are thermodynamically unfavorable but can be
achieved via careful optimization of the synthesis conditions.'** In
TiO,, increased photocatalytic activity can be achieved by optimiz-
ing {101} (reducing sites) and {001} (oxidizing sites) facets, while in
ZnO in)creased activity is achieved on zinc terminated polar {0001}
facets.”

2. Defect engineering

Both cation” ™ and anion’""" defects can affect photocat-

alytic activity. An example of the strategy of the use of native
defects is using anion vacancies (oxygen vacancies'~ or nitrogen
deficiency”) to control photocatalytic activity. In addition, it was
shown that individual defects could have either positive or negative
effects on the photocatalytic activity,” for example, the introduc-
tion of oxygen and nitrogen defects in g-C3Ny4 produced defects
that are beneficial (O=C, —NH; species and N defects at the N-2C
site) or detrimental (hydroxyl groups) for hydrogen evolution.” In
addition to these possible defects, cyano group (C=N) is another
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relevant defect in g-C3Ny.”” Native defects, such as oxygen vacancy,
could not only introduce gap states to extend the photocatalytic
response to longer wavelengths (depending on the semiconductor),
but they can also enhance exciton dissociation, which contributes
to enhanced charge carrier transfer and, consequently, photocat-
alytic activity.” Furthermore, defects can also serve as active sites
for molecule chemisorption and alter the reaction pathways.” In
addition to point defects (anion vacancies, cation vacancies, multi-
vacancies, and interstitials), larger structural defects (edges in 2D
materials and disorder) can contribute to photocatalytic activity.
For example, surface disorder and native defects induced by reduc-
ing reactions in metal oxides (heating with a reducing agent) can
result in a significant enhancement of visible-light absorption.” Fur-
thermore, photocatalytic activity can also be affected by morphol-
ogy optimization.”** For example, in porous g-C3;N4, enhanced
hydrogen evolution and pollutant degradation were observed not
only due to surface area increase but also due to improved charge
carrier separation.'’ Increased photocatalytic activity for hydrogen
generation was also reported for multishell g-C3Ny."" For a detailed
review of defect engineering in photocatalysis (for water splitting
applications), see Ref. 43.

3. Doping

Doping is another relatively common method to extend the
absorption response to longer wavelengths. It can also be used to
modulate the growth of the photocatalyst to stabilize more reac-
tive facets to enhance photocatalytic activity.”" Common dopants
for wide bandgap oxide photocatalysts, such as TiO, and ZnO, are
nitrogen, sulfur, carbon, phosphorus, and fluorine as non-metal
dopants and Ag, Mg, Cu, Rb, Co, Mo, Au, Pt, Fe, Cr, V, etc., as
metal dopants.'”'”*" Hydrogenation can also be used to extend
the optical response of titania into the visible spectral range (i.e.,
black titania).">"” Nitrogen doping has been reported in porous car-
bon,** while dopants in g-C3Ny include oxygen, sulfur, nitrogen,
iodine, bromide, and phosphorus.””*”*" In addition, alkali metal
(Li*, Na*, and K)"' and chlorine’* doping has also been reported
for g-C3Ny. In addition to single dopants, co-doping can be used.
Alternatively, doping and defect engineering can be combined for
synergistic improvements in performance.*” It should be noted that
while doping can indeed extend the absorption into the visible range
by introducing midgap states, those states can also act as recombina-
tion centers and increase recombination losses, while the shift in the
redox potential can negatively affect the surface redox reactions."
Another approach to extend the absorption range into the visible is
the formation of solid solutions, such as oxynitrides, GaN:ZnO, or
InN:ZnO.™"™"

4. Sensitizing

Increased visible-light absorption can be achieved using sensi-
tizers. Sensitizers such as adsorbed organic dyes or metal complexes
can be used for this purpose.”” As an example, organic metal com-
plexes, such as Ru(bpy);" (bpy = 2',2 bipyridine),”” can be used as
photosensitizers. It should be noted, however, that since sensitiz-
ing involves adsorption of the molecule on the surface, it can be
dependent on the pH of the solution.” In addition, the presence of
an electron donor is required to avoid the degradation of the sen-
sitizer. Consequently, the popularity of organic sensitizers has been
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in decline in recent years, and the majority of research efforts have
focused on the various composite materials.

B. Semiconductor heterojunction photocatalysts

To extend the light absorption into the visible range, but with-
out the drawback of increased recombination, metal-semiconductor
or semiconductor-semiconductor heterojunctions can be used."”"”
For a comprehensive review of heterojunction photocatalysts,
see Ref. 1. In the following, we will discuss different types of
heterojunction photocatalysts.

1. Common heterojunction photocatalysts

Heterojunction photocatalysts can be classified on the basis
of energy band alignments (type I, type II, and type III), as illus-
trated in Fig. 2, or they can be classified based on material mor-
phology, such as partial contact photocatalysts and core-shell pho-
tocatalysts. An important factor to consider in the heterojunction
design for efficient photocatalytic activity is the band edge align-
ment.” The band edge alignment at the interface is affected by
band bending when two materials come in contact, and it can be
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significantly affected by interface properties (surface dipoles, the
presence of interfacial defects that result in trapped charges, etc.).
In general, this is a common phenomenon affecting all heterojunc-
tions and it has been extensively studied in various electronic and
optoelectronic semiconductor devices. When it comes to photocat-
alysts, however, there are some distinctive features less commonly
observed in layered structures in electronic devices. For example, the
band alignment and band bending can be strongly dependent on the
particle sizes and their arrangement on each other.” Facet depen-
dence has also been observed in band bending, which affects the
charge transport across interfaces of different contacting planes and,
consequently, photocatalytic activity.”® Furthermore, band bending
not only occurs in junctions between different materials, or differ-
ent crystal phases of the same material (heterophase junctions), but
can also occur between large and small particles of the same mate-
rial with the same crystal structure.”’ In this case, the difference in
the surface band bending results in an electric field that drives the
charge carrier separation.”

Depending on the morphology of two semiconductors, par-
tial contact photocatalysts can have point contact where one of
the photocatalysts is a nanoparticle, line contact for nanowire

) VB2 %ﬁ}
CB1
Kh/ Oxidation &
Semiconductor 1 Semiconductor 2
VB1
Type |
CB2
Semiconductor 1
VB2

Semiconductor 2

Type Il FIG. 2. (a) Schematic diagram of type |,
II, and Il heterojunction photocatalysts.
(b) Schematic diagram of partial contact
and core-shell photocatalysts.

0D-2D
Point contact

Sphere
core-shell

APL Mater. 8, 030903 (2020); doi: 10.1063/1.5140497
© Author(s) 2020

8,030903-4


https://scitation.org/journal/apm

APL Materials

or nanoribbon/nanosheet catalysts, and face contact when both
photocatalysts are two dimensional.' In addition to energy lev-
els and morphology, another consideration for the choice of
materials to form a heterojunction is the lattice mismatch, with
materials having low lattice mismatch being preferred.”’ Higher
lattice mismatch will result in increased strain, which in turn
can lead to the increased concentration of interfacial defects
that can increase recombination losses and affect energy level
alignment at the interface. Various heterojunction photocata-
lysts have been reported, such as CeO, .Agl,(’I g-C3N4/Bi2W06,“
Ag0/BisO71,"" In,S3/CdIn,Sy nanotubes,” CdS/MoS,,”" amor-
phous NiO/g—C3N4,ﬁ(‘ ZHS/g—C3N4,hT g—C3N4/ZnInZS4,°“ g—C3N4/
phosphorene,”” ZnIn,S4—In, 03, and p-CaFe;04/n-ZnFe;04.” In
addition to more conventional heterojunctions involving com-
mon inorganic semiconductors, the combinations of semiconductor
photocatalysts with various polymers and/or carbon-based nanos-
tructures, such as chitosan,” reduced graphene oxide (rGO),”*
polyaniline and nitrogen-doped rGO,”" carbon nanotubes (CNTs)
and graphene,”” polypyrrole,”” and polyaniline,” have also been
investigated. Furthermore, MOF-based heterojunctions, such as
zeolitic imidazolate framework-8 (ZIF-8) nanoclusters on g-C3Ny
nanotubes,”” have been investigated to combine photocatalytic
action of g-C3N, with enhanced CO, adsorption of a MOF. In
addition, ZIF-8 has also been used in MoQ3/ZIF-8 core-shell
nanorods for photocatalytic water purification [Cr(VI) reduc-
tion].” Finally, we should also note that Janus nanostructures,
i.e., nanostructures with surfaces with two distinct properties, can
be used in heterogeneous photocatalysis, as described in a recent
review.”’

Heterojunctions generally exhibit better performance com-
pared to single material photocatalysts. Nevertheless, further
improvements are still necessary to enhance visible-light absorp-
tion and improve charge carrier separation. To achieve this, spe-
cific types of heterojunctions, namely, Z-scheme heterojunctions
and plasmonic photocatalysts, have been investigated to reduce
recombination losses and utilize plasmonic effects, respectively.

2. Z-scheme photocatalysts

While common heterojunction photocatalysts improve the car-
rier separation and reduce charge recombination losses, it is still
difficult to achieve efficient charge separation and strong redox capa-
bility simultaneously.'” In a Z-scheme photocatalyst, as illustrated
in Fig. 1, the transfer of electrons from the CB of one material to
the valence band (VB) of the other material through an electron
mediator ensures a larger difference between oxidation and reduc-
tion energy levels compared to a heterojunction.'””® Consequently,
this type of photocatalyst is particularly promising for water split-
ting reactions, with a theoretical maximum solar energy conversion
efficiency of 40%, which is higher than what can be achieved with
single photocatalysts (~30%).”” The Z-scheme concept is actually not
a particularly new idea since it was first proposed in 1979.” How-
ever, this concept has been attracting a lot more attention recently,
with increased interest in photocatalytic fuel generation. For exam-
ple, one of the important attractions of Z-scheme photocatalysts for
water splitting is the possibility of combining the hydrogen evolution
photocatalyst and oxygen evolution photocatalyst to achieve higher
water splitting efficiency. Liquid Z-scheme systems were demon-
strated for water splitting in 2001, followed by the demonstration
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of a solid-state Z-scheme system for water splitting in 2009.” In lig-
uid Z-scheme systems, reversible redox mediators in solution have
been commonly used.'” Common electron mediators in liquid Z-
scheme systems are Fe**/Fe**, 103 /1", and NO;/NO; %" In addi-
tion to these, various cobalt-based organic compounds have been
reported,”””” as well as transition metal polyoxometalates and vana-
date ion shuttle.”” However, due to backward reactions, low pH
tolerance, and light harvesting issues in liquid systems, solid-state
Z-scheme catalysts are of significant interest.”” In a solid-state Z-
scheme photocatalyst, conductors (metal or carbon based) can serve
as electron mediators.'” The common conductor mediators include
Au nanoparticles, Ag nanoparticles, rGO, and carbon nanotubes
(CNTs). In addition, defective metal oxides, for example, Mn vacan-
cies in MnO, can provide redox couples, in this case Mn>*/Mn*t.*
Furthermore, direct Z-scheme photocatalysts where electrons are
transferred across the interface between two semiconductors have
been reported.”” Energy band alignment in a direct Z-scheme pho-
tocatalyst resembles that of a type-II heterojunction, but the charge
carrier transfer pathways are distinctly different in these two struc-
tures.” In a type-II heterojunction, electrons move from the mate-
rial with a higher conduction band minimum (CBM) to the one with
a lower CBM position, while holes move in the opposite direction,
minimizing recombination. However, this results in lower redox
ability since the resulting redox levels correspond to a higher posi-
tion of the valence band maximum (VBM) and lower position of
the CBM between the two materials.”’ In a direct Z-scheme het-
erojunction, the electrons in the material with lower CBM recom-
bine with the holes in the material with higher VBM, resulting in
a larger difference between oxidation (lower VBM position) and
reduction (higher position of the CBM) energy levels and, conse-
quently, improved redox capability.”’ Compared to conventional
Z-scheme photocatalysts, direct Z-scheme photocatalysts have an
advantage of simpler structure, as well as lower absorption losses due
to the light absorbed in the mediator.”® It should be noted, however,
that there is a possibility for the metallic mediator to contribute to
the plasmonic enhancement of photocatalytic activity for a suitably
constructed system.

Different material combinations have been reported as
Z-scheme photocatalysts to date, such as graphene bridged
Ag3PO4/Ag/BiVO4,m AgzM0207/M052,83 V\]O3/g—C3N4,M g—C3N4/
S$nS,,”’ Ti0»/CulnS,,”” Ti02/CdS," " a-Fe;03/g-CsNy,”*” W03/
g-CsNy,” SrTiOs:La, Rh/C/BiVO4:Mo,” CdS/RGO/g-C3Ny,” black
phosphorus/BiVO4,% g—C3N4/Ag/MOSZ,()1 g-C3Ny/nanocarbon/
ZnlIn,Ss,” and MnO;/monolayer g-C3N4 with Mn vacancies.”’ g
C3Ny is a particularly popular material for Z-scheme photocata-
lysts, and a number of different material combinations have been
reported.'” Z-scheme photocatalysts in general have been attracting
increasing attention for a variety of applications, including degrada-
tion of various pollutants as well as fuel generation (water splitting
as well as CO; reduction).”””” They are among the most promising
types of photocatalysts, especially when combined with additional
modifications, such as plasmonic materials.

3. Plasmonic photocatalysts

For any of the photocatalyst classes of materials discussed
above, it is possible to enhance photocatalytic activity by incorpo-
rating metal nanoparticles to utilize plasmonic effects, namely, res-
onant oscillations of the electrons within a plasmonic nanoparticle.
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The plasmonic wavelength of a material is dependent on its dielec-
tric function, as well as size and morphology.% Plasmonic effects
can be combined with other functions for the metal, for exam-
ple, in solid Z-scheme photocatalysts.”* They can also enhance the
photocatalytic activity of metal-organic frameworks.”” The enhance-
ment of the photocatalytic activity by plasmonic nanoparticles can
occur by different mechanisms, namely, hot electron injection, local-
ized electromagnetic field enhancement, and plasmon resonance
energy transfer (PIRET) from the metal to semiconductor through
dipole—dipole interaction.” The most common nanoparticles are Ag
nanoparticles due to their strong localized surface plasmonic reso-
nance (LSPR),” although other metals have also been used for the
purpose of plasmonic enhancement. While the use of noble met-
als (Ag and Au) for this purpose is common,”*”* there have also
been reports on the use of non-noble metals, which has an advan-
tage of lower cost, and the use of more abundant materials. For
example, the use of bismuth metal has been reported.*'" In addi-
tion, Al and Cu”'"" have also been proposed as suitable candi-
dates for the plasmonic enhancement of photocatalysis since their
plasmonic wavelengths can be tuned from 150 nm to 600 nm and
from 600 nm to 1000 nm, respectively.”’ Furthermore, non-metallic
materials, such as MoS,, have also been reported.”'l To further tune
the properties and achieve increased enhancement, it is possible
to use combinations of materials, such as Au/Ag/Cu,O core-shell
nanorods'” or Au/CuSe/Pt (where CuSe nanosheets and Au pro-
vide plasmonic effects, while Pt is a co-catalyst).“'1 In addition, the
use of connected instead of isolated nanoparticles could lead to an
increased electromagnetic field due to strongly coupled structures
and, consequently, increased photocatalysis enhancements.'” Simi-
larly, plasmonic dimers have demonstrated greater enhancement of
hydrogen generation and CO, reduction compared to non-dimer
structures.”’

lll. APPLICATIONS OF PHOTOCATALYSIS

The applications of photocatalysis can be broadly divided into
following categories: pollutant degradation, fuel generation, and
synthetic chemistry applications. In this review, we will mainly focus
on the main environmentally relevant types of applications, namely,
pollutant degradation and fuel generation. Pollutant degradation has
been demonstrated for a variety of chemical compounds. Disinfec-
tion applications can also be broadly defined as pollutant degra-
dation. Photocatalytic fuel generation reactions include hydrogen
evolution and CO, reduction. In this section, we will discuss these
categories of photocatalyst applications.

A. Pollutant degradation

The use of various photocatalysts for pollutant degradation has
been extensively explored, with some recent examples summarized
in Table I. The problems from material design point of view that
need to be solved are the same as in any other photocatalytic applica-
tion, i.e., efficient photocatalyst should exhibit high light absorption,
low recombination of photogenerated charges, and efficient charge
transfer to the reactants. While there are numerous examples of the
use of photocatalysis for the degradation of various dyes, this type
of application is of less interest in modern photocatalysis research,
based on the declining number of publications on dye degradation
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work published in high impact factor journals. Contributing to the
declining interest in photocatalytic dye degradation work is declin-
ing significance of insights gained into the photocatalytic mecha-
nism from this type of studies. While the dye degradation can be (in
theory) justified by the huge amount of dye pollutants discharged by
various industries, including textile industry, and while experiments
on dye degradation are very simple and straightforward, the lack of
new insights into the process, complications in the interpretation
of results, and the lack of practicality of application for industrial
wastewater treatment have resulted in declining importance of this
type of studies. Since the dyes can undergo irreversible transforma-
tion through different pathways during the photocatalytic degrada-
tion experiment, other characterizations in addition to the loss rate
are needed to evaluate the photocatalytic activity of the material.'”®
Consequently, other compounds such as phenol have been proposed
to compare photocatalytic activities.'”* The investigation of degrada-
tion of phenol is sometimes combined with other applications. For
example, the degradation of phenol'’” (as well as organic dyes'”")
and hydrogen evolution were demonstrated in photocatalytic fuel
cells. In addition to the shift in the interest in the types of pollutants
to be degraded, there has also been a shift in the interest in photo-
catalytic pollutant degradation in general. The development trends
of a research field can be estimated from the trends of publications
in high impact factor journals (although the journal impact factor
is not a measure of the quality of the work, generally this type of
journals tends to publish more papers in areas currently considered
to be “hot”). We can observe that while the number of total pub-
lications on photocatalysis is still growing, the number of papers
on photocatalytic degradation in high impact factor journals has
definitely declined, as illustrated in Fig. 3. Nevertheless, it is still
relevant to discuss some specific types of pollutants, as well as limita-
tions of photocatalysis in water purification and opportunities in air
purification.

1. Emerging pollutants

Among different pollutants, the use of photocatalysis for the
degradation of emerging pollutants has been attracting increasing
attention. In the case of emerging persistent organic pollutants, con-
ventional treatment measures are either insufficiently effective or
they simply transfer the pollutant to another phase (from water
to sludge, for example), which could cause secondary pollution.
It should be noted, however, that while the lack of selectivity of
photocatalytic degradation is often listed as an advantage of photo-
catalysis, this means that emerging pollutants that are often present
at very low concentrations (ng/l to ug/l) would likely still persist,
while pollutants with higher concentrations will be more signifi-
cantly degraded. Therefore, photocatalytic degradation of emerg-
ing pollutants, if incorporated at all, likely could only be used as
a last treatment stage to only remove low concentrations of pol-
lutants, which could not be removed by other methods. Further-
more, it should be noted that the presence of natural organic mat-
ter and various anions and cations in the water can affect the
overall effectiveness and reaction pathways of photocatalytic degra-
dation of pollutants.”'>'" The presence of other species in the
water in addition to target pollutants limits the effectiveness of
the process by absorbing or scattering light and by scavenging
generated reactive oxygen species.~ Furthermore, there is a pos-
sibility of generation of toxic, assimilable, and sensory-unpleasant

APL Mater. 8, 030903 (2020); doi: 10.1063/1.5140497
© Author(s) 2020

8, 030903-6


https://scitation.org/journal/apm

APL Materials PERSPECTIVE

scitation.org/journal/apm

TABLE I. Photocatalysts for pollutant degradation. RhB denotes Rhodamine B dye, MO denotes methyl orange dye, MB denotes methylene B dye, BPA denotes Bisphenol A,
SMZ denotes Sulfamethazine, TC denotes tetracycline, BP denotes black phosphorus, and QDs denote quantum dots.

Materials Pollutant Reaction condition Irradiation Reference
N, S doped TiO; and N, S TC 100 ml TC solution (25 mg/1 6 LED lamps 12
doped ZnO and pH =7)
Bi metal@defective BiOCI NO 0.1 g (60 °C dried) NO 150 W halogen tungsten 18
(600 ppb) in air lamp (A > 420 nm)
BP/poly-C3Ny4 RhB 20 mg/80 ml RhB solution 300 W Xe lamp (A > 420 nm) 20
heterostructure (10> mol/l)
Ti**-doped anatase TiO, MO 0.1 g/100 ml MO aqueous 300 W mercury lamp 30
solution (20 mg/l) (A > 400 nm)
Ti-based perovskite TC 50.0 mg in TC aqueous 300 W Xe lamp, visible light 31
nanostructures solution
Black TiO; NCs MB MB (20 ppm, 100 ml) Solar light irradiation with a 39
A > 390 nm filter
g-C3Ny nanocapsules RhB 40 ml RhB solution (1 mg/l) Visible-light irradiation 41
(A > 420 nm)
Ultra-thin TiO, RhB 40 ml RhB solution (1 mg/) 300 W Xe lamp 46
(100 mW/cm?) with an AM
1.5 filter and a cutoff filter
Thin film black titania MB 10 ppm MB solution 55 W Xe lamp 47
(H_T1027x)
N-doped porous carbons Phenol 50 mg/1, 100 ml phenol 48
solution (200 ppm)
Clintercalated g-C3Ny RhB 50 mg in 50 ml RhB 500 W Xe lamp with a 52
solution (0.01 mM) A > 420 nm filter
Clintercalated in g-C3Ny NO NO gas (600 ppb) 150 W lamp with a 420 nm 52
filter
MoQO3;@ZIF-8 core-shell Aqueous Cr (VI) 50 mg in 100 ml of Cr(VI) Solar simulator(A > 440 nm) 76
nanorods aqueous solution (20 mg/l)
SnS; with polyaniline Aqueous Cr(VI) 300 mg in 300 ml of 50 mg/1 Visible-light (A > 420 nm) 71
and N-doped rGO K,Cr, 07 aqueous solution
(pH =5.3) and 1 ml of
methanol
Ag,0/BisO71 BPA and phenol 50 mg/50 ml of aqueous 5 W white LED (400 nm > A 63
solution of BPA (20 mg/1) or > 800 nm)
phenol (20 mg/1)
CeO; xAgl BPA 30 mg in 60 ml BPA 300 W Xe lamp witha UV 61
solution (5 mg/1) filter, 100 mW/cm?
g-C3N4/Bi; WOg 2D/2D Ibuprofen 0.2 g/lin 2.5 ml ibuprofen 300 W Xe lamp with a 62
heterojunction solution (500 uM) 420 nm cutoff filter
326 mW/cm®
APL Mater. 8, 030903 (2020); doi: 10.1063/1.5140497 8, 030903-7
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Materials Pollutant Reaction condition Irradiation Reference

Ag/AgsPO4/BiVO4/rGO TC 50 mg in 100 ml aqueous 300 W Xe lamp, 100 mW/cm? 82
solution (10 mg/1) with a 420 nm filter

2D/1D MoS; nanosheet- Levofloxacin 1 g/l in 5 ppm levofloxacin 150 W Xe lamp with an AM 83

decorated Ag;Mo,07 in distilled water 1.5 G filter

WOs/g-CsNy Antibiotics 50 mg in 100 ml antibiotic 300 W Xe lamp (A > 420 nm) 84
solution (25 mg/l)

CdS/C3Ny4 with rGO Atrazine 20 mg in 100 ml atrazine 350 W Xe lamp with UV and 92
solution (10 mg/1) IR filters

g-C3N4/Ag/MoS; RhB 100 mg in 100 ml of RhB 300 W Xe lamp, 172 mW/cm? 94
solution (20 ppm) (A > 420 nm)

g-C3Ny with Ag—TiO,(B) RhB/phenol 20 mg in 100 ml 250 W visible lamp, 390 < A 98

and Au—TiO;(B) nanorods RhB/phenol solution < 800 nm
(10 mg/1)

Ag nanoparticles- TC 0.1 gin 70 ml aqueous TC Visible light 99

aNiMoOy4 solution (20 mg/1)

Bi metal-C3Ny4 on Bi, WOg MO, RhB, and 2,4-DCP 100 mg in 100 ml aque- 300 W Xe lamp (A > 420 nm) 62
ous solution (10 mg/l MO,
20 mg/l RhB, 20 mg/l 2,4-
DCP)

Au/Ag/Cu,O MO 0.15 mg/ml catalyst dis- A 300 W Xe lamp, 71 103
persed into 10 ml MO solu- mW/cm® with a UV cutoff
tion (50 mg/1) filter of 400 < A < 780 nm

Agl/Bi12017Cl; heterojunc- SMZ 50 mg in 50 ml aqueous 300 W Xe lamp (A > 420 nm) 111

tion SMZ solution (10 mg/1)

Perovskite oxide ultrathin TC 40 mg in 40 ml TC aqueous Visible light, 500 W tungsten 114

nanosheets/g-C3Ny 2D-2D solution (35 mg/1) lamp

heterojunction

ZngoFep1S on Ni foam Norfloxacin (5-20 mg/l) norfloxacin 500 W Xe lamp, visible light 115
solution and 6.1 W/cm?

poly-C3Ny4 foam TC 50-200 mg in 21 mg/l TC 150 W Xe lamp (A > 420 nm) 116
solution

g-C3Ny/carbon Naproxen 50 mg in 50 ml of aqueous 350 W Xe lamp and a band- 120

QDs/single-atom Ag naproxen solution (4 mg/l) pass filter

rGO/silica/zirconia BPA 0.375 g/l catalyst in 200 ml Metal halide lamp (400 W, 122
BPA solution(10 mg/1) A =400 nm)

N—TiO, Microplastic 10 mg, 200 mg extracted 27 W fluorescent lamp 400 < A 124
microplastics in 30 ml < 800 nm
cyclohexane

Ag/TiO, Organic pollutants 0.5 g/1in 300 uM pollutant 300 W Xe lamp (A > 320 nm) 128

and Cr(VI) solution
APL Mater. 8, 030903 (2020); doi: 10.1063/1.5140497 8, 030903-8
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Materials Pollutant Reaction condition Irradiation Reference
Fe;0,@BiOl@Agl RhB, BPA 30 mg in 60 ml RhB 300 W Xe lamp, 100 mW/cm? 137
(5 mg/1) or BPA (20 mg/l) (A > 400 nm)
aqueous solution
Carbon QDs/ZnFe;O4 NO 0.1 g in 20 ml distilled water 300 W Xe lamp (A > 420 nm) 139
(Bi0),CO3/BiO; x/graphene NO NO, 430 ppb Simulated solar light irradia- 140
tion
BiOCl/BiVO4/N—graphene ~ BPA 20 mg in 50 ml BPA solution 250 W Xe lamp (A > 400 nm) 141
QDs (10 mg/1)
BiOBr/bismuth oxyhydrate = RhB and acetophenone 100 mg in 200 ml aqueous 300 W Xe lamp (385-740 nm) 142
photocatalyst (AP) solution of RhB (15 ppm) or and visible (A > 420 nm)
AP (120 ppm)
g-C3Ny MO 0.3 g in 100 ml MO aqueous 300 W Xe lamp with a cutoff 143
solution (0.4 mg/1) filter
g-C3N4/ZnFe; Oy Cr(VI) and phenol 0.2 gin 20 ml solution (20 ppm 300 W Xe lamp (A > 400 nm) 74
K,Cr,0y solution and 20 ppm
phenol solution)
ZnFe; 04 decorated meso- Phenol Phenol solution at pH 6 Sunlight 129
porous AlL,O3 modified
MCM-41
ZnFe,04 decorated meso- Cr (VD) 20 mg in 20 ml Cr (VI) (20 Sunlight 129
porous AlLOs modified ppm) solution
MCM-41
ZnFe;04/(rGO) Ciprofloxacin (CIP) 20 mg in 20 ml CIP solution Solar 119
(20 ppm)
ZnFe, Oy RhB, Congo red 0.02 g/20 ml RhB (5 ppm) or Solar 22
Congo red (10 ppm)
ZnFe;O4-carbon allotropes ~ Norfloxacin 20 mgin 20 ml norfloxacinsus-  Sunlight 118
pension (50 ppm)
ZnFe;O4-carbon allotropes Cr (VI) 2 ml Cr (VI) solution and 3 Solar 118
MH,S0O4 solution
p-CaFe;04/n-ZnFe; Oy TC and CIP 100 mg in 100 ml antibiotics 125 W, mercury lamp 56
solution (20 ppm) (A > 420 nm)
CdS QDs and Norfloxacin 50 mg/1 300 W Xe lamp (A > 400 nm) 109
CaFe,O4@ZnFe, 04
Zinc ferrite/g-C3Ny Ciprofloxacin 20 ppm 150 W Xe lamp and 1 M 73
NaNQ; as a UV filter
Zinc ferrite/g-C3Ny Escherichia coli 100 ul, 20-100 pg/ml 150 W Xe lamp and 1 M 73
NaNO; asa UV filter; 50 W Xe
lamp and 1 M NaNO; asa UV
filter
APL Mater. 8, 030903 (2020); doi: 10.1063/1.5140497 8, 030903-9
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transformation products if photocatalysis is used for water
treatment.' "’

a. Pharmaceuticals. There are different categories of emerging
pollutants, including various personal care products, pharmaceu-
ticals, and persistent organic pollutants. Antibiotics belong to the
category of emerging pollutants since their extensive use in human,
veterinary, and agricultural applications has resulted in contami-
nation of surface, ground, and drinking water.*?” 1112 Pharma-
ceutical factories and hospital wastewater could also contribute to
the presence of pharmaceuticals in water.””'"” In the environment,
antibiotics can form unknown complex mixtures with other organic
pollutants or heavy metals, affect the biological organisms in the
environment, and contribute to the increase in antibiotic resistant
infections.”” They are typically not completely removed during the
standard wastewater treatment process but can be removed by pho-
tocatalysis. It has been shown that photocatalytically treated antibi-
otic contaminated water did not promote antibacterial resistance
over a period of one year.'” Various photocatalysts have been pro-
posed for the degradation of antibiotics, such as AgsPO4/Ag/BiVO,
Z-scheme photocatalysts,sz g—C3N4/K+Casz30IO,l 1 doped porous
carbon nitride,"" Agl/B112017C12,' 12 AgrMo0,07/MoS; Z-scheme
1D/2D photocatalysts,” a-NiMoO4 nanorods/Ag nanoparticle plas-
monic photocatalysts,” doped ZnO and TiO, composites with
chitosan,"”” ZngoFeq1S/Ni foam,'"” polymeric carbon nitride,'*°

PERSPECTIVE scitation.org/journal/apm

p-CaFe;04/n-ZnFe; 04, CdS QDs/CaFe;04/ZnFe;O4,'"” WOs/g-
C3Ny Z-scheme photocatalys‘[s,‘\‘I BiOCl/g-C3N4/Cu20/Fe3O4,117
polypyrrole sensitized zinc ferrite/graphitic carbon nitride,”
ZnFe;O4/carbon derivatives,''® and ZnFe,04/rGO."”” In some
cases, both antibiotic pollutant degradation and hydrogen evolution
have been demonstrated.''® In addition to antibiotics, the degrada-
tion of other pharmaceuticals and personal care products is also of
significant interest.””'*' For example, the degradation of naproxen,
a common non-steroidal anti-inflammatory drug, was demonstrated
using a photocatalyst consisting of g-C3Ny, carbon quantum dots,
and single-atom dispersed silver."”’ Another carbon nitride based
heterojunction photocatalyst has also been demonstrated to effec-
tively degrade ibuprofen.”” In addition, TiO, was shown to be effec-
tive for the degradation of carbamazepine, diclofenac, and ibuprofen
in a reactor using visible LEDs as the light source."”'

b.  Plastics industry pollutants—endocrine disruptors and
microplastics. Another class of emerging pollutants of significant
interest are endocrine disruptors, such as bisphenol A, which is
commonly used in epoxy resins and polycarbonate plastics.'** Dif-
ferent materials have been proposed for bisphenol A degrada-
tion, such as CeO, -Agl,“ cyclodextrin decorated TiO, sphelres,m
Ag,0/BisO71,"" and reduced graphene oxide (rGO) supported on
silica and zirconia.'” Microplastics represent another class of
emerging pollutants that are a significant concern due to their per-
sistence in the environment. They originate from primary sources,
i.e., micrometer-sized plastics discharged into the environment such
as high density polyethylene particles from personal care prod-
ucts, and secondary sources, i.e., from breakdown of larger plas-
tics pieces.'”" Some promising results on microplastic degradation
using photocatalysis have been reported, but overall the number
of publications is low. The materials that have been reported to
be effective for microplastic degradation include nitrogen-doped
TiO,'** and ZnO.'” It should be noted that the demonstration of
photocatalytic degradation of microplastics is relatively recent com-
pared to the research on other emerging pollutants, although it
has been known that the incorporation of photocatalytic particles
(ZnO or TiO,) into plastics can affect their weathering under UV
illumination.

2. Limitations for practical applications
in water purifications

It should be noted that even for emerging pollutants, it is
likely that the practical applications of photocatalysis will face the
same problems as the applications in conventional wastewater treat-
ment.'”® In simple terms, the biggest issues with practical applica-
tions of photocatalysis are problems with scaling up to an industrial
process and being cost-effective and time-effective.'” Despite the
fact that photocatalysis has been around for almost half a century,
so far there is only one commercial photocatalytic water treatment
system, the Purifics Photo-Cat.'”® The system is not solar, but rather
it uses UV lamps, and its efficiency can actually be higher if the pho-
tocatalyst is replaced with hydrogen peroxide dosing.'”® In addition,
while a suspended photocatalyst reactor, i.e., the same type as used
in the Purifics Photo-Cat, is the most viable and practical option,
the treatment cost is further increased by photocatalyst recovery in
this design.'*'** Furthermore, while visible-light photocatalysis is a
very popular topic among photocatalysis research papers, it should
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be noted that using solar energy instead of UV lamps would require
much higher land area footprint, with basically two order of mag-
nitude larger area needed to provide the same light energy (and that
would apply only for a small part of the day and optimal weather).'*°
Generally, photocatalytic water treatment systems are considered
impractical in the water treatment industry since conventional tech-
nologies exhibit significantly higher energy efficiency.”” Conven-
tional advanced oxidation processes involving the use of ozone,
chlorine, and/or hydrogen peroxide with or without UV irradiation
typically have electrical energy per order values Ego (energy in kW h
required to degrade the contaminant by one order of magnitude in
1 cubic meter of contaminated water) below 1 kW h/m?, while for
UV photocatalysis this value exceeds 100 kW h/m>."”” Thus, it is
unrealistic to expect significant changes in the application of photo-
catalysts in industrial water treatment. Niche applications have been
proposed as a possible way forward, and these include applications
to specific pollutants, such as heavy metal reduction to a less toxic
or less soluble form [Cr(VI) to Cr(II[)"*7"7*7¢ 18128129 4 nd U(VI) to
U®IV)""] and smaller scale applica'[ions.13

3. Pathogen elimination

Photocatalysis can also be applied for water disinfection, and it
is effective not only against bacteria'”' but also against viruses.'’* For
a detailed review of antimicrobial activity of photocatalysts, see Ref.
133. Consequently, solar photocatalysis is often cited as a possible
solution for ensuring safe drinking water supply in the develop-
ing countries. While the main challenge in the developed countries
is the maintenance of existing infrastructure and the treatment of
wastewater, in developing countries, the priority is obtaining safe
drinking water by eliminating pathogenic microorganisms.'”* Sim-
ilar to water treatment for pollutant removal, despite successes in
lab-scale experiments, industrial scale photocatalytic disinfection is
impractical. For example, various pilot photocatalysis projects, such
as the Solwater TiO,/solar concentrator project, have confirmed
unrealistic treatment times and volumes (4 h for disinfection in a
20 1 reactor).'”® There are considerably more cost-effective solu-
tions, which use solar energy and are applicable to the develop-
ing countries, such as solar pasteurization and solar disinfection
(SODIS).”*!** SODIS, in particular, provides a solution that is dif-
ficult to beat in terms of simplicity and low cost—it simply involves
filling water into transparent containers such as plastic bottles with
one side painted black (or alternatively they can be placed on a black
surface) and leaving them out in the sun for a period of time.'™*
The method can be improved by using parabolic concentrators and
glass containers, which can shorten treatment time and eliminate
the need for periodic replacement of plastic bottles.'”* While on the
lab-scale improvements in SODIS by photocatalyst incorporation
have been demonstrated, there have been no practical field designs
due to difficulties and drawbacks for both suspended and immobi-
lized photocatalyst reactors.’® Therefore, the usefulness of photo-
catalysis for practical disinfection applications is limited. However,
the investigation of the toxicity mechanisms of photocatalysts from
the basic science point of view could still be potentially interesting
since the mechanisms of action are still not well understood."”" This
includes the fact that antibacterial activity and photocatalytic pollu-
tant degradation can proceed based on different pathways’"'”” and
can exhibit different trends, i.e., efficient antibacterial materials are
not necessarily good for pollutant degradation and vice versa.

PERSPECTIVE scitation.org/journal/apm

4. Air purification

Finally, in addition to water treatment, photocatalysis could
be applied to air treatment."”*"*’ The pollutants of interest include
NOy, SOy, CO, H,S, and volatile organic compounds (VOCs).'®
It has been proposed that different from water treatment and fuel
generation, photocatalysis can be both economically and technolog-
ically competitive for air treatment.'”® For a detailed review of this
application, see Ref. 138.

B. Fuel generation

Photocatalytic fuel generation includes photocatalytic water
splitting to produce hydrogen and photocatalytic CO, reduction to
produce hydrocarbon fuels. As all photocatalytic processes, pho-
tocatalytic fuel generation reactions involve light absorption, fol-
lowed by separation and transport of charge carriers, and finally
surface redox reaction, in this case the reduction of water or CO,
by photogenerated electrons.” For efficient redox reactions, how-
ever, it is necessary for the energy band positions (valence band
for oxidation reaction by holes and conduction band for reduction
reaction by electrons) to match the oxidation and reduction poten-
tials of water splitting and the reduction potential of CO,.” The
number of potential photocatalysts that can produce hydrogen from
water (conduction band more negative than the redox potential of
H,/H,0 and valence band more positive than the redox potential
of 02/H,0) is limited, as illustrated in Fig. 4 Similarly, for CO,
reduction, the conduction band edge needs to be more negative than
the corresponding redox potential.” Furthermore, reactants should
be adsorbed onto the photocatalyst, while reaction products should
desorb, and excess opposite charge carriers, such as holes in the
carbon dioxide reduction process, should be scavenged before they
recombine with photogenerated electrons.” While charge separa-
tion is typically addressed by photocatalyst design (heterojunctions
and Z-scheme photocatalysts), attention should also be devoted to
reactor design to separate reaction products to prevent back reac-
tions.” For the CO, reduction, aqueous photoreactors and gas-phase
photoreactors can be used.’

Both water splitting and CO, reduction reactions are “uphill”
chemical reactions, resulting in an increase in the Gibbs free energy.
Therefore, for both types of reactions, the biggest problem is the low
efficiency of the process. However, hydrogen production by water
splitting is a simple reaction and a two electron process. In contrast,
CO; reduction is complex and requires 6-8 electrons, with a range of
possible reaction products.”” Consequently, due to increased com-
plexity of reactions, the efficiency of CO, reduction is even lower
than that of hydrogen production.” Unfortunately, from the point
of view of mitigating climate change, CO, reduction is more attrac-
tive since it can generate hydrocarbon or alcohol fuels from CO,.
Consequently, the photocatalysis research into fuel generation has
been rapidly developing. Several detailed reviews of CO; reduction”
and hydrogen production’ have been published recently. A par-
ticularly attractive concept in solar fuel generation is the artificial
photosynthesis,” where useful fuels can be generated from carbon
and water. Unlike natural photosynthesis, which produces carbohy-
drates, artificial photosynthesis produces a range of partially reduced
compounds, such as CO, CHy, and methanol.”® The most common
products of CO; reduction are carbon monoxide and methane. Pho-
tocatalytic CO; reduction rarely results in high-grade carbon species
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(Cy, n > 2), but, nevertheless, such complex processes are possible.l “

For example, the evolution of CH4 and C;Hs on Au@TiO; yolk-
shell hollow spheres is illustrated in Fig. 5."* It can be observed
that while Au@TiO; results in the evolution of C,Hsg, TiO; alone
(including standard photocatalyst P25) does not generate high-grade
carbon species, and the generation of C;Hs was attributed to the
plasmonic enhancement of the electric field by Au nanoparticles
within titania shells."** Due to significant interest in the generation
of high-grade carbon species, the improvement of understanding
of the processes involved in producing C,, n > 2, carbon species is
crucial for the development of high performance photocatalysts for
solar fuel generation.

Both reactions also utilize similar photocatalyst materials since
the values of redox potentials for CO, and H,O reduction are close”
and tend to use co-catalysts. Nanoparticle co-catalysts (most com-
monly, noble metals) are used to provide active sites and reduce

activation energy for the reaction.'*’ In addition to increasing the

activity, co-catalysts can also affect the charge separation, selectiv-
ity, stability, and back reactions.”” Co-catalysts commonly promote
either reduction or oxidation reactions, such as hydrogen evolution
reaction (HER) or oxygen evolution reaction (OER) in water split-
ting. However, they can also increase the rates of backward reactions,
for example, hydrogen oxidation reaction (HOR) and oxygen reduc-
tion reaction (ORR) in water splitting. Therefore, an important part
of the design of the photocatalytic water splitting system is the selec-
tive deactivation of reverse reactions. For example, the use of oxides
of Nj, Ir, and Ru instead of pure metals suppresses ORR while retain-
ing the promotion of HER and OER.” Although there have been
examples of co-catalyst-free fuel generation photocatalysts,'* the
majority of reported photocatalysts for both water splitting and CO,
reduction include some form of co-catalysts. Co-catalysts can be
classified as noble metal and rare earth co-catalysts, noble-metal-free
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FIG. 5. (a) CH; and (b) C,Hg evolution amounts and (c) comparison of photocatalytic activity for CO, reduction over P25, TiO, hollow spheres, and Au@TiO; yolk-shell
hollow spheres. Reproduced with permission from Tu et al., Nanoscale 7, 14232-14236 (2015). Copyright 2015 The Royal Society of Chemistry.
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co-catalysts, metal-free co-catalysts, and biological co-catalysts.”

For a detailed review of co-catalysts for CO, reduction, see Ref. 69.
Noble-metal co-catalysts are very commonly used for both water
splitting and CO, reduction. Various co-catalysts used in recent
works include Pt as the most common co-catalyst, %% 14714
as well as Cu'/Pd,” Ru,”' Pd,”* and Rh.”* Noble metals com-
bined with metal oxides could also be used as co-catalysts, such as
Au—TiO,."”" However, due to high cost and scarcity of noble met-
als and rare earths, possible alternatives are the use of single-atom
catalysts, which are generally promising for photocatalytic applica-
tions,””' """ or the development of non-noble-metal co-catalysts. For
a detailed review on single metal atom photocatalysis, see Ref. 153.
It should be noted that non-noble metals can also serve as single-
atom co-catalysts,”” although non-noble-metal materials are more
commonly investigated in other forms, and 2D materials and clus-
ters are of significant interest in addition to single-atom catalysts.'”°
For example, 2D materials, such as MoS;, can serve as effective co-
catalysts due to abundant active sites at edges.”” Other metal sulfides
have also been reported to be effective co-catalysts, such as CoSx
polyhedrons.” Other non-noble-metal co-catalysts have also been
reported, such as amorphous NiO,” Co,P,"”” Co(bpy)3* (bpy = 2',2
bipyridine),m and MnO,,"”" as well as metal-free co-catalysts, such
as phosphorene,(") Ti;C, MXene,"”® and graphene oxide."”” In addi-
tion, dual co-catalysts, such as NiS/carbon dots,'® CoP, and Pt'®’
have been reported. Dual co-catalysts can enable the enhancement
of both oxidation and reduction reactions, but co-loading of dif-
ferent types of co-catalysts has been less explored to date.”'*” In
addition to co-catalysts, some research works report the use of pho-
tosensitizers, such as Ru-based dye.”” It should also be noted that the
reactions are typically affected not only by the material choice for
the co-catalyst but also by the co-catalyst size and morphology.'**'**
Both efficiency and selectivity can be affected by co-catalyst size and
morphology since these factors (size and terminating facets) deter-
mine the concentrations and types of active sites present on the
surfaces.' '

Another feature that both reactions have in common is that
reports in the literature often involve half-reactions, with sacrifi-
cial agents and/or electron donors added.”'®® However, it should
be noted that sacrificial half-reactions are generally “downhill”
chemical reactions, different from true water splitting and/or CO,
reduction, which are uphill processes.’” Consequently, photocat-
alytic activities for true water splitting and sacrificial reactions are
not directly correlated.” Furthermore, since the common sacrificial
donors, such as alcohols and triethanolamine, contain carbon and
hydrogen, they can contribute to the measured yield of reaction
products and result in erroneous estimations of yield.'”” Despite the
calls for improved reporting on heterogeneous photocatalysis and
summaries of best practices, *”'*" the majority of literature reports
still use sacrificial agents and only investigate the reduction part of
the reaction. For a more detailed discussion of overall water splitting,
see Ref. 166.

C. Water splitting and/or hydrogen evolution reaction

Photocatalysts reported for water splitting/HER include vari-
ous metal oxide and oxynitride nanosheets;'*” g-C3Ny4 and various
CN forms;" """ CdS/MoS, core-shell nanowires; black phosphorus/
g—C3N4;“’7 a-Fe;03/g-C3Ny  Z-scheme photocatalysts;‘\"\) NiO/

scitation.org/journal/apm

g-CsNy;* ZnS//g-CsNyg"”  g-C3N4/ZnIn,Sy;™® NiS/carbon dots/
Cds;' phosphorene/g-C3N4;(’l) Con/g-C3N4;t multiwalled car-
bon nanotube (MWCNT)/ graphene/TiOz;’"3 WO3/ g—C3N4;()” MoS,/
Ti0;'" SrTiOs:La, Rh/C/BiVO4:Mo Z-scheme photocatalysts;(” g
C3N4/TiO;'** g-C3N4/Co,P;"”" CAS/RGO/g-C3Ny;™” TisC, MXene
on CdS, ZnS, or Zn,Cd;_,S;"”* black phosphorus/BiVOzl;L)3 g-
C3N4/Ag/M082;L)l black phosphorus21 multishell g—C3N4;ll Ag
dimer/ZnIn,S4 nanosheets/TiO, nanofibers;” g-C3Ny co-modified
with MnO, and Au—TiO,;"" and boron-doped g-C;Ny/anatase
titania nanocomposites,I “ as summarized in Table II. Carbon
nitrides are commonly used in water splitting,'* despite the draw-
backs of low rates of hydrogen and especially oxygen evolution,
which can be somewhat improved by using metal co-catalysts
and sacrificial electron donors or acceptors (i.e., investigating half-
reactions instead of the full process).”” For a detailed review of
g-C3Ny photocatalysts, see Ref. 168.

It should be noted that when discussing progress made to
date, due to the fact that reaction rates are strongly dependent
not only on the photocatalyst used but also on the actual exper-
imental conditions used for photocatalytic activity testing, it is
not possible to provide meaningful comparisons of the numbers
reported in different studies. We, therefore, simply list some exam-
ples of relevant materials and discuss important issues for the
commonly investigated ones. We will also list some recent achieve-
ments in terms of apparent quantum yield (AQY) or apparent quan-
tum efficiency (AQE) since the information on AQY or solar-to-
hydrogen (STH) efficiency provides some basis for comparison in
water splitting applications.'** Among few studies that report appar-
ent quantum efficiency for water splitting, reported figures include
the following AQEs at 420 nm (unless stated otherwise): 27.8%
on mesoporous N-doped g—C3N4,w 28.5% on CdS/MoS; core-shell
nanowires, 57% (with NaCl) on polymeric CN with shorter inter-
layer distance,'” 8.57% on crystalline CN nanosheets, "’ 44.35%
on a-Fe;03/g-C3Ny Z-scheme photocatalysts,x” <0.1% for NiO/g-
C3Ny,” 7.05% for g-C3Ny4/ZnIn, Sy nanoleaf,”® 19% on SrTiO;:La,
Rh/C/BiVO4:Mo,”" 36.5% on CdS/RGO/g-C5N4,”” 0.89% on black
phosphorus/BiVO,,” and 2.78% on g-C3Ny co-modified with
MnOy and Au—TiO2."”’ The exceptionally high AQY of polymeric
CN prepared by co-condensation of urea with oxamide in molten
salt (KCI/LiCl) mixture was attributed to reduced interlayer stacking
and extended visible-light absorption, which resulted in increased
generation of dissociated surface charge carriers that could partici-
pate in photocatalytic reactions.'”” The XRD patterns of CN samples
prepared under different conditions, high resolution TEM image of
the optimized sample, and proposed scheme for interlayer charge
transfer are shown in Fig. 6, where decreased interlayer spacing can
be clearly observed. It can, thus, be observed that there is a huge vari-
ation in values reported for different materials, and despite the fact
that AQE/AQY values provide at least some basis for performance
comparisons, it would be highly beneficial to the progress of the
field to standardize the experimental conditions (reactor geometry,
illumination, and additives if any).

D. CO; reduction

A number of different photocatalysts for CO, reduction have
also been reported,“ and various syntl}etic methods for their
preparation have been recently reviewed.'”' Various photocatalysts
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TABLE II. Summary of literature reports on H,O splitting/HER. BP denotes black phosphorus, NS denotes nanosheet, TEOA denotes triethanolamine, and NC denotes
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nanocarbon.
Materials Reaction condition Irradiation Efficiency Reference
BP NS 5 mg in 100 ml aqueous 300 W Xe lamp (A > 420 nm), 512 umolh™! g~', QE 21
solution, 0.75 m Na,S, and 0.255]/s =0.47%
1.05m Naz SO3
Ti**-doped anatase TiO, 0.1 g in 90 ml deionized UV /visible (A > 400 nm) 16.65 ymolh™ ' g~ !, 30
water, 10 ml methanol, visible light
and 0.5 ml of 1 wt. % Pt
co-catalyst
Nitrogen deficient g-C3Ny4 10 mg in 25 vol. % aque- 300 W Xe lamp (A > 420 nm) 6.9 mmol ' g™ ! 35
ous lactic acid solution and
1 wt. % Pt co-catalyst
Porous nitrogen-defective 10 mg in 150 ml aque- 300 W Xe lamp (A > 400 nm) 1160 ymolh~' g* 36
C3Ny ous solution with 10 vol. %
methanol and 1 wt. % Pt co-
catalyst
Porous defective modified 50 mg in 80 ml aque- 300 W Xe lamp (A > 420 nm) AQEponm = 8.41%, 334.2 37
g-C3Ny ous solution with 10 pmol Hy in 5h
vol. %TEOA and 3 wt. % Pt
co-catalyst
g-C3Ny thin NS 100 mg in 100 ml of 20 300 W Xe lamp (A > 420 nm), 99.1 ymol h™! 40
vol. %aqueous lactic acid 200 mW
solution and 1 wt. % Pt co-
catalyst
g-C3Ny nanocapsules 40 mg, 10 ml TEOA, 80 ml 300 W Xe lamp (A > 420 nm) 630 umolh™ ' g! 4]
water, 3 wt. % Pt co-catalyst
Surface defective anatase 30 mg in 80 ml DI water, UV 365 nm 41.04mmolh ' g 'and 44
TiO, NS 20 ml methanol, and QE =41.6%
1 wt. % Pt co-catalyst
3D mesoporous ultrathin 50 mg in 100 ml of 20 vol. % 300 W Xe lamp (A > 420 nm) 3579 yumol h™ ' g ' and 49
g-C3Ny aqueous lactic acid solution AQEg0nm = 27.8%
and 1 wt. % Pt co-catalyst
Na-doped g-C3Ny 50 mg in 80 ml aqueous 350 W Xe lamp (A > 400 nm) 18.7 ymol h™! 51
solution of 10 vol. %TEOS
and 1 wt. % Pt co-catalyst
Clintercalated in g-C3Ny 50 mg in 20 ml water with 300 W Xe lamp (A > 420 nm) 537.1 umol g~ h™" and 52
10 ml lactic acid and 3 wt. % AQY420nm = 11.9%
Pt co-catalyst
One-dimensional 20 mg in 80 ml aqueous 300 W Xe lamp (A > 420 nm) 493.1 ymolg 'h ' and 65
CdS@MoS; core-shell solution and 8 ml lactic acid AQY420nm = 28.5%
nanowires
Amorphous NiO/g-C5Ny 50 mg in 100 ml aqueous 300 W Xe lamp, A > 420 nm, 68.8 ymol g~ ' h™* 66
solution of TEOA 1.75 W/cm?
(10 vol. %)
APL Mater. 8, 030903 (2020); doi: 10.1063/1.5140497 8, 030903-14
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Materials Reaction condition Irradiation Efficiency Reference
ZnS/g-C3Ny 50 mg/400 ml aqueous 300 W Xe lamp (A > 420 nm) 713.68 pmol h! gf1 67
solution (Na,S and Na,SO3)
2D/2D g-C3N4 NS/Znln, 50 mg in 50 ml aqueous solu- 300 W Xe lamp (A > 420 nm) 2.78 mmol h™' g~ ' and 68
Sy tion and 10 ml TEOA AQY40nm = 7.05%
2D/2D Phosphorene/ 20 mg in 60 ml water and 300 W Xe lamp (A > 400 nm) 571 ymol/(h g) and 69
g-C3Ny 20 ml lactic acid AQY10nm = 1.2%
VMn:MnO,; monolayer/ 3 wt. % Pt co-catalyst, 10 mg in 300 W Xe lamp (A > 400 nm) 28.0 mmol g 'h~!and 80
g-C3Ny 50 ml water, 10 ml TEOA, and AQY 120nm = 23.33%;
20 mg in 100 ml water H,:0,, 2:1 60.6: 28.9
pmolh ' g !
g-C3N4/WO; Pt co-catalyst, 50 mg in 300 W Xe lamp 3.12mmolh~ ' g™’ 90
80 ml aqueous solution
(10 vol. % TEOA)
CdS/C3Ny with rGO 20 mg in water (45 ml) and 350 W Xe lamp solar simula- 4734 umol h™' g ' 92
lactic acid (5 ml) tor (400 < A < 800 nm) (AQE =24.8%)
g-C3Ny/Ag/MoS, 100 mg in 100 ml of aque- 350 W Xe lamp (A > 420 nm) 10.40 gmol h™* 94
ous solution and 15 vol. % of
triethanolamine (TEOA)
g-C3Ny/NC/ZnIn, Sy 50 mg in 80 ml aqueous solu- 12 W UV-LED (A = 420 nm) 50.32 ymol h! 95
tion 0.5M Na,S and 0.5M
Nast3; 6 OC
Cu-TiO, 1 g/l, methanol/water mixture 1000 W Xe lamp (A > 420 nm) 150 umol J ' g ! 101
(volume ratio 1:5)
MoS,/TiO, 15 ml mixed solution (water 300 W Xe lamp and AM 1.5 84 umol h! 102
and methanol, 8:2 by volume) solar
Au-chain@Zn,Cd; xS 0.1 g in 100 ml aqueous 300 W Xe lamp (A > 420 nm) 16420 ymol h—* g~ 104
(x=0.67) solution 0.35M Na,S+0.25M AQE0nm = 54.6%
Nast3
Tri-s-triazine-based 3 wt. % Pt co-catalyst and Monochromatic LED AQY 10nm = 8.57% 147
crystalline C3N4 NS 50 mg in 100 ml solution con-
taining 10 ml methanol
BP/g-C3Ny 1.5 mgin 5 ml 320 W Xe lamp, 420 nm < A 427 ymolh~! g~* 167
methanol:water (1:4 by <780 nm, 0.3 W/cm®
volume)
NiS/carbon dots/CdS 100 mg in 100 ml aqueous 350 W Xe lamp (A > 420 nm) 1444.5 ymolh ' g ! 160
solution (0.25M Na,S + 0.35M
Nast3)
Nanostructured 0.1 g in 100 ml aqueous 300 W Xe lamp (A > 420 nm) 513 umol g~ ' h™%, 148
g-C3N4/TiO, solution (10 vol. % TEOA) and AQY 0nm = 0.15%
3 wt. % Pt co-catalyst
APL Mater. 8, 030903 (2020); doi: 10.1063/1.5140497 8, 030903-15
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Materials Reaction condition Irradiation Efficiency Reference
g-C3Ny NS—Co,P 50 mg in 80 ml aqueous 300 W Xe lamp 27.81 ymol h™! 157
Co-catalyst solution K;HPOy4 (68 ml
distilled water and 12 ml
TEOA)
Ti3C, MXene co-catalyst 20 mg in 80 ml aqueous 300 W Xe lamp (A > 420 nm) 14342 mmol h™!' g™! 158
solution with 20 ml lactic and AQY 420nm = 40.1%
acid
B:g-C3Ny4/TiO, 0.1 gin 80 ml H,O and 300 W Xe lamp (A > 420 nm) AQE4200m = 3.08% 146
20 ml methanol
poly-CsNy 3 wt. % Pt co-catalyst, 50 W LED, white, blue, and AQY420nm = 57% and 169
50 mg in 50 ml aqueous green AQYs250m = 10%
TEOA (10 vol. %)
2D-2D BP/MoS; 10 mg in 250 ml aqueous 300 W Xe lamp (A > 420 nm s) 1286 ymol h™! g~ ! and 170
solution (0.1M Na,S and AQY4200m = 1.2%
0.1M Na2803)
polypyrrole:Zinc ferrite/ 20 mg in 20 ml of 10% of 150 W Xe lamp, visible 567 ymol h ™! 73

g-C3Ny

methanol aqueous solution

|/a.u.

Pristine g-C;N,

—

0.326 nm |

(1)

d =0.292 nm

Advanced g-C;N,

FIG. 6. (a) Powder XRD patterns of
CN, CN—OA, CN—m, and CN—OAm.
(b) HR-TEM image of CN—OA—m. (c)
Proposed interlayer charge carrier trans-
fer of (left) pristine CN (d = 0.326
nm) and (right) optimized CN—OA—m
with shortened layer stacking distance (d
= 0.316 nm). Reproduced with per-
mission from Zhang et al., Angew.
Chem., Int. Ed. 56, 1344513449 (2017).
Copyright 2017 John Wiley and Sons.
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TABLE Ill. Summary of literature reports on CO, reduction. NP denotes nanoparticles, and RT denotes room temperature.

Evolution rate/

Materials Reaction condition Irradiation yield/ TCEN/AQY/AQE Reference
g-C3N4/SnS; Gas phase A 300 W Xe lamp Methanol, 2.24 ymol g~ 23
(A >420 nm) CHy, 0.64 ymol g~ "
CsPbBr3 perovskite In ethyl acetate 100 W Xe lamp and an AM CO, 58.7 ymol h! g 1. CH., 26
QD/GO composite 1.5 G filter 29.6 umolh™! g~ !; TCEN
=357.4 ymol g
Vpi-BiBrO ultrathin 30 mg in 50 ml water with- 300 W Xe lamp CO, 20.1 ymol h~' g~ 32
nanosheets out additives and 0.08 MPa
CO,
Ti* —TiO, Gas phase and Cu'/Pd co- Xe lamp (300 W) (>400 CHy, ~1 ymol h! g’1 33
catalyst nm)
g-C3Ny nanosheets Gas phase 300 W Xe lamp Methanol, 1.87 umol g~ h™%; 42
CHy, 1.39 ymol g*1 h!
O-doped g-C3Ny4 Gas phase 350 W Xe lamp and a 420  Methanol, 0.88 yumolh ™' g~ 50
nm filter
Clintercalated in g-C3Ny 0.05 g photocatalyst with 300 W Xe lamp and a filter ~ CO, ~10 ymolh~' g™* 52
1.3 g NaHCO3, 5 ml H,SO4 (A > 420 nm)
(4M) added to produce 1
atm CO; gas
g-C3Ny  nanotubes with  Gas phase 300 W Xe lamp CH3;0H, 0.75 ymolh™ ' g~ 75
ZIF-8 nanoclusters
N-doped H,O/acetonitrile mixture, 300 W Xe lamp and a CO, 26.2 ymol h™*; Hy, 55
carbon@NiCo,04 30°C, 1 atm CO,, with 420 nm cutoff filter 3.4 ymol h™" and AQY420nm
double-shelled nanoboxes [Ru(bpy)s]Cl 6H,O and =1.07%
triethanolamine (TEOA)
In,;S3—CdIn, Sy H,O/acetonitrile mixture, (A >400 nm) CO, 825 mol h ! g’l 64
30°C, 1 atm CO,, with
Co(bpy)3* and TEOS
ZnIn,S4—In, 03 H,O/acetonitrile mixture, 300 W Xe lamp (A > 400 3075 ymolh~ ' g™ 70
with Co(bpy)3* and TEOS nm)
CulnS,/TiO, Gas phase 350 W Xe lamp and simu- CH4, 2.5 pmol h~! gfl; 85
lated solar CH;0H, 0.86 ymolh ' g
TiO,/CdS Vapor phase 300 W Xe lamp CH,, 11.9 mmol h™ ' m 2 87
a-Fe;03/g-C3Ny Gas phase and RT Xe lamp, 0.21 W/cm? CO,27.2 umolg "h ! 89
Au@TiO; yolk-shell hollow Gas phase 300 W Xe lamp CHy, 2.52 pmol g*1 h Y 144
spheres C,Hs,1.67 pmol gf1 h~!
AgrCrO4/g-C3Ny4/GO Gas phase 300 W Xe lamp and a 420 1.03 umol g ™! 159
nm cutoff filter
Carbon-coated In, 03 Aqueous, Pt co-catalyst, 300 W Xe lamp CO, 126.6 pmol h~!; CH,, 149
nanobelts and TEOA 27.9 ymol h~!
APL Mater. 8, 030903 (2020); doi: 10.1063/1.5140497 8, 030903-17
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Materials Reaction condition

Evolution rate/

Irradiation yield/ TCEN/AQY/AQE Reference

Pt NPs on TiO,/SiO, 0.5 M Na,SOy solution

300 W Xe lamp and simu-
lated solar

CHy, 9.7 pmol gf1 h Y 163
CO, 1.8 umolg ' h '3 Hy,

58.7 ymol g~ ' h™ !, reacted

electron rate of 198 umol

gfl h71

reported for CO, reduction include Ag nano-cube-Re-containing
MOEF,” CsPbBrs;,” g-C3N4/SnS;,”" In;S3/CdIn,Ss nanotubes,”
TiO,/CulnS,,” and zeolitic imidazolate framework-8 nanoclus-
ters on g-C3Ny nanotubes.”” Ti’*—TiO,,” g-C3N4/nanocarbon/
Znln,Sy,”” oc-Fe203/g-C3N4,w N-doped carbon/NiCo,04 double-
shelled nanoboxes,”” ZnIn,S4—In,03,”" Ag,CrO4/g-C3Ny/graphene
oxide,"”’ Ag dimer/ZnIn,Ss nanosheets/TiO; nanofibers,®’
Au@TiO; yolk-shell hollow spheres,'** carbon-coated In,Os'
g-C3Ny co-modified with MnOyx and Au—TiO,"™" boron-doped
g-C3Ny/anatase titania nanocomposite,“(‘ and Au/BiOl/MnO,'*
TiO,—MnOx—Pt.'”” Similar to water splitting, 2D carbon-based
materials such as graphene-based materials'”” and g-C3N,*>**'"”
are very commonly investigated, with g-C3;Nj attracting increasing
attention in recent years. These materials can serve as photocata-
lyst supports or can be used directly as photocatalysts, and they have
been extensively reviewed.'” Literature reports are summarized in
Table IIL.

Similar to water splitting, for CO, reduction, AQE is defined as
the number of reacted electrons divided by the number of incident
photons and is the parameter of interest.” However, CO, reduc-
tion would typically generate different reaction products. Thus, effi-
ciency is often described using the total consumed electron num-
ber (TCEN).® However, this number takes into account the reactor
volume, catalyst mass, and reaction time,” which makes direct com-
parisons of different materials difficult. Compared to water split-
ting, AQE/AQY values have been reported considerably less fre-
quently for CO, reduction, and they are typically in the range of
several percent.'*>"”" TCEN is more commonly reported,’ but in
this case as well, huge variation among different literature reports
can be observed. Thus, the entire field of photocatalytic fuel gen-
eration would benefit from some standardization of experimental
conditions, the development of standard test reactor configurations,
and requirements for standardized reporting. This would enable
direct comparisons between different materials, which would likely
facilitate faster development of improved performance photocata-
lysts. While at present relative comparisons to either P25 or pure g-
C3Ny can provide some information, this is insufficient for designed
development of efficient photocatalysts.

19

E. Chemical synthesis reactions

Visible-light photocatalysis can also be used in chemical syn-
thesis, for example, to achieve milder reaction conditions, such
as lower synthesis temperature, or to replace toxic or expen-
sive reagents depending on the type of chemical reaction.'”* The

process has been recently reviewed, from the perspective of chemical
reactions that can be achieved'”* or combinations of metallocatal-
ysis and photocatalysis’ or organocatalysis and photocatalysis.'”
The reactions where the use of photocatalysis was reported include
C—C bond formation,'”*'”® carbon-heteroatom bond formation, a-
amine functionalization, decarboxylative coupling, cycloadditions,
atom-transfer radical addition, and fluorination.'”* Some impressive
improvements, such as the achievement of the Suzuki-Miyaura cou-
pling reaction at room temperature'’* and progress in the synthesis
of trifluoromethoxy and difluoromethoxy compounds, which are of
interest in drug development,'’” have been reported. The expanded
range of transformations and improvement in the reaction condi-
tions have been achieved for a variety of chemical reactions, with the
benefits ranging from marginal to transformative depending on the
specific reaction.'”* A variety of photocatalyst materials can be used
for this purpose, including those common in other applications,
such as TiO,'”* and carbon nitride.'””

IV. ADVANCES IN CHARACTERIZATION TECHNIQUES
AND UNDERSTANDING OF THE PHYSICAL
MECHANISMS

Understanding the mechanisms responsible for a photocat-
alytic activity of a material for a given reaction and evaluating prac-
tical applicability of that material requires comprehensive experi-
mental characterization. The experimental characterization needs to
include its optical properties (which for powder nanomaterial sam-
ples requires the use of diffuse reflectance UV-Vis spectroscopy),
sample morphology [which typically requires scanning electron
microscopy (SEM) or transmission electron microscopy (TEM)],
sample composition [using energy dispersive x-ray spectroscopy, x-
ray photoelectron spectroscopy (XPS), x-ray diffraction, and Raman
spectroscopy], and surface properties [using XPS, Raman, and
Fourier Transform Infrared spectroscopy (FTIR)].'” In addition,
information about surface area can be obtained from Brunauer-
Emmett-Teller (BET) surface area measurements, and relevant
particle aggregation size and zeta potential in the medium of inter-
est can be obtained from dynamic light scattering (DLS) measure-
ments.'”” Additional characterization can include determination of
energy levels either by cyclic voltammetry or by ultraviolet pho-
toelectron spectroscopy (UPS). In-doped materials for low dopant
concentrations, more sensitive composition analysis techniques may
be needed, such as atomic absorption spectroscopy (AAS), induc-
tively coupled plasma mass spectroscopy (ICP-MS), or ICP atomic
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emission spectroscopy (ICP-AES).'”® Further information on pho-

togenerated charge carrier dynamics can be obtained from photo-
luminescence and time resolved-photoluminescence measurements.
Additional experimental techniques may be employed to evaluate
the nature of defects in a semiconductor, such as electron spin res-
onance (ESR)/electron paramagnetic resonance (EPR) for defects
with unpaired electrons.'’

The evaluation of photocatalytic performance should, in addi-
tion to the determination of the experimental rate of the photo-
catalyzed reaction determined from experiments done on samples
where equilibrium in the dark has been achieved, contain the deter-
mination of apparent quantum yield or apparent quantum effi-
ciency.'” It should be noted that the correct determination of these
quantities can be complex, but it should be performed to enable
reliable comparisons among different research groups.'” Finally, it
is also a good practice to demonstrate data reproducibility by per-
forming the experiment multiple times and including error bars.'”°
Stability is also of relevance for practical applications, and it can be
evaluated by recovering the photocatalyst and performing repeated
cycles on re-used photocatalysts, combined with the characterization
of photocatalyst properties after re-use.'” Furthermore, in the inves-
tigations of the reaction mechanisms, the use of isotopes (13C02 and
D,0)"’ is a highly valuable tool for unambiguous identification of
reaction pathways. This is particularly important in CO, reduction,
where a carbon containing residue (for example, from organic sol-
vents and precursors employed in material synthesis) decomposing
under irradiation could be an alternative source of detected reaction
products.”'”" In addition, while oxygen is expected to be generated
from CO; reduction using water as an electron (hydrogen) source,
very few studies report oxygen evolution.'”!

In addition to these necessary characterization techniques,
recent development of characterization techniques has provided
more insights into the photocatalysis process.'”’ In particular,
in situ or operando techniques have facilitated narrowing the pres-
sure gap and enabled a direct observation of the photocatalytic pro-
cess as well as the surface structural changes in the photocatalysts.
Traditional x-ray photoelectron spectroscopy (XPS) is a useful tool
to study the elemental surface composition and the oxidation states
of the catalysts, but it has to work under ultra-high vacuum environ-
ment. Recent advances of the in situ/operando near ambient pressure
XPS (NAP-XPS) technique have allowed probing the underlying
mechanism of the catalytic process under a more realistic condi-
tion.'®""'*’ Separating the reaction chamber and the energy analyzer
with a specially designed nozzle and a differential pumping system,
the NAP-XPS system could collect photoelectrons at a pressure of
up to ~20 mbar.'” Currently, there are two designs for the reaction
chamber: backfilling and reaction cell [Figs. 7(a) and 7(b)]. In both
cases, there is a nozzle which acts as a slit or an aperture to sepa-
rate the reaction environment and the high vacuum environment of
differential pumping states. The nozzle head is placed close to the
sample surface so that it is within the range of the inelastic scattering
mean free path (1) in order to minimize the kinetic energy loss of the
photoelectrons. In the differential pumping unit, there are typically
three pumping stages with electrostatic lenses installed to change
the natural trajectory of the photoelectrons in order to maximize
their collection [Fig. 7(c)]. The advantage of the NAP system is that
ex situ XPS studies of the catalyst before and after the reaction could
not access the authentic chemistry of the catalyst surface during the
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FIG. 7. Schematic diagram of reaction chamber designs in NAP-XPS. (a) Back-
filing design. (b) Reaction cell design. (c) Differential pumping system with
electrostatic lenses.

reaction. In particular, inconsistent information could be generated
as the used or unused catalysts are measured at room temperature in
UHYV for ex situ studies, while the catalyst at the catalysis state could
be at a high temperature in the mixture of reactants. Usefulness
of this technique in improving the understanding of fundamental
mechanisms responsible for the behavior of specific photocatalysts
has been demonstrated. For instance, the technique has revealed the
surface chemistry changes of TiO, under water vapor and oxygen
condition with and without UV irradiation.'® It has been found that
the presence of both water and oxygen is sufficient to sustain the
catalytic capability of TiO, without photons for a period of time. In
addition, the in situ irradiated XPS technique can be used to confirm
the formation of a direct Z-scheme heterojunction.”’

Another in situ technique is the environmental transmis-
sion electron microscopy (E-TEM). Microstructural and chemical
changes in the catalysts during an interaction with gas or liquid
can be observed by this system up to several mbar with specially
designed sample holders.'™ These types of experimental setups are
very system-specific with customized design. The sample is normally
tilted with respect to the holder tip plane to allow exposure to light
and electrons at the same time. The light source for the reaction
could be introduced either by lens modules or by fiber optics.'*®
The lens-based system has a hollow holder shaft for the optical path
(Fig. 8). A laser diode is used to provide illumination, and there-
fore, the choice of wavelength would be limited by the available laser
diodes. As it is connected directly to the microscope vacuum sys-
tem, the light source cannot be exchanged while the holder is in
operation. Once it is evacuated, the heat produced by the laser diode
during operation does not dissipate and, hence, the laser efficiency
might not be constant over time. The fiber optic design could offer
more feasibility for the connection of light sources, but the inten-
sity of illumination will be limited. The two designs in combina-
tion have offered complementary options for the ex situ experiment.
For example, the photo-corrosion of Cu,O in a water vapor envi-
ronment under UV illumination was studied by E-TEM with both
designs and gave the same result. With in situ selected area electron
diffraction, a change from Cu,O to metallic Cu during the reaction
could be observed.'*
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Since all the photocatalysis reactions happen on the surface,
scanning tunneling microscopy (STM) is an ideal tool to provide
information of the adsorption sites, active sites, as well as surface
reconstruction of the catalysts. With the development of in situ reac-
tion cells, high pressure STM (HP-STM), which allows STM obser-
vation under a reacting gas environment up to 100 mbar, has become
more mature in the past decade.'”” The core unit of the HP-STM
system is the in situ reaction cell (Fig. 9). It consists of the sample
stage, heating facility, tip and scanning motors, and gas inlet sys-
tem, and it is isolated from the main chamber. While the cell can be
filled with reaction gas up to 100 mbar during operando reactions,
the base pressure in the main chamber is maintained under UHV
condition by using the differential pumping system. Therefore, the
changes in morphologies, defects, or vacancies on the surface under
reaction conditions can be recorded directly. For instance, metal and
metal oxide catalysts were found to have different restructuring pro-
cesses under different gas content exposure by HP-STM,'" where
this information could not be determined with the ex situ experi-
ment. For example, nanoclusters were observed during the exposure
of Pt to 1 Torr of O, at room temperature and were identified as
Pt surface oxide.'”” The clusters on the surface disappeared after
evacuating O, to UHV. Another example is the reconstruction of
the ZnO non-polar surface under different gaseous environments. It
was previously found that adsorption of water molecules on the sur-
face can lead to certain reconstruction of the surface. With HP-STP,
it was determined that hydrogen is also capable of producing sim-
ilar reconstruction.'” To introduce illumination in HP-STM, fiber

Sample holder } Reactor
Gasin Gas out
Scanning
tube
Approaching
motor — STM Room
Cod / /
gas [ | \
[ | |
L | _
| |
Electric feedthrough

FIG. 9. Schematic diagram of a reaction cell in HP-STM.
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optics is a better choice as the lens module may affect the cooling
efficiency of the STM.

The atomic force microscope based infrared spectroscopy
(AFM-IR) is another recently developed tool to study the spatial
chemical change in the surface in nanometer scale, which could be
useful for in situ reaction investigation.'* Instead of using the opti-
cal method to determine the absorption of infrared light, it makes
use of the AFM tip to detect the thermal expansion during the
infrared illumination (Fig. 10). The technique has realized up to a
5-10 nm spatial resolution of chemical mapping. It operates in ambi-
ent environment, and therefore, the chemical change in the solid
surface during a photocatalytic reaction under atmospheric pres-
sure can be determined on site. For instance, a nanoscale degrada-
tion study on oil paints that contain titania as inorganic pigments
was performed with the AFM-IR instruments.'®’ In addition, in
vivo discrimination of gram-positive and gram-negative bacteria was
also feasible with the technique, which could possibly extend to the
studies of photocatalytic antibacterial effects.’”’

V. CONCLUSIONS AND FUTURE OUTLOOK

Among photocatalyst materials, the most promising approaches
involve the use of complex multicomponent systems, such as het-
erojunction (including Z-scheme) photocatalysts, combined with
co-catalysts and/or plasmonic particles. There is significant inter-
est in the development of non-noble-metal plasmonic particles and
co-catalysts to reduce the cost of the photocatalyst. However, what
should also be considered is that even with the use of noble met-
als, efficiency targets have not been reached. In fact, in fuel genera-
tion applications, improvements of several orders of magnitude are
needed when it comes to efficiency. Therefore, focusing on achieving
as high efficiency as possible, combined with comprehensive mate-
rial characterization and standardization of experimental conditions
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and test reactor design, and reporting AQE/AQY values instead
of simply reporting reaction rates is expected to contribute to the
advance of the field in a more significant manner.

When it comes to practical applications, commercialization
potential is often discussed taking into account the estimated cost
of generated products or estimated photocatalyst costs,”' but the
challenges of scaling up the production are rarely considered. As
already discussed, photocatalysis is impractical for large scale water
treatment applications since it is not cost-effective or energy effec-
tive when scaled up to industrial level.””'*° The median Ego value of
the reported literature estimates for a photocatalytic process is 335
kW h/m?*/order, which is significantly higher compared to ozoniza-
tion (0.15 kW h/m®/order), O3/H,0, (0.2 kW h/m?/order), and
UV/ozone and UV/hydrogen peroxide (0.7 kW h/m’/order and
0.75 kW h/m?>/order, 0.15 kW h/m>/order, respectively).127 Further-
more, the median Ego values for the UV/H,0, process decrease
with increased capacity from lab-scale over pilot-scale to industrial
scale.'”” In contrast, the energy consumption of a photocatalytic
system increases on scaling up due to pumping and photocatalyst
recovery requirements.'”” Consequently, in the only commercial
photocatalytic water treatment system, Purifics Photo-cat intended
for small-scale applications, the efficiency of the unit improved by
replacing the titanium dioxide photocatalyst with hydrogen perox-
ide."”® This would become even more pronounced when moving
from pilot-scale to industrial scale water treatment due to the need to
operate at higher pumping rates. Thus, a possible solution would be
to focus on various niche applications,” such as small-scale point-
of-use systems, or alternatively permanent pollutant degradation
regardless of the cost (i.e., photocatalysis can degrade pollutants that
are difficult to degrade by other methods), if this ever becomes a
social necessity due to increasing pollution levels. Another possible
way forward is to focus on optimizing the reactor designs, including
the illumination sources such as UV-LEDs."”"""> UV-LEDs would
be particularly suitable for small-scale systems.

In terms of photocatalysis for fuel generation, no reported pho-
tocatalyst has come close to the required efficiency level for commer-
cialization, and this is even without considering the technological
challenges of scaling up to develop a system to be able to produce
fuels at sufficient rates and quantities to be practically usable. It is
estimated that the required solar-to-hydrogen efficiency for practi-
cal applications is 10% for overall water splitting.”'*° For reference,
current particulate photocatalysts can only achieve ~1% under lab-
oratory conditions, °° which means improvement in the efficiency
of more than one order of magnitude to obtain 10% efficiency in
an industrial scale process. It should be noted that 10% efficiency
under solar illumination could not be achieved with photocatalysts
with absorption edges at or below 500 nm even for AQY of 100%.” In
contrast, if the absorption edge could be extended to 600 nm, needed
AQY would be 60%.” While the majority of review papers tend to
discuss issues related to efficiency improvement challenges, it would
be worthwhile to consider the challenges of scaling up. For exam-
ple, a fuel cell of 1 kW consumes approximately 10 1 of hydrogen
per minute, which means either huge scale up of bench top reac-
tors is required or some efficient method of storage is needed for
photocatalytic hydrogen production to be practically relevant. The
system lifetime also needs to be evaluated (and it should be noted
that more narrow bandgap photocatalysts that are desirable from
increasing STH point of view generally have inferior photostability),
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as well as safety issues, namely, the separation of oxygen and hydro-
gen when they are produced at large quantities. Estimates of eco-
nomic realities for methanol generation from CO, reduction are
similarly pessimistic. It was claimed that solar-to-fuel efficiency as
high as 15% needs to be achieved to be economically competitive
for methanol generation.””” This involves huge challenges of 40%
one-pass conversion of CO; and the achievement of methanol yield
rate of ~10000 ymol/gmth.w It should be noted that these esti-
mates are based on a number of assumptions made considering the
cost estimates of a “solar reﬁnery.”w3 Furthermore, one of the rea-
sons for the requirement of high solar-to-fuel efficiency is to reduce
the sensitivity to solar irradiance and operational time.'”” Neverthe-
less, considering typical figures reported so far,’ the achieved cat-
alytic activity and fuel yields still need to be improved by several
orders of magnitude in order to generate meaningful quantities of
fuel.

Consequently, there are significant challenges in applications of
photocatalysis at industrial scale. On the other hand, niche applica-
tions and small-scale systems may be viable and perhaps it would be
more meaningful to focus on those. Increased collaboration between
physicists, chemists, materials scientists, and engineers is needed to
address the challenges of scaling up, and industry input is needed to
reduce the gap between academic interest and practical application
needs. Considering the efficiency challenges for visible-light photo-
catalysts to become relevant for practical applications, working on
increasing the efficiency is considerably more significant than the
development of alternative, lower cost materials. Furthermore, the
robustness of the material should not be disregarded since it is highly
relevant for the operation of slurry reactors and successful photocat-
alyst recovery, and some fragile multicomponent materials would
simply not survive high pressures, high flow rates, and ultrafiltration
recovery in a realistic industrial system.
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